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Abstract: 

The main hypothesis of this thesis was that changes in the adaptation of leg blood flow (LBF) can 

impact on oxygen uptake (V03 at the onset of moderate intensity kicking exercise. LBF and V02 

increase rapidly at the onset of exercise in humans, however, the speci6c regulatory mechanisms 

for these processes are unknown. Three studies were conducteci in which the tirne course of 

change in LBF was determined at the onset of rhythmic leg kicking exercise using Doppler 

ultrasound. In addition, V02 responses at the onset of exercise were measured. In the first study 

Qaper 1) LBF kinetics were slowed when muscle pdbsion pressure was less in the supine versus 

upright exercise position. This decrease in LBF kinetics in the supine position was associated with 

a slowing of VOZ at the onset of exercise. The LBF response was observed to precede the V02 

response, however, the dynamic responses of LBF and V02 appeared to closely pardel each 

other àt the onset of exercise, particularly in the supine position. In a second study (Paper II), the 

t h e  course of LBF and VO, at the onset of kicking exercise was unaf5ected by a single day of 

heavy exercise training. On the day of heavy exercise training, bouts of pnor high intensity 

exercise resulted in an increase in the leg vascular conductance during both OW and 50 W 

exercise, but did not alter the dynarnic response of LBF during transitions between the two work 

rate levels. In the third study (Paper IU), different gas breathing conditions altered the arterial 

oxygen content, however, adaptations in LBF and O2 extraction resulted in no change in oxygen 

delivery or in m, at the onset of exercise. As part of the third study, the application of near 

inhred spectroscopy (NIRS) measures of Hb/ Mb 0, saturation were compared to femoral 

venous OZ saturation ( S m 2 )  ât the onset of exercise in different gas breathing conditions (Paper 

IV). There was a marked separation between the directly measured SfiQ and the indirect 

estimates of Hb/Mb O2 saturation fiom NIRS. Alterations in the rate of adjustment of LBF to 

exercising muscle at the onset of moderate intensity large muscle mass, can induce adaptations in 

the dynarnic response of 002, however, regulatory mechanisms within the exercising muscles 

assist in maintaining LBF and V02 at the onset of moderate intensity kicking exercise. 
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CHAPTER I 

Introduction 

The energy demands of the muscle increase immediately at the start of exercise and 

oxidative phosphorylation is the most sustainable method of supplying the energy needed to 

continue exercise. Blood flow to the exercising muscle must increase rapidly to pernise the 

contracthg muscle with oxygen rich artenal blood. At the onset of exercise in humans blood flow 

in exercising muscle cm increase from about 2-3 mU100ghin to over 300 mL/lOO#nin and 

oxygen uptake @O3 can increase fiom about 350 rnL/min to over 5000 mUmin, when exercise is 

performed by a small muscle mass (Rowell, 1988). In maximal whole body exercise performed by 

an adult of average fitness, typical peak muscle blood flow is estimated at about 70 mUlOOg/min 

(Rowell, 1988), therefore the control systems for blood flow and VO, must adapt to the demands 

and requirements of various tissues, both non-working and working, at the onset of exercise. 

Examination of non steady-state situations, such as the onset of exercise, provide an oppominity to 

increase Our understanding of regulation of these dynamic control mechanisms. 

While energy demand at the working muscle increases irnmediately following step changes 

in work rate, V02 does not respond as rapidly (Krogh and Lindhard, 19 13). Two opposing 

viewpoints exist for characterizing limitations to, and regulation of, oxidative metabolism at the 

onset of exercise. The first proposes that the rate at which oxygen is delivered to the working 

muscle is the primary process limiting the rate of increase in muscle V02 at the onset of exercise 

(Linnarsson, 1974; Wagner, 199 1). According to this theory, the limitation to V02 at the onset of 

exercise can be attributed to several factors, ranging fkom the uptake of oxygen at the lung to the 

1 



difision of oqgen into the rnitochondria of the w o r h g  muscle (Hughson and Momssey, 1983; 

Wagner, 1991). The second viewpoint States that the limitation to oxidative metabolism is intrinsic 

to skeletal muscle metabolism, and is due to the inertia of the enzymatic regdation of oxygen 

utilkation (Barstow et al., 1994; Casaburi et al., 1977; Hill et al., 1924; Mahler, 1985; 

Pendergast er al., 1 980). 

Some controversy regarding this topic arises from comparisons of rate limiting factors at 

dierent work rates and with different types of exercise tests. Throughout this thesis, the emphasis 
t 

will be on studies of exercising humans, with responses of animai models added as appropnate. 

The primary focus will be on exercise of moderate to heavy intensities. It is over this range of 

exercise intensities that rate limiting factors rnight change as difEerent demands are placed on the 

cardiovascular and metabolic systems. Considerable effort has gone into the examination of the 

proposed regdatory mechanisms. 

Findings which support an oxygen transport limitation at the onset of exercise include those 

which show faster V02 kinetics at the onset of exercise with hyperoxic gas breathing (Linnarsson, 

1974; MacDonald et al.. 1997; Pedersen, l987), in rest to work transitions (Hughson and 

Momssey, 1983), in supine exercise with lower body negative pressure (Hughson et al., 1993a) 

and with pnor high intensity exercise (Gauche et al.. 1989; Gerbino et al., 1996; Pedersen, 

1987). The response of V02 in these situations, in which a wide range of work rates was 

examined, suggests that alterations in blood pemision of the exercising muscle and oxygen delivery 

at the onset of exercise have significant metabolic consequences. 

Studies which support the concept of an 4 utilization Limitation have shown faster 002 

2 



kinetics with long term training (Boning et al.. 1991; Cerreteiii et al., 1979; Hagberg et al, 1980; 

Hickson et aL, 1978; Zhang et al., 199 1) and studies which have estimateci the rate of 

acceleration of biochemicd processes to be similar to the observed rate of increase in VOi at the 

onset of exercise (Barstow et d,  1994; Mahler, 1985; McCuily et al., 1994; Whipp and Ward, 

1990; Yoshida and Watari, 1993). These findings suggest that at the onset of exercise is 

Limited by the inertia of the proposed biochernical regulators of oxidative phosphorylaticn. 

Very little information is available on the time wune of increases in blood flow at the omet 

of exercise. Most previous studies of regulation of oxidative metaboiism have examined situations 

in which 4 delivery was in excess (Erecinska and Wdson, 1982; Mahler, 1985) or have infemed 

the response of oxygen delivery ffom rneasurements of heart rate and cardiac output (Pendergast 

et uL, 1983; Pendergast et al.. 1980). Few methods have been available to accurately determine 

blood flow at the onset of exercise. Without measures of blood flow to the working muscle it is 

difncult to quantitatively determine the actual changes in oxygen delivery at the level of the working 

muscle. 

The studies described in this thesis focus on the measurement of oxygen delivery and 

utilization at the onset of exercise. They were designed to explore regulation of V02 at the onset 

of exercise. The measurernent of blood flow and m2 and the response of these variables at the 

onset of exercise will be discussed. 

Orygen Uptake at exercise onset 

Meanment of Qxygen Uptake l3ynamic.s 

Krogh and Lindhard (1 9 13) first described two phases of VOz at the onset of exercise in 



19 13. They observed an initial rapid increase foiiowed by more gradua1 increases to a steady- 

state. 

Research following the work of Krogh and Lindhard focussed on the recovery nom 

exercise (Henry, 195 1; Hill et al.. 1924) . However, DeMoor (1 954), Henry and DeMoor 

(1955) and Margaria (1963) determined that the increase in 4 uptake at the onset of exercise 

followed an exponential pattern and the rate of increase wes duectly proportional to the intensity of 

exercise. Al1 early research on whole body VO2 was conducted using Douglas bag and mixing 

box techniques. More detailed examinations of V02 kinetic responses at the onset of exercise 

were made possible with the development of breath-by-breath technology (Auchincloss et al., 

1966). Refinements in this technology made the calculation of dveolar V02 possible (Beaver et 

al.. 198 1) and permitted measures of the precise time course of gas exchange at the onset of 

exercise. Whipp and Wasserman (1 972) determined that the kinetics of V02 at the onset of 

exercise were independent of work rate within an intensity domain. The upper limit of this intensity 

domain was defined in relation to the ventilatory threshold (TEm). Tm1 is the point in a ramp 

exercise test where there is an increase in the slope of the relationship between VC02 and V02 

(Beaver et aL, 1986). Linarsson (1974) perfonned extensive investigations of VOz kinetics at 

relative and absolute workioads and during difEerent gas breathing conditions and was the fkt to 

characterize the results using an exponential model which contained a time delay. The exact nature 

Some investigators continue to cd1 this point the anaerobic threshold as originaily describeci 
by Wasserman et al. (1973). There is no direct evidence to support the notion that the muscle celi 
is hypoxic at this point. Consequently, in this thesis this point will be referred to as Tm. 



of the exponential model used to describe the response of V02 at the onset of exercise is variable 

and depends on the exercise protocol and intensity. It is diicult, and ofien inaccurate, to m i e  

physiologie significance to the various model components. 

Control of ûxygen Upttake at fiercise Onseî 

The response of VOz at the onset of moderate intensity exercise, to below Tm, has 

been descnbed to consist of three phases of response. The fïrst phase involves an initial increase in 

VO, at the onset of exercise and lasts for 10 - 15 seconds. This initial hcrease has been attributed 

to increased blood flow through the lungs as well as a small increase in artenovenous O2 content 

difference (Casaburi, 1992; Cochrane and Hughson, 1992). From 15 seconds to approximately 

two minutes into exercise there is a fùrther increase in 002 due to continued increases in 

pulmonary blood flow as well as increases in arteriovenous O2 content difference (a-v DO3 at the 

level of the exercising muscle. These increases are followed by a plateau in V02 for lower 

intensity exercise and a further drift in 04 for exercise above Tm (Poole et al., 1994). 

Control of 04 at the onset of exercise may Vary depending on the exercise situation so 

that either O2 transport or O2 utilization is limiting the rate of increase in 00, in a certain situation 

(Cochrane and Hughson, 1992; Hughson, 1990). Some of the factors which may determine the 

predominant iirniting factor include intensity of exercise and muscle mass used. Above Tm, the 

response is fiirther complicated by the appearance of a slow component which results in a delay or 

prevention of the achievement of a steady state O2 uptake (Barstow, 1994; Camus et al., 1988; 

Poole, 1994; Poole et al., 1994; Whipp, 1994). 

Supporting evidence for the theory that V02 kinetics are limited by the acceleration of O2 
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utiliration have corne from several experiments (Barstow et al.. 1994; Casaburi et al.. 1977; 

Mahler, 1985; Pendergast et al., 1980). Mahler ( 1  985) observai that the responses of creatine 

and V02 foliowed similar time courses at the onset of electrïcally stimdated exercise in fkog 

sartonus muscle. However, the exercising muscle was supplied with excess 4 in this 

experimental model, thereby eliminating possible O2 supply limitations. It is not clear ifthese 

findings can be applied to exercise in humans. Nuclear magnetic 

resonance (NMR) studies in which small muscles masses were exercised within the confines of the 

magnet have also shown that the time course for changes in potential controllers for oxygen 

utilition followed a similar time course to V02 at the onset of exercise (Barstow et al, 1994; 

McCuUy et al., 1994; Yoshida and Watari, 1993). As well, several midies have shown that 

changes in blood flow occur prior to changes in V02 at exercise onset (MacDonald et al., 1997; 

Pendergast et al., 1983; Pendergast et al., 1980; Pendergast et al., 1 980; Shoemaker et al.. 

1994). Although this would seem to indicate that oxygen supply is not limiting the response of 

VOz, the role of blood flow distribution within the exercising muscle is not known and there may 

exist several situations in which oxygen transport to the exercising muscle is contnbuting to the 

regulation of V02 at the onset of exercise. 

A decrease in the response rate of 00, at the onset of exercise during several diierent 

experimental manipulations suggested that when oxygen supply to the wurking muscle was limited 

during the rest to exercise transition, the rate of 002 increase was aiso reduced (Gausche et al., 

1989; Gerbino et al.. 1996; Hughson et al., 1993; Hughson and Morrissey, 1983; Linnarsson, 

1974; MacDonald et al., 1997; Pedersen, 1987). As well, short term endurance training resulted 



in faster V02 kinetics prior to observed changes in oxidative potentid of the muscle (Phillips et al., 

1995). This later observation provides counter evidence to that proposed to support an O2 

utiljration limitation (Boning et al., 199 1; Cerreteili et al., 1979; Hagberg et al., 1980; Hickson el 

aï., 1978; Zhang eta%, 1991). 

Severd regulators and mechanisms have been suggested as key factors in the control of 

mitochondrial oxidative phosphoqdation. A classical view of the regulation of oxidative 

phosphorylation had been based on studies of isolated rnitochondria (Erecinska and Wdson, 

1982). In these considerations of respiratory regulation it is assumed that the concentration of 

oxygen is high and constant. O2 has not been included as a limiting factor in oxidative 

phosphorylation due to the low PO2 (0.03 Torr) necessary to observe altered rates of metabolism 

in isolated mitochondria (Erecinska and Wilson, 1982). However, recently it has been observed 

that the afnnity of cytochrome c, the terminal electron acceptor in oxidative phosphorylation, for 

4 varies with the energy state of the ce11 (Wilson and Rumsey, 1988). Changes in intraceiiular 

PO2 could impact on the intracellular concentrations of metabolic substrates required to obtain a 

given ATP production rate. Intracellular PO2 in higher, and more physiological ranges (10 Tom), 

may result in obligatory increases in the concentration of substrates required for ATP production 

according to the equation (Hogan et al., 1992; Jones, 1986). 

H' + NADH + 3Pi + 3ADP + % 0, - NAD' + 3ATP + H20 

Studies involving hindlimb perfusion of dog working muscle showed a greater change in 

several of the proposed regulators of tissue respiration to achieve a given V02 as Pa02 decreased 

(Hogan et al., 1992b). Expenments on isolated muscle (Wdson and Stainsby, 1978) and whole 
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body exercise (Katz and Salhin, 1988) resulted in simiiar conclusions. These obsenations suggest 

a mechanism for O2 transport iimitations at the onset of exercise when decreases in intracellular 

PO2 might modulate the rate of increase in muscle V02. a v e n  this argument it is understandable 

that the intracellular PO2 does not have to reach the previously suggested low values (Erecinska 

and Wdson, 1982) to limit the rate of oxidative phosphorylation. At the onset of exercise, a 

relative hypoxia might cause a temporary slowing of muscle V02 while the intracellular 

environment adapts to this PO2. 

Due to the complexity of the 4 delivery process, O, delivery to tissues is difncult to 

quantitatively evaluate. It is not known if O, delivery is sufficient for maximal respiration during all 

exercise conditions. In work rate transitions, at the onset of exercise, 4 concentration at the 

mitochondria may not be constant (Arthur et a[, 1992; Hogan et al., 1992). It is, however, 

difncult to measure or calculate 0, concentration at the mitochondna during exercise transitions. 

Blood flow is one component of Oz delivery that is altered at the onset of exercise and may be an 

Blood Fiow at exercise onset 

Memrement of BIoad Fhw 

important control mechanism for oxidative phosphorylation (Hogan et al.. 1992b). 

Blood flow in arteries is pulsatile in nature and blood vessels are relatively inaccessible for 

study in humans. Many methods have been utilized for measurement of blood flow to exercising 

muscle. Gaskell (1877) as cited in h e p  and von Saafeld (1935), detennined that there were 

large increases in flow from muscle veins in dogs d e r  the release of stimulated sustained 

contractions. This hyperemia was explained by peripheral vasodilation caused by local metabolites 
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produced during the contractions. As weli it was observed that venous outflow fiom a muscle 

increased at the onset of a sustained contraction, followed by a decrease and sometimes cessation 

in outfiow until the end of the contraction. The cause of the initial increase in venous outflow fiom 

the muscle was speculated to be due to compression of blood vessels in the muscle. 

The first to produce estimates of blood flow during rhythmic contractions were Chaveau 

and Kaufmann (1887), as cited in Anrep et al. (1934). They studied blood flow in horse Lips 

during chewing exercise by collecting venous outflow and observed that there was a large 

variability in blood flow to exercising muscle during rhythmic contractions. The methods used 

were incapable of providing quantitative estimates of the actual exercising muscle blood flows. 

Anrep and von Saafeld, recognized that both artenal infiow and venous outflow measures 

were necessary to quantitatively determine blood flow through the muscle during contractions 

(Anrep and von Sallfeld, 1935). They used two hot wire anemometers to simultaneously record 

both i d o w  and outflow of blood in contracting dog gastrocnernius muscle and also noted that 

blood flow to exercising muscle was low duing contraction and high during relaxation. They 

concluded that the average blood flow through muscle was increased due to rhythmic contraction. 

The magnitude of flow increases appeared to be dependent upon the strength and duration of the 

contraction and the contraction/relaxation duty cycle. The effect of a senes of contractions was a 

summation in blood flow increases between contractions. One suggestion from these studies was 

that a vasodilator substance was released during contractions and could be deteaed in the venous 

effluent of the contracting muscle. 

In 1949, Barcroft and Domhorst attempted to measure the variations in blood flow during 



rhythmic leg contractions in humans (Barcroft and Domhorst, 1949). They used an air fïiled 

plethysmograph and venous occlusion d s  dong with manual femoral artery compression but 

were unable to achieve mfficient time resolution with their methodology to measure the rapid 

fluctuations in blood flow that they suspectai occurred during exercise. However, they were able 

to c o b  that contraction resulted in mechanical resistance to blood flow through muscle. 

Since the time of these early experiments several methods have been employed in an effort 

to measure muscle blood tlow dunng rhythmic exercise. Electromagnetic flowmeters were 

introduced in 193 6 (Kolin, 1936) and first used on animals and humans in 1955 (Denison et al.. 

1955). The electromagnet was wrapped around an exposed vessel. Blood flow through the 

vessel resulted in voltage changes, that were proportional to the flow, due to the electrïcal 

conductivity of blood. The obvious disadvantage of this technique is that the vessel being 

examined must be exposed and therefore, early experiments on humans were restricted to patients 

undergoing surgery (Gault et al., 1966; Hall, 1997). This technique, however, did have a time 

resolution sufficient to follow the rapid blood flow fluctuations which occur d u ~ g  exercise. In 

spite of its limitations, electrornagnetic flowmeters were used in studies in isolated cat muscle to 

cab the earlier suggestion of rhythmic flow variations (Follcow et (il., 1970). 

The ' 3 3 ~ e  clearance rnethod has also been used to determine blood flow to exercising 

muscle. This method requires the injection of a radioactive label. The distribution of the label c m  

be assessed before and d e r  exercise as an indication of flow though the exercising muscle. It was 

first used by Tomessen (1964) and provided measures of average flows at rest and exercise. 

Pendergast et al. (1 980) studied 133 ~e clearance from exercising human muscle. They concluded 
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that changes in blood flow to exercising muscle precede changes in 002. For quantitative 

measures of flow, however, the '33Xe clearance technique seems to produce artincially low 

values for muscle blood flow due to tracer solubiiity and diffusion limitations (Cerreteiii et al., 

1984). Muscle blood flow has also been rneasured in exercising animais with radiolabelled 

microspheres (L,aughIin, 1987; Laughlin and Armstrong, 1983; Laughiin and Armstrong, 1982). 

Piiper et aL (1 98S), using IabeUed rnicrospheres, detennined that there is considerable blood flow 

in homogeneity in exercising muscle. This variabüity in blood distribution may have important 

implications in O2 delivery to muscle that are not possible to determine from buk fiow measures. 

Venous occlusion strain gauge plethysmography has been used to measure blood flow to 

exercising muscle (Formel and Doyle, 1957; Humphreys and Lind, 1963). Outfiow nom the 

examined vascular region is blocked by infiation of a cuff around the limb to sub-diastolic pressure 

levels, while the inflow is assumed to be unimpeded. The rate of volume increase of the lirnb is 

direaly proportional to arteriai blood i d o w  (Joyner et al.. 1990; Tschakovsky et al., 1995). The 

restrictions in the application of this method include positionhg of the limb above heart level. 

Motion artifacts make measurements during exercise unreliable and measures are traditionally 

taken during brief cessations in contraction or at the end of exercise. Tschakovsky et al. (1995) 

performed comparisons of venous occlusion strain gauge plethysmography versus Doppler and 

found that the former was only accurate for the first few beats after cuff occlusion. 

Quantitative determination of muscle blood flow dunng exercise may be obtained through 

the use of thennodilution methods. This method was first used for exercising humans in 1964 

(Ganz et al., 1964) and requires the infusion of ice cold saline into the blood vesse1 and 



measurement of the temperature of the blood several centimetres away. Based on the knowledge 

of the rate and temperature of saline innision and the temperature of the blood downstream to the 

infusion, average blood £iow can be calculateci. There are several potential sources of error 

including inadquate mixing, inaccurate uinision rates and temperatures, mixing of flow fiom non- 

exercising muscle and flow fluctuations (Andersen and Saltin, 1985). This technique was onginally 

used only for steady state flow situations (Andersen and Saltin, 1985; Poole et al.. 1992; 

Richardson et al.. 1995; Richardson et al., 1993; Rowell et al., 1986) but has recently been 

adapted for use in the non steady state transition at the onset of exercise (Grassi et al., 1996). 

While thennodilution measures of blood flow have proven to be reliable and reproducible it has the 

disadvantage of being fairly invasive and is unable to descnbe the fluctuations in flow that occur 

with rhythmic exercise. 

Doppler Uttasmnd 

In recent years Doppler ultrasound technology has been used to measure blood fiow to 

exercising muscle (Hughson et ai., 1996; Radegran, 1997; Shoemaker et al., 1994; Toska and 

Eriksen, 1994; Tschakovsky et al.. 1996; Tschakovsky et al.. 1995; Wdoe and Wesche, 1988; 

Wesche, 1986). This method has the considerable advantage of being completely noninvasive and 

of sufficient tirne resolution for describing the fluctuations in muscle blood £low which occur during 

rhyt h i c  exercise. 

Satamura and Kaneko (1960) were the first to introduce Doppler for the measurement of 

blood flow of exposed vessels. Rushmer et al. (1966) advanced the technique to the point where 

blood flow could be measured in underlying vessels nom the skin surface. The signal to noise ratio 
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was poor, however, and the technique required fiirther development before it wuld be used for 

quantitative blood flow measures. Thoresen and W d o e  (1980) were the first to apply the 

measures to skin blood flow. Doppler ultrasound was k t  used for measuring blood flow to 

exercising muscle during relatively srnall muscle mass contractions (Toska and Eriksen, 1994; 

Wesche, 1986). Shoemaker et al. (1996) used Doppler ultrasound to examine arterid blood flow 

to the legs at the onset of knee extension exercise and found that the blood flow responses at the 

onset of larger muscle mass exercise could be a6ected by short tenn training. 

Using Doppler ultrasound technology, volurnetric blood flow measures are derived &om 

the produa of conduit vessel area and blood velocity, averaged over the entire lumen of the vessel 

(GU, 1985). In several early studies, only the blood velocity was measured and it was assumed 

that there was no change in vessel cross-sectional area during exercise (Shoemaker et al.. 1994; 

Toska and Eriksen, 1994; Tschakovsky et al.. 1996; Walloe and Wesche, 1988; Wesche, 1986). 

Development of Doppler technology now permits simultaneous determination of diameter and 

velocity during exercise. 



At the level of the femoral artery the resbig blood flow response has three 

characteristic phases with each heart cycle. During systole, there is a rapid increase in blood 

velocity, which peaks at peak systole, foilowed by a decrease in fiow and negative or reverse 

flow, due to penpheral arteriolar resistance and arterial remil. As the aortic valve closes the 

reverse flow is stopped and in late diastole there is a period oflow fonvard or no flow as the 

blood passes out of the arteries and into the venous circulation. 

Figure 1.1: An example of the restingflow reqome through the femoral artery (top, lep) 

and an image of the femoral urtety (lep right) obtained with pulsedami echo Doppler. fie 

ECG tracing is shown (bottom lefl) to d e m o ~ u t e  the changes injlow with cardiac cycle. 



At the onset of exercise, during a contraction, the fiow response depends upon the point 

during the cardiac cycle in which the contraction ocairs, however the general response is one of 

reduced flow or reversed flow (Walloe and Wesche, 1988) d u ~ g  the contraction foliowed by an 

increase in flow dunng the relaxation phase. During exercise there are large fluctuations in the 

flow pattern with high flow during relaxation and low flow during contraction. The velocity pattern 

depends on the location of the artery in the vascular tree, and the tension, duration and timing of 

the contraction and reIaxation during the cardiac cycle. As exercise continues, flow continues to 

increase to a steady state in an exponentid fashion (S hoemaker et al-, 1994; Wesche, 1986). 

Flow occurs between two points in a system due to differences in potential energy. In 

blood vessels, differences in energy are usually represented as dserences in pressure. An 

adaptation of Ohm's law relates flow through a vesse1 to the change in pressure and the resistance 

to flow in the vessel. 

Q = AP 1/R 

Q = blood fiow through the vessel 

AP = the pressure gradient between 2 points in the vascular bed 

R = the resistance of the vasculahire = I/C, the conductance of the vesse1 

It has been shown that there is an immediate increase in blood flow to working muscle upon 

release of the initial contraction at the start of exercise (Honig, 1979; Shoemaker et al., 1994; 

Tschakovsky et al.. 1996; Wesche, 1986). It has yet to be determined what causes this increase 

in blood flow. 
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There are many possible regulatory factors for blood flow at the onset of muscular 

contractions. To get an immediate increase in flow in conduit arteries there must be an immediate 

increase in the pressure gradient or conductance downstream. The possible regulating factors 

include changes in the pressure gradient across the exercising muscle, and changes in conductance 

due to neural influences, release of metabolites from the exercising muscle, or endothelid control 

(Shoemaker et al., 1996). 

A contributor to the increase in blood flow at the onset of exercise is thought to be the 

pumping action of rhythmically contracting muscle, known as the muscle pump effect (Laughlin, 

1987; Leyk et al., 1994; Sheriff et al., 1993). Several authors have recently concluded that the 

muscle pump contributes to the rapid increase in flow to the muscle of exercising humans, but it 

does not account for al1 of the exercise hyperemia observed (Leyk et al.. 1996; Radegran, 1997; 

Toska and Eriksen, 1994; Tschakovsky et al., 1995). Rapid vasodilation must occur at the onset 

of exercise. What causes this rapid vasodilation remains a critical area of research even 60 years 

a£ter Anrep postulated that there must be some substance responsible for the rapid increase in 

flow they observed at the onset of exercise (Anrep and von Sallfeld, 1935). 

Due to the rapid nature of the vasodilatory response, metabolites released fkom the 

exercising skeletal muscle are not believed to be important in the early blood flow response 

Gaughlin and Armstrong, 1983). They do, however, play a role in matching blood flow and 

metabolic demand dunng exercise after the initial rapid response. Possible metabolites from the 

exercising muscle include carbon dioxide, H?, potassium, phosphate, lactate, 0% adenosine, and 

adenosine nucleotides (Laughlin and Armstrong, 1983). 
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The tirne course of release of endothelial factors fiom the smooth muscle of the blood 

vessels in the active muscle is more compatible with a possible regdatory role in the early response 

ofblood flow. Possible endothelial factors include nitric oxîde (Ignarro et al.. 1987), 

prostagland'ms (Koller et al.. 1993), and acetylcholine (Honig, 1979). 

Withdrawal of sympathetic nervous system activity to the active tissue at the onset of 

exercirr could rapidly increase perfusion. Research involving neurographic recordmg of the 

sympathetic nervous activity in muscle dunng exercise do not support this mechanism (Mitchell, 

1990; Victor et al., 1987), but fbrther studies are necessary to fully detennine the role of the 

nervous system in blood flow regdation at exercise onset. Indeed it has been observed that an 

early fa11 in artenal blood pressure at the onset of exercise is countered, presumably, by 

sympathetic vasoconstriction (Toska and Eriksen, 1994). 

Coordination of the control of blood flow at the initiation of exercise is an area of ongoing 

study. It is not the aim of this thesis to examine the factors regulating blood flow, but to determine 

the t h e  course of the blood flow response at the onset of large muscle mass exercise and the 

relationship of this response to the dynamics of 04. 



Aim of Studies 

The centrai theme of the foliowing studies is the examination of control mechanisms 

regulating oxygen utihtion as the cardiovascular system adapts to meet the metabolic demands of 

exercising muscle at the onset of exercise. Specifically most of the studies have been designecl to 

examine the control of blood flow during large muscle mass exercise in humans. The experimental 

objectives are to manipulate and quantifil blood flow responses at the omet of knee extension 

exercise and infer relationships to cardiovascular control as it pertains to oxygen delivery. 

The main hypothesis of these studies is that alterations in skeletal muscle blood flow at the 

onset of large muscle mass exercise will be associated with alterations in the rate of increase in 

oxidative phosphorylation at the onset of exercise. 

Speciflc research questions: 

1. To determine the relationship between the rate of increase in blood flow and the rate of 

increase of oxygen uptake at the onset of large muscle mass exercise through alterations in the rate 

of increase of limb blood flow at the onset of leg exercise. Can the blood flow response at the 

onset of exercise be manipulated by changing the pemision pressure of the exercising vascular bed, 

changing the training status, changing the resting vascular conductance of active muscle with prior 

exercise, and changing the oxygen content of the arterial blood? Do these manipulations impact on 

the oxygen uptake kinetics at the onset of exercise? (Chapters II, ID, IV) 

2. To directiy quanti@ the relationship between muscle oxygen uptake, leg blood flow and 

alveolar oxygen uptake at the onset of large muscle mass exercise using Doppler methodology for 

leg blood flow measures (Chapter IV). 
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3. To determine the ability of non-invasive rdectance near infrared spectroscopy to 

assess muscle O2 avdability at the onset of large muscle m a s  exercise through correlations with 

venous effluent O2 saturation at the onset of large muscle mass exercise (Chapter V). 

4. To determine the time course of blood fiow redistribution from inactive skeletai muscle 

and non-active tissue at the onset of exercise. Can these mesures be made at the onset of 

exercise? What role does redistribution of blood from inactive and non-active tissue play in the 

regulation of blood flow to active skeletal muscle at the onset of exercise? (Appendix 1 and 2). 

This thesis contains four papers and two appendices onginaliy written as separate 

manuscripts and presented as chapters. Below is a bnef description of the contents of these 

chapters: 

Sumrnary of Papers 

P a ~ e r  1 (Chanter Alveolar oxygen uptake and femoral artery bIood flow dynamics in 

upright and supine leg exercise in humans 

Transitions fiom rest to 40W leg kicking exercise were performed in both the upright and 

supine positions. In the supine, compared to the upnght position, the mean arterial pressure 

assisting pemision of the exercising leg was reduced. It was found that, at the onset of exercise, 

the reduction in mean perfbsion pressure resulted in slowed blood flow and oxygen uptake 

kinetics. n i e  blood flow kinetics were, however, faster than the oxygen uptake kinetics at ali tirne 

points indicating that blood flow distribution, and Ieg oqgen extraction, in the exercising legs may 

play a role in oqgen transport regulation of oxidative phosphorylation. 



Paoer II (Chanter Effect of 16 HOUR of intermittent heavy exercise on oxygen 

uptake and blood flow responses to submaxirnal kg exercise 

The dynamic and steady-state responses of blood flow and oxygen uptake at the onset of 

leg kicking exercise were examined before and after 16 hours of intermittent high intensity 

exercise. It was found that this single day of intermittent exercise had no effect on the kinetic or 

steady state response of blood flow or oxygen uptake for transitions nom OW to 52 W kicking 

exercise. O n  the training day the effect of pnor high intensity exercise, on blood flow responses, at 

the onset of subsequent kicking exercise transitions to below Tm was examined. It was found 

that pnor high intensity exercise resulted in elevations of steady state blood flow both at OW and 

after five minutes of 52 W kicking but did not affect the dynamic response of blood flow at 

exercise onset. The effea was similar after the first, eighth and sixteenth exercise bouts. These 

observations indicate that a single day of intermittent exercise has no lasting effects on the vascular 

conductance in the exercising muscle during steady state exercise or the response at the onset of 

exercise, while pnor high intensity exercise increases steady state exercise vascular conductance 

and may explain previous observations of improved 002 kinetics with pnor high intensity exercise. 

P a ~ e r  I I I  (Chartter IV) Effect of hyperoxia and hypoxia on oxygen uptake and leg blood 

flow responses to submaxirnal esercûe 

The effect of hyperoxia (F102= 0 -70) and hypoxia (FIOZ= 0.14) on the dynamic response 

of alveolar and muscle oxygen uptake and leg blood fiow and were examined at the omet of 

transitions in Ieg kicking exercise from rest to 50W. It was found that the oxygen delivery to the 
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exercising legs (Q Ca03 was not increased in hyperoxia compareci to normoxia at rest or at any 

tirne point during exercise, due to adjustments in artenal oxygen content (Ca03 and blood flow. 

There was also no change in the dynamic response of oxygen uptake with hyperoxic gas breathing. 

During hypoxic gas breathing, there were ais0 adjustments in Caoz and blood flow which resulted 

in no change in oxygen delivery to the exercising legs. The dynamic response of oxygen uptak2 

was similarly unafficted by the gas breathing. This study demonstrated the capaciîy of the 

cardiovascular system to regulate oxygen delivery to exercising muscle in kicking exercise below 

TVENT- 

P a ~ e r  IV (Chaoter VI Cornparison of femornl blood gnses and muscle near infrared 

spectroscopy at the onset of exercise in humans 

The use of a near infrared spectroscopy (NIRS) for determination of muscle Hb/Mb 4 

saturation at the onset of exercise was evaluated through cornparison to femoral venous blood 

oxygen saturation. Simultaneous measures were obtained both nom the NIRS unit and blood 

gases at the omet of kicking exercise transitions from rest to 50 W in nonnoxia, hyperoxia and 

hypoxia In all gas breathing conditions, both the NIRS and the blood gas values decreased at 

the onset ofexercise. Mer one minute of exercise in normoxia and hyperoxia, the NIRS measures 

of oxygen saturation began to increase again while the femoral blood gas values continued to 

decrease. In hypoxia, the NIRS measures responded similarly to the blood gas values throughout 

the 6 minutes of exercise. These findings indicate that either the NTRS unit does not provide 

accurate estimations of muscle oxygen saturation at the onset of exercise or that the source of the 
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muscle oxygenation signal detected by the NIRS unit responds in a different manner than femoral 

venous oxygen saturation at the onset of exercise. 

&mendices 1 and 2 Blood flow redistribution from inactive skeletal muscle and non- 

active tissue at the onset of exercise 

It was detennined that resting portal vein blood flow could be measured reproducibly with 

Doppler methodology (Appendix 1). It was intended that this technique would be further 

developed for the determination of the role of blood flow redistribution f?om the splanchnic region 

to the exercising muscle at the onset of exercise. However, there is significant respiratory 

intefierence with the Doppler signal dunng exercise. Further developments in the technique are 

necessary to continuously make these rneasures with validity at the onset ofexercise 

In a prelirninary study (Appendix 2), the role of sympathetic nervous system innemation in 

the regdation of blood flow at the onset of exercise was examined in both able bodied (ABS) and 

spinal cord injured individuals (SCI). Single leg knee extension exercise was perfonned and 

blood fiow to the inactive leg was measured. It was observed that in ABS but not in SCI, there 

was an increase in vascular conductance at the onset of exercise which resulted in transient 

increases in flow to inactive skeletal muscle. Due to the study design it was not clear if these 

decreases in resistance in ABS were due to transient reductions in sympathetic tone at the onset of 

exercise not possible in the SC1 who lacked syrnpathetic as well as motor innervation to their legs. 



Methodology 

The papers in this thesis contain rnethods for providing information about several 

cardiovascular variables at the onset of exercise. Examination of the kinetic response of the 

cardiovascular system requires that these methods wntinuously provide accunite and valid 

information during the transition fiom rest to exercise. The techniques of measuring and analysing 

oxygen uptake, blood flow, blood pressure and blood gases at the onset of exercise have been 

used previously in Our laboratory and will be descnbed and discussed in this chapter. In addition, 

the technique of reflectance near ifiared spectroscopy, for determination of muscle Hb/Mb 4 

saturation, which is new to our Iab, will be described in detd.  

m g e n  Uptake 

Oxygen uptake was measured on a breath-by-breath gas exchange system (First Breath, 

St. Agatha, Ontario, Canada). This system consisted of either a digital volume turbine (VMM - 

1 10, Alpha Technologies, Laguna Beach, CA ) or an ultrasonic flow meter (UF 202, Kou and 

Assoc., Redmond, WA) for gas volume measurement, and a mass spectrometer WGA-1100, 

Marquette Electronics Inc., Milwaukee, WI) for gas fiaction measurement. Correction was made 

for lung gas stores by the nitrogen balance methods described by Beaver et al. (1981). This 

correction allowed for the calculation of alveolar oxygen uptake. The volume measurernent system 

was calibrated prior to each test by pumping a gas through a known volume syringe at flow rates 

comparable to those observed during the exercise tests. The mass spectrometer was calibrated 

with known gases which spanned the gas concentrations observed during testing. The volume and 

flow were measured with no delay, however, the gas fractions were measured with delay due to 
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the transport thne and mass spectrometer response tirne. A calibration procedure was performed 

to determine the delay or lag time. 

The calculation of Tm was determined by a cornputer program which utilized the the V 

dope method (Fi Breath, St. Agatha, Ontario, Canada). This method uses a moving average of 

VC02 plotted versus 00, and the point of deflection is detected (Beaver et al., 1986). Tm 

was also determined fiom plots of ventilatory equivaients for V02 (VWO2)  and VC02 

(fJmCOZ) as the point where h6KI2 began to increase whiie \;r&COd was constant. 

The analysis of the V02 data involved linear interpolation of the calculated V02 between 

the breaths to give values for 002 at each second. The identical exercise test repetitions were 

then ensemble averaged to produce one data set per individual in each test condition. This 

averaging was used to rninimize normal breath-by-breath variation and to make the basic response 

pattern stand out. 

Blood Flow 

The Doppler principle was first described by a Austnan physicist Christian Doppler 

(1803-1 858) in a paper for the Royal Bohemian Society of Leanllng in 1842. The principle states 

that when an observer is moving relative to a wave source, the frequency measured is different 

fiom the emitted frequency. 

Doppler ultrasound techniques make it possible to follow the time course of changes in 

blood flow at the onset of exercise. The Doppler ultrasound technique is based on the principle 

that stationary objects will reflect sound back at the same fiequency as the transmitted sound while 

the sound reflected back from moving particles will be shifted in frequency. The magnitude of this 

24 



fiequency SM wili be proportional to the velocity ofthe moving particle according to  the equation: 

v = f, c 2 f; cos (q) 

v = velocity of the particles in crn./sec 

fD = shift fkquency 

f ,  = transmitted fiequency 

q = angle of insonation 

c = velocity of sound in tissue (blood) crnlsec 

The sound reflected by the tissuehlood is in the auditory range and can be monitored 

continuously. The major advantage to the use of Doppler ultrasound techniques is that they are a 

non-invasive masure of blood flow on a beat to beat basis (Gill, 1985). Doppler ultrasound 

techniques have been used to examine blood flow in many vessels in the body and more recently to 

examine blood flow delivery to working muscle at the onset of exercise (Hughson et al., 1996; 

Shoemaker et al., 1994; Shoemaker et al., 1996; Toska and Eriksen, 1994; Walloe and Wesche, 

1988; Wesche, 1986). 

To distinguish direction the method employed in the following experiments was quadrature 

phase detection. The received signal was rnixed with two reference signals which were separated 

in phase by a 90' phase shifi. This results in two audio fiequency signals which both contain the 

Doppler information but are shifted by 90" positive or negative depending on the direction of flow. 

This feature is very important because in penpheral artenes flow may reverse directions once or 

more during each cardiac cycle. 

In each experimental situation, blood flow at the onset of exercise was measured 
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contiauously with a flat 4.0 MHz probe of a pulsed Doppler system (mode1 SOOV, Multigon 

Industries, Mt. Vernon NY) manuaüy held on the skin surfàce approximately two cm distal to the 

inguinal ligament. The width of the ultrasound beam was set to insonate the whole artery and the 

positioning of the probe was manipulated pnor to any tests and throughout testing to obtain good 

quaiity Doppler signds. These signals were continuously evaluated by the experimenter through 

both visual and auditory feedback. The spectra of fiequency signals were processed by a mean 

velocity analyser which provided a generated average velocity signal weighted to the intensity of 

the signal at each frequency in the Doppler spectrum (Micco, 1989). This signal, which was taken 

to indicate the mean Doppler shifl frequency at any given time point, was collected at 100 Ht on a 

dedicated cornputer system, dong with simultaneous measures of ha r t  rate and blood pressure. 

Prior to each test, calibration of the frequency signals was obtained through collection of a two 

point caiibration fiom the mean velocity analyser. The mean velocity analyser produced 

appropriate fiequency signals fiom an oscillator circuit to make 1 volt of output equal to the 

frequency which indicates 1 mis blood velocity after application of the Doppler equation. 

In each of the studies presented in this thesis Doppler signals fiom at least two identical 

exercise repetitions were obtained. Post collection, the signals were converted to average velocity 

over each heart beat through application of the Doppler equation to the area under each mean 

blood velocity curve. This calculation used a constant Doppler angle of 45" to the femoral artery 

which was the intemal angle of the pulsed Doppler probe a s  specified by the geometry of the 

probe. M e r  the beat-by-beat mean blood velocity signals were obtained they were averaged 

over the time required for each contraction and relaxation cycle. This procedure was used to 
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include a contraction and relaxation phase in each velocity vaiue. The average mean blood 

velocities fiom each separate exercise test were then tirne aligneci and ensemble averaged to 

produce one data set for MBV for each subject in each testing condition. 

During each of the experiments the femoral artery diameter was also continuously 

monitored using an echo Doppler and a hand held 7.5 MHz probe (model SSH14OA, Toshiba 

Inc., Tochigi-Ken, Japan). The image of the artery was collected on videotape for firther analysis. 

For femoral artery measures, the probe was positioned two cm distal to the inguinal ligament on 

the opposite leg fkom the pulsed Doppler measures. The estimates of diameter of the femoral 

artery were obtained fiom the average of three measurements at each tirne point. AU 

measurements were made d u h g  diastole using an ECG tngger to update each arterial image at the 

sarne point of the cardiac cycle. The calipers used to mark the diarneter were set to move in 0.1 

mm increments. It has been previously observed that the day to day reproducibility of these 

measures ranges fiom 2- 4% (Shoemaker et al., 1997). A continuous estimate of the diameter 

was obtained by a line fit to the values measured at specific time points throughout the exercise 

test. From the average MBV data sets and the lines best fit to the diameter response the leg blood 

flow for each contraction relaxation cycle was estimated as LBF = MBV x 9. 

EkponentiuI Fiiiing 

In order to quanti@ the dynarnic response of LBF and 002 at the onset of exercise , the 

average responses in each testing condition were fit to curves using an exponential fitting model. 

The curve fitting procedure for al1 experiments involved the calculation of a modelled exponential 

output for test values of the various parameters by using the least-squares error approach. The 
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amal data sets were then compared to the modelied outputs and the procedure was repeated until 

M e r  changes in the parameters for the modelled output did not result in reductions in the mean 

squared error between the two data sets. The actual exponential mode1 used for fitting the LBF 

and 04 varied dependiig on the response of each variable and the test protowl use& however, 

the method used was similar in aII cases. 

In most cases, responses were fit to a two component exponential model, however, 

occasionally, an improved fit was obtained by fitting the LBF and V02 responses to a three- 

component model. The three component model contained an extra amplitude ( 4 ) ,  time delay 

(TD3) and tirne constant (x3) to fit the slower adaptive phase observed in some tests. 

The two component model had a baseline component (Go), two amplitude terms (G, and Gd, two 

tirne constants (r, and r 3  and two time delays (TD1 and 

Y(t )=G,+G,(I  - e * - T D I Y d ) = ~ l  +G2(1 -e*-mR 1 . d  

where, 

u I = O f o r t < T D 1 a n d u l = l f o r t r  T'DI 

u2=Ofort<TD2andu2= l f o r t z  TD, 

Y(t) is the time dependent variation in V02 or LBF. 

An estimate of the rate of change of each of these variables for each subject and condition 

was obtained by cdculation of the mean response time (MRT). The MRT is the weighted mean of 

the time constant and tirne delay for each exponential term. 

MRT = ( G,/(G, + Gd) (TD, + q )  + (G2/(GI + GJ) (TD2 + r3 

Blood Pressure 
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Blood pressure was measured continuously with a plethysrnographic device (Finapres, 

Ohmeda, USA). This instrument is based on the volume clamp method of Penaz (1973) and 

meanires blood pressure in the finger. During aU experiments the cuff of the Finapres was placed 

around the Mddle finger on the subject's lefi hand and the finger was held at the level of the 

femoral artery at the sarne level as the Doppler probe. It has been shown that changes in intra- 

arterial pressure are accurately reflected by finger blood pressure measurements (Friedman 1990). 

The blood pressure waveform was collected at 100 Hz on a dedicated cornputer dong 

with sirnultaneous measurement of heart rate. The area under the blood pressure curve was then 

averaged for each heart beat to give mean artenal pressure on a beat-by-beat basis. 

Blood Gases 

The following is a description of the arterial and venous sampling and the blood analysis 

methods used in this thesis. Details of the methods c m  be found in Chapter IV. 

Artenal blood samples were obtained from the radial artery and venous blood samples 

were obtained from the femoral vein. SampIes (1 mL) were collected anaerobically in heparinized 

syringes for both venous and arterial blood. These samples were immediately but gently agitated 

and stored in an ice bath. Within one hour of collection, all whole blood samples were analysed 

for P O ,  PC02 and haematocrit by selective electrodes in a blood gas-electrolyte analyser 

(NovaStat Profile Plas 9, Waltham,MA). The analyser was calibrated at regular intervals dunng 

the analyses. 0, saturation was obtained from the output of the analysis system. O2 content was 

defined as the total amount of 4 contained in a given volume of whole blood including dissolved 

and bound O2 according to the equation: 



4 content = 1.39 m] (O2 saturation / 100) + 0.003 1 PO2 

where [Hb] = hemoglobin concentration 

POZ = partial pressure of oxygen dissolved in the whole blood sarnple 

Arteriovenous O2 difference (a-vDOJ was calculated from the difference in radial artery 

4 content (Ca03 and femoral venous O2 content ( C d &  This difference was then divided by 

arteriai 4 content to give Ieg O2 extraction. Leg V02 mus was calculated as the product of the 

arteriai venous O2 difference and leg blood flow for each tirne point of blood sampling. Leg O2 

delivery was calculated as the product of LBF and Cao2. LBF was estimated at the times of the 

blood sample fiom application of the exponential fitting equations for LBF (see methodology: 

exponential fitting). 

One source of uncertainty in a-vD02 estimates, and subsequent calculations was the 

measure of venous and arterial 0, content. Timing of the samples was monitored and samples 

were quickly mixed, placed in and ice bath and measured within one hour of collection. Previous 

studies have shown no significant decay of blood PO2 over six hours after collection of samples 

nom subjects breathing hypoxic and normoxic gas (Roca et al.. 1989). Knight et al. (1993) 

found arterial PO2 in blood samples obtained from subjects dunng hyperoxic gas breathing feli 

rapidly over tirne despite imrnediate icing. As a precaution, they collected two samples at each 

time point and analysed one immediately for use in correction for the decay in PO, over tirne. This 

was not possible in the current thesis due to equipment limitations, however, the estimates of C a  

and Caoz obtained in each gas breathing condition were reasonable and consistent. Another 

possible source of error in the calculation of a-vD02 was the assumption that artenal 4 content 
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was constant at the onset of exercise. Due to technical Limitations, arterid blood samples were not 

obtained during the first minute after the onset of exercise. It was detennined that Cao2 was not 

different throughout exercise penod and subsequently, the average exercise Caot for each 

subject, in each gas condition, was used in calculation of a-vD02 at 20 and 40 seconds d e r  

exercise onset. 

Nem Inficared Spectroscopy 

Near infrared spectroscopy is a technique which cari be used for opticai monitoring of 

oxygen saturation in biological tissues. The technique of NIRS relies on the fact that biological 

tissue (skin and bone) is relatively transparent to near infiared light (700 -1000 MI) and muscle 

tissue contains chromophores whose light absorption properties Vary with oxygenation. The 

Lambert-Beer Law (Beer 185 1) can be applied to relate the incident and transmitted radiation to 

the extinction coefficient of a chromophore. Although, technically this law is intended for use in a 

clear, non-scattering medium, it can be applied to biological tissue with some modifications. The 

major modification is that a correction factor which accounts for the increase in optical pathlength 

due to scattering in the tissue must be included. The modified Lambert Beer law is (Delpy et al., 

1988) 

O D a = L ~ g ( ~ ) = é a * ~ ~ L * B + O D U  

Where ODA ls the opticai density of the medium 

A is the wavelength of light used 

Io is the incident radiation 

1 is the transmitted radiation 



En is the extinction coefficient of the medium 

c is the concentration of the chromophore 

L is the distance between light entry and light exit point 

B is the pathlength correction factor 

ODw represents the light losses due to scattering 

If the lïght losses due to scattering in the tissue are a constant then optical density can be 

related to concentration and changes in optical density can be related to changes in chromophore 

concentration. However, if there is more than one chromophore present in the solution then more 

wavelengths will need to be measured. At least as many wavelengths as chromophores will have 

to be used to determine the change in concentration of each chromophore. In human muscle tissue 

there are at least five known chromophores present: oxyhemoglobui (HbO3, hemoglobin (Hb), 

oxymyoglobin (MbO3, myoglobin (Mb) and the oxidized form of cytochrome aa3 (Cyt ox.). 

Near infiared light is absorbed by the iron-porphyrin complexes of HbOz, Hb, MbOa and Mb 

and by the oxidized copper atoms of Cyt ox.(Harnpson and Piantadosi, 1988). 

In order to detemine changes in muscle oxygenation (Hb+Mb) the spectral extinction 

coefficients must be known and incorporated into the aigorithm used in the NIRS system. 

Unfominately , the spectra for hemoglobin and myoglobin in muscle tissue are not sufnciently 

dinerent to distinguish between them (Hardman et al.. 1966). Although it is not possible to 

distinguish between changes in concentration of the Mb and Hb, or MbOl and HbO, the 

contribution of rnyoglobin to the signal in human muscle has been estimated to be no greater than 

approximately 25% (Chance et al., 1992). It has also been stated that no significant 
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deoxygenation of M b  ocairs until complete deoxygenation of Hb, such as that which occurs after 

several minutes of cufF ischemia (Wang et al.. 1990). 

The two possible methods for detecting the pathlength factor are pulse tirne and phase 

modulation. W1th the continuous dual wavelength NIRS system used in this thesis, neither the depth 

of light penetration or the pathlength factor to correct for scattering of iight within the tissue 

concentration changes can be measured. The NIRS unit therefore, cannot be used to determine 

absolute oxy-deoxy Hb/Mb changes. Inter-individual variation in pathlength factor (Delpy et al, 

1988) and differences in fat/muscle ratio can account for individual diEerences in results. The 

amount of muscle tissue contributing to the NIRS signals can dso Vary considerably. As well the 

sensitivity of the measurement varies as a function of the intensity of NIEL light emitted. 

In the final paper of this thesis (Paper IV) tissue O2 saturation (S03 was estimated via 

NIRS with a comrnercially available unit @unrnanTM, NIM Incorporated, Philadelphia). Reflected 

light was measured percutaneoudy at two specific wavelengths (760 and 850 nm). The larnp 

intensity was set at 6 volts for al1 tests and the time constant for the unit set to the shortest response 

time (15 sec). The sensor was positioned lengthwise 10 to 12 cm above the knee over the vastus 

lateralis and protected fiom skin moisture by a clear plastic wrap. An elastic strap was placed 

around the thigh, over the sea.sor to prevent displacement and the detection of ambient room Light. 

Two separate outputs were obtained frorn the NIRS unit and sampled at 100 H i  on a dedicated 

compute: system. The output containing the difference in the two received wavelengths (760-850 

m) was monitored as an index ofrelative hemoglobin (Hb) and myoglobin (Mb) deoxygenation 

and the output containing the sum of the two received wavelengths (760+850) was monitored as 



an index of changes in tissue blood volume (Chance et d, 1992). 

The  unm man^ unit was calibrated before each exercise transition with the probe in place 

on the vastus laterdis. The electrical output of the  unm man^^ unit was adjusted to O mV ushg the 

balance control and then the gain of the unit was adjusted to provide signal deflections in the range 

of 6OO to 1000 mV. For the difference channel(760-850 nm) NIR-S02mw was expressed on a 

relative scale as a percent of individual calibration under each gas condition with 100 % saturation 

equal to the resting saturation and 0% saturation equal to the full scale deflection between -600 

and -1000 mV. For the sum channel(760+850 nrn) tissue blood voIume was expressed on a 

relative sa le  as a percent of individual calibration with 0% change in blood volume equal to the 

resting saturation and 100% increase in blood volume equal to the f i I l  scale deflection between - 

600 and - 1000 mV. 



Generd Discussion 

Previous investigations have detennined that Doppler methodology can be used to 

masure blood flow non-invasively and continuously at the onset of small muscle m a s  (Hughson et 

al., 1996) and large muscle mass exercise (Eriksen et al.. 1990; S hoemaker et aL, 1994; 

Shoemaker et al., 1996; Walloe and Wesche, 1988). Other recent publications indicate that 

blood flow values obtained through the use of Doppler ultrasound are reproducible (Shoemaker et 

al-, 1997) and of similar magnitude to venous outflow measures obtained through thermodilution 

techniques (Radegran, 1997). Much research has been devoted to determinations of the 

mechanisms regulating the initial hyperemia at the onset of exercise, however it was not the focus 

of this thesis to examine these possible regdatory factors. The major observation of this thesis is 

that simultaneous measurements of blood flow and 4 uptake can provide Somation about the 

regdation of oxygen utilization at the onset of exercise. 

The results of this thesis show that continuous measurement of both blood flow and O2 

uptake at the onset of exercise can provide insight into the regulation of O, delivery to and O2 

utilization by exercising skeletal muscle. In Chapter II the time course of the increase in blood 

flow and 4 uptake at the onset of dynamic kicking exercise in both the upright and supine 

positions was characterized. As observed previously, blood flow increased with a biphasic 

response at the onset of exercise (Leyk et al., 1994; Sheriff et al.. 1993; Shoemaker et al., 

1996). Faster increases in femoral artery blood flow and V02 were observed in the upright versus 

supine position. Although the response of blood flow was observed to precede the 002 response 

in both body positions, this acceleration in upright versus supine position suggests that the response 
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of blood flow at the onset of exercise can impact on the regulation of O2 uptake. One of the most 

interesting findings from this study was that the temporal responses of leg blood fiow and alveolar 

O2 uptake seemed to parallel each other at the onset of kicking exercise in the supine position, and 

to a lesser extent in the upright position. These observations led to fiirther investigations into the 

impact of alterations in blood flow dynamic responses and the consequences for 4 uptake at the 

onset of large muscle mass exercise. 

Chapters III and IV of this thesis were investigations into the dynamic response of blood 

fiow and O2 uptake at the onset of exercise in a variety of exercise situations. To examine whether 

pior high intensity exercise would result in a more rapid blood flow response, high intensity cycle 

exercise was performed prior to leg kicking exercise. This manoeuver resulted in elevated steady 

state flows but no change in the dynamic response time of LBF. A single day of intermittent 

exercise training was found to have no impact on the time course of increase of either LBF and 

V02. Aitered gas breathing was used to determine if alterations in hspired 4 would result in 

differences in O2 delivery to the exercising limbs and therefore diEerences in O2 utiiization at 

exercise onset. It was found that, for leg kicking exercise below Tm, adjustments in LBF and 

vascular conductance result in unchanged O2 delivery to the exercising legs in response to 

alterations in Cao2. 

Despite the non-invasive nature of Doppler ultrasound technology, in order to accurately 

determine O2 utilization in the exercising limb, it is necessary to obtain 4 content values nom 

venous and arterial blood samples. It would be advantageous to have a method of non-invasively 

determinhg the oxygenation of the exercising limb at the onset of exercise and in the subsequent 



steady aate. In Chapter V a method of non-invasively detennining the Hb/Mb 4 saturation in 

muscle at the onset of exercise was compared to femoral venous blood 4 saturation. 

Unfortunately, the signal obtained fiom the NIRS instrument did not account for ail of the variation 

observed in the fernorai venous oxyBen saturation signal at the onset of exercise. It would appear 

that this technique is not appropriate for tissue 4 saturation monitoring at the onset of large muscle 

mass exercise. 

Validirtion of BZod FZm via Doppler 

Most of the studies conducted in Our laboratory do not involve direct measures of muscle 

002- It is difficult to compare measures of leg blood flow during kicking exercise, which involves 

both flexion and extension, to previous literature because most previous studies have measured 

LBF during knee extension only. Two studies have compared one and two leg knee extension 

only exercise and determined that the LBF in one leg during two legged knee extension exercise is 

roughly equivaient to the LBF dunng one leg knee extension exercise at half of the two legged 

work rate (Magnusson et al., 1993 ; Magnusson et al., 1997). This relationship has been used in 

an effort to compare the LBF measures found in this thesis to previous literature. 

Radegran (1997), using Doppler methods, detennined that for 1 legged knee extension 

exercise, LBF was related to WR by the equation: 

LBF = 0.084 WR (W) + 1.3 171 Umin 

The values found in this thesis are similar in magnitude to those caiculated by this 

relationship, however, the exercise values found in Chapters II and III are slightly lower than 

expected fkom the equation. In Chapter IV, the values obtained at 48W kicking are similar to the 
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calculateci values. The possible reasons for these differences include Doppler methodological 

erron, exercise variabiîity, subject efficiency, and variability in LBF responses. Indeed, Radegran 

reported a large variabiiity in LBF between four subjects exercising at 30 W, with LBF reported to 

range between 3 -5 and 5.4 Urnin (Radegran, 1997). 

A cornparison of the studies hcluded in the current thesis as weil as a number of previous 

studies indicates that the LBF and V02 measures fiom the aiment thesis are similar in magnitude 

to what has been previously reported (Table 1.1). Most previous studies have utilized 

thermodilution techniques for measurement of LBF and legrni (Andersen and Saltin, 1985; Kim 

et al., 1995; Koskolou et al.. 1997; Magnusson et al., 1997; Richardson et d, 1995; 

Richardson et al., 1 993; Rowell et al., 1986; Savard et aL, 1988). In general the LBF values 

obtained from these studies are slightly larger in magnitude than the LBF values fkom the current 

thesis, when one versus two leg exercise is taken into account (Table 1.1). As stated previously, 

though, thz current studies involved leg kicking exercise (extension and flexion) as opposed to 

knee extension exercise, and direct cornparisons are difficult. Studies by both Borkoff et al. 

(1997) and Radegran (1997) dso utilized Doppler technology. The validity of the current 

measures of LBF and V02 have been discussed in detail in the methods section of Chapter 1 as 

well as the Discussion of Chapters II, III and IV. 



Table 1.1 Comprison of leg b l d f l o w  and oqgen uptake measures in voluntmy leg exercise. 

MY Mcthod u r d s c  W R  LBF BR a-vDO, 
mï,imïn bUinb va m m  

MacDaiitd Doppla r d  354 353 64 
Chpter II iezxt 40W 2043 907 82 2'n 136. 

MieDoarld Doppta 21- OW 1487 672 90 156 los* 
Chpta III flex/ab 52W 2700 1140 108 390 144* 

Ma~Dai . ld D ~ P P I ~  rest 365 345 64 223 61.4121 
CW=N fiex/- J ~ W  365s 1280 108 4425 

Borkoff et aL Doppla 2 kg rest 350 369 5 1 
(1997) flcxlat 10W 1250 660 58 146 1 18* 

30W 2050 847 69 240 120. 
sow 2525 1033 n 332 134* 

tham* 2Iegcxt rest 
M.gaus3on er aL dilution OW 
( 1997) 40W 

86W 

Koskotou er tham* 2legexz rest 300 300 80 n 90 
4lW dilution 30W 2900 800 100 350 125 

-7OW 4200 1400 120 600 132 
-140W 6500 2500 157 980 142 

tham* 1Iegcxl rest 260 
dilution 20W 

40W 4960 
70W 7070 

Andasai themi* 1 Ieg cxt 10W 2600 560 83 280 54 
& Wtin dilution 20W 3270 680 410 114 
(1985) 30W 3940 830 5 10 129' 

40W 4720 990 650 138' 
55W 5580 139 1 46 820 140 

Kirnerd tham* IlegtM OW 1600 550 80 140 88' 
(1s'w dilution 10W 2500 610 95 260 104. 

20W 3 100 700 110 300 97- 
30W 5000 900 118 450 90' 
40W 5300 1300 126 640 121' 

R o w l l e t d  thm* ltegcxt nst 250 
(1 986) dilution 20W 3280 

38W 4270 
52W 5810 

Richankm et tham* 1 Ieg ex! 25W 3720 790 93 460 122.1 
UL (1995; dilution 50W 5870 1090 117 810 137.1 
1993) 78W 7520 1510 139 1110 146.9 

93W 8770 1890 158 1340 152.6 
lOOW 9100 2270 167 1420 154.4 

WR, work rate; LBF. leg blood flow; vo IV, alvealar oxygen uptake; HR, heart rate; m,leg, 1% oxygen uptake; 
a--, arteriovenous oxygen content cii &Ance indifates that a-vDO, was calculated VOileg/LBF. 
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The Dynmic Respome of BIood Flow at fiercise Omet 

In al1 studies there was rapid increase in LBF at the onset of exercise Erom a baseline of 

rest or unloaded kicking exercise. For exercise transitions to below TM, the response at the 

onset of exercise is rapid and follows a biphasic response pattern. The initial rapid increase is 

observed within the first few seconds after exercise onset and is foliowed by a slower increase to a 

plateau or fiirther drift as exercise continues. This drift in LBF later in exercise was observed 

with higher work rate and occasionaily, variability in the LBF response was observed. These 

variations may be due to changes in kicking pattern or an initial overshoot in LBF followed by 

adjustments to a steady state. The response of blood flow was slower in supine versus upright 

exercise but was unchanged by a single day of intermittent exercise training or breatbing 70% or 

14 % O2 compared to breathing room air. 

It is interesting to note that minor changes in MBV and diarneter combined to regulate LBF 

to the sarne level at rest and during steady state exercise in each exercise situation despite 

variations in MAP, and the dynarnic response of LBF. These adaptations indicate that 

regulatory mechanisms exist to maintain the LBF to skeletai muscIe based on the metaboîic 

demands during rest and exercise below Tm. The exact nature of these regulatory mechanisms 

is not hown but it has been speculated that metabolites released nom active skeletal muscle play 

an important role (Laughlin and Armstrong, 1983). 

m e  Relatiomhip of Blood FIow zo ûxygen UPZ& at Exercise Onsct 

Faster kinetics for the V02 and LBF on transient of step changes in submaximal kicking 

exercise in the upright versus supine position were observed. These results provide evidence that 



the supply of oxygen contnbutes to the control of tissue metabolism. In addition, a lack of 

acceleration of both LBF and V02 kinetics with a single day of intermittent exercise training and 

with hyperoxic and hypoxic gas breathing were observed. These results do not nile out the 

possibility that the process of utilization of O2 by the workhg muscle contnbutes to the regdation 

of V02 kinetics at the onset of exercise below Tm. These observations do, however, 

characterize the relationship between 4 delivery and 4 u-tion in a number of exercise 

situations. 

The response pattern of LBF and V02 followed a similar time course at the omet of 

exercise in a variety of exercise situations. This observation suggests a close relationship between 

oxygen delivery and oxygen utilization at the onset of moderate intensity kicking exercise. This 

relationship was especially evident for exercise in the supine position where both the V02 and LBF 

responses were slowed relative to upright exercise. Previous research by Hogan et al. (1992b), 

has shown that the degree of tissue oxygenation may be important in modulating the levels of other 

regulators of oxidative phosphoxylation such that " a greater change in any of the proposed 

regulators of tissue respiration (e.g. phosphocreatine, ADP) was required to achieve a given 002 

as PaO, was decreased". However, fùrther research has shown that changes in oxygen deiivexy 

may not result in increased levels of the proposed effectors of muscle VO, if the aep changes in 

4 delivery are relatively small (Hogan et al., 1996). In this situation, the gradua1 changes in O2 

delivery resulted in decreases in force development and V02 which may be due to adjustments to 

the O2 delivery changes or due to the low contractile intensity used the experiments (Hogan et al.. 

1996). At the onset of step changes in large muscle mass exercise, such as those transitions 



examined in this thesis, the muscIe blood flow response and the availability of 4 at the level of the 

working muscle appears to be an important modulator in the rate of in aease in 002 . 

Blood fiow to tissues may be regulated by an 4 sensing mechanism in which O2 delivery 

to exercising muscle is regulated and oxidative phosphorylation is therefore sensitive to tissue 

oxygenation. This tissue oxygen sensitivity would, thereby, factor in the regulation of local 

vasculature and muscle microcirculation. In agreement with this theory, it was observed in Chapter 

IV that when the Cao2 was altered, with changes in inspired oxygen concentration, regulatory 

mechanisms were able to adapt and continue to deliver oxygen to the exercising tissue at the same 

rate as during normoxic gas breathing. The mechanism for this regulation is not known, however, it 

does seem that there are important interactions between cellular oxidative phosphorylation and 

oxygen delivery. 

ConcIusions 

In summary, the results of the studies presented in this thesis demonstrate that the 

responses of LBF and 902 can be quantified at the onset of large muscle mass dynamic exercise. 

As hypothesized, when skeletal muscle blood flow was slowed at the onset of supine exercise, the 

rate of increase in V02 was also slowed. The other expenmental manipulations of changing 

training status, prior exercise and altered gas breathing did not impact on the dynamic response of 

either LBF or 902 at the onset of moderate intensity kicking exercise. The regulatory mechanisms 

controlling these responses remains undetermined. 

It would be advantageous to know the O2 availability as well as the distribution of blood at 

the level of the working muscle, however, techniques for determinhg these factors are not 
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available. In addition, the role of blood redistniution nom non-exercising tissues to exercising 

skeletal muscle in the wntrol of blood flow and V02 at the onset of exercise has not been 

deterniined. These are some issues which are addressed in the foiiowing recornmendations for 

fiiture studies. 



Future Considerations 

The studies contained in this thesis address issues surroundhg the responses of blood flow 

and 4 uptake at the onset of large muscle mass dynamic exercise. Perfusion pressure, training 

status, vascular conductance, and arterial oxygen content were altered and the effixts on the 

dynamic response of blood flow and V02 were examined. 

1. This thesis did not deal with possible mechanisms regulating the increase in blood flow 

at the onset of exercise. Further examinations into control of the immediate increase in blood flow 

at the onset of exercise as related to the roles of vasodilation and the muscle pump as weli as 

examination of steady state bblod dow regulation are needed 

2. Pnor high intensity exercise was found to elevate the vascular conductance of the legs 

at OW and 52W but did not impact the kinetic response of blood flow at the onset of exercise. 

Further examinations including simultaneous measures of blood fiow and O2 uptake are necessary 

to determine if these alterations in vascular conductance affect the VO, kinetics and regulation of 

4 utilkation at exercise onset. As well, previous research has indicated that prior high intensity 

exercise results in elevated YO, kinetics for a subsequent transition to above, but not below, 

T-. Further studies should include exercise transitions to both intensity domains. 

3. It was found that a single day of intermittent high intensity exercise did not accelerate 

the kinetics of blood flow and VOz, aithough previous examinations have shown accelerated blood 

flow responses &er ten days of endurance training (Shoemaker et al.. 1996). Cross sectional 

studies have also shown , increases in conductance vessel diameter with exercise training (Huonker 

et al., 1996; Zeppilli et al., 1995). Further, detailed examinations into blood flow and vessel 
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diarneter responses may provide insight into the t h e  course of these changes. 

4. Chapter N focusseci on the effect of inspired oxygen concentration and it was found 

that in spite of alterations in Cao2 with 14% and 70% 4 gas breathing, oxygen delivery to and 

002 in the legs was not altered at rest, exercise or during the transition between the two States. It 

is possible that fùrther decreases in F,02 could result in decreases in 4 deiivery at the onset of 

exercise. As weli, aep increases in exercise to a higher intensity exercise level might result in 

alterations in O2 delivery and 4 uptake at the onset of exercise. Adaptations which maintaineci 

4 delivery in both hyperoxia and hypoxia sirnilar to normoxia were observed, however, it is not 

known what regulates the O2 delivery to skeletal muscle. Further examination into the effect of 

altered gas breathing on rnicrovasculature may provide insights into these mechanisms. 

5. The results of Chapter V indicated that NIRS does not provide the same information as 

femoral venous blood samples at the onset of exercise. Further determinations into the origin of 

the NIRS signals, the contribution of myoglobin, and the response at the onset of s m d  muscle 

mass exercise are necessary to determine the validity and applicability of NIRS measures of 

muscle oxygenation at exercise onset. 

6 .  One of the aims of this thesis was to determine the role of blood redistribution fiom non 

exercising tissues to active muscle vascular beds at the onset of exercise. The results of the 

preliminary study located in the Appendix 1 indicate that further advancements in Doppler 

t echniques, including correction for loss of signal due to respiratory interference, are necessary to 

measure splanchnic blood flow contributions at exercise onset. Further examinations into the role 

of the sympathetic system at the onset of exercise should include controlled situations in which 
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blood fiow signals are coliected continuously and EMG activity of the non exercising leg is 

monitored. 

7. W~th respect to specifics of utilizing the techniques applied to oxygen uptake and blood 

flow measurements in this thesis, fùture studies should take a number of issues under consideration. 

In order to determine kinetic responses, the error associated with the exponential fitting procedure 

is reduced when examining responses with larger amplitudes. For this reason, any attempt to 

increase the response amplitude, such as transitions fiom a baseline of rest rather than Erom 

unioaded exercise and recmitment of subjects capable of generating higher power outputs on the 

kicking ergometer are recommended. In addition, now that the responses of blood flow and 

oxygen uptake during transitions in kicking exercise have been characterized, future studies should 

include power calculations for determination of the number of subjects needed for reliable 

statistical rneasures. 



Alveolnr oxygen uptake and femoral artery blood flow dynamia in upright and suphe k g  

esercise in humans 

(Submitted to Journal of Applied Physiology June 1997) 



ABSTRACT 

We tested the hypothesis that the slower increase in alveolar oxygen uptake (V03 at the 

onset of supine, compared to upright, exercise would be aceornpanied by a slower rate of increase 

in leg blood flow (LBF). Seven hdthy subjects performed transitions fkom rest to 40 W ha 

extension exercise in the upright and supine positions. Blood flow was measured continuously with 

pulsed and echo Doppler methods and 002 was measured breath-by-breath at the mouth. At 

rest, a srnaller diameter of the femoral artery in the supine position (pe0.05) was compensateci by 

a greater mean blood fiow velocity (MW) (p<0.05) so that leg blood flow was not different in the 

two positions. At the end of 6 minutes of exercise, femoral artery diameter was larger in the 

upright position and there were no differences in any of VOt, MBV or LBF between upright and 

supine positions. The rates of increase of V02 and LBF in the transition between rest and 40 W 

exercise, as evaluated by the mean response time (time to 63% of the increase), were slower in 

the supine P O 2  = 39.7f 3.8 S, LBF = 27.6I3.9 S) than in the upright positions P O 2  =29.3a.0 

s, LBF=17.3H.O s, p<0.05). These data suppon Our hypothesis that oxidative metabolism at the 

onset of exercise is modulated in the supine position by the supply of Oz due to a slower rate of 

increase in LBF. The potential link between blood flow redistribution and metabolism is 

discussed. 

Key wordF: kicking exercise, Doppler velocimetry, echo-Doppler, leg blood fiow, Oz uptake 



INTRODUCTION 

At the onset of submaximal exercise in the supine position, the rate of increase in dveolar 

oxygen uptake ('03 is slower than when the same exercise work rate is wmpleted in the upnght 

position (Cerretelli et al., 1977; Convextino et al., 1984; Hughson et al., 1993; Karlsson et al., 

1975). It has been speculated that this slower rate of increase in V02 Mght be due to a slower 

rate of increase in the supply of O2 to the working muscles (Eiken, 1988a; Hughson et al., 

1993a). Blood flow is one component of oxygen delivery that is altered at the onset of exercise 

and may be an important modulator for oxidative phosphorylation in this situation (Hogan et al., 

1992b). Information on the dynamics of the muscle blood flow response at the onset of large 

muscle mass exercise is lacking. 

Recently, it has become possible to monitor the changes in skeletal muscle blood flow in 

the transition from rest to exercise, and to determine the relationship between 0, delivery and O2 

utilization (Shoemaker et al., 1994; Shoemaker et al., 1996). Grassi et al. (1 996) used 

thennodilution techniques to monitor blood flow in combination with direct femoral vein samples to 

determine O2 extraction and found that the time course of increase in muscle blood flow and 

muscle V02 were similar during upnght cycle ergometry. Hughson et d.(1996), using Doppler 

ultrasound technology, observed a close correlation between the rate of increase in blood flow to 

the forearm muscles and the muscle V 4 .  They further noted that both flow and muscle VO, 

adapted more slowly when the exercising forearrn was above, rather than below the hem. 

The rationale for this study was to incorporate manipulations in pefision pressure in a leg 

exercise mode1 to examine the effect of blood flow delivery at the onset of large muscle mass 
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exercise. To study this we have used combined pulsed and echo Doppler methods to 

continuously quantify the femoral arteV blood flow in the transition nom rest to submaximai knee 

extension/flexion exercise in both the supine and the upright positions. We tested the hypothesis 

that the slower rate of increase in alveolar V02 at the onset of supine exercise would be paralielied 

by çlower increases in leg blood flow (LBF) in the sarne posture. 



METHODS 

The experirnents were c-ed out on seven healthy young volunteers (5 men and 2 

women, age 27 * 5, height 180 5 cm, and weight 75 k 9 kg; mean * SE). M e r  reading a 

description of the methods and possible risks, each si@ a consent forrn approved by the Office 

of Human Research at the University of Waterloo. Each subject practised the exercise to become 

f d a r  with the activity so that high quality cardiorespiratory and Doppler signals could be 

obtained in both positions at rest and during exercise. This was important as complete relaxation 

of knee extensors dunng knee flexion was necessary to achieve optimal blood fiow between 

extension periods, and to reduce motion artifact in the Doppler signals. On the data collection 

day, subjects reported to the laboratory at least two hours after their last meal. They were asked 

to avoid caffeine and alcohol ingestion and strenuous exercise for 24 hours pnor to the test. 

Experimental Design: Testing was performed on an electrically braked knee 

extensionlflexion ergometer. In this study the ergometer was configured so that subjects worked 

against a resistance on both extension and flexion and maintained a knee extensiodfiexion cadence 

of approximately 44 cycles per leg/min at a work rate of 40 W. The ergometer had an adjustable 

back rest that ailowed the subjects to sit with a hip angle of 120" during the upnght tests, while the 

hips were cornpletely extended (180") during the supine tests. Aside fiom the hip angle, the 

exercise task was identical in both positions. The exercise intensity of 40 W was selected because 

it provided a signal (002 and LBF) of sufficient amplitude that curve fitting to the tirne course 

could be accomplished with some confidence. 

The test protocol consistai of at least 5 minutes of baseline rest. To begin a trial, the 



fiywheel of the ergometer was hand d e d  by an assistant and the subjects were issued a verbal 

command to start 6 minutes of exercise at 40 W. Each abject perfomed 2 trials in each posture, 

separateci by at least 15-20 minutes of rest. The order of postures was assigned randomly. 

Data Acquisition: Breath-by-breath ventilation and gas exchange were measured with a 

computerized system (First Breath, St. Agatha, Ontario, Canada). Fractional concentration of 0% 

CO, and N2 were measured with a mass spectrometer (MGA-1100, Marquette Electronics Inc., 

Milwaukee, WI), and inspired and expired volumes were measured with a volume turbine (VMM- 

110, Alpha Technologies Inc., Laguna Beach, CA). Calibration of the mass spectrometer was 

perfomed prior to each test using two gas tanks of known concentration. Volume was calibrated 

by manually pumping a 3 litre syringe at a flow rate similar to that of respiration d u ~ g  the exercise 

test. V02 was corrected on a breath-by-breath basis for changes in lung gas stores due to altered 

lung volume or alveolar composition, as descnbed previously (Hughson et al., 1991). Matching of 

fiactional gas concentrations with the appropriate volume was done by accounting for the sum of 

the transport lag plus the instrument response time. 

Blood flow to the exercising legs was obtained with combined pulsed and echo Doppler 

ultrasound to masure mean blood velocity (MBV) and femord artery diameter, respectively, nom 

a site approximately 2-3 cm distal to the inguinal ligament. MBV and diameter measured at this 

site do not reflect MBV and diameter at the level of the resistance vessels in the exercising 

muscles. However, LBF calculated from femoral MBV and diameter, reflects total leg blood flow. 

Blood velocity was obtained on a bat-by-beat basis corn the lefk Ieg with the pulsed Doppler 

system (mode1 500V, Multigon Industries, Mt. Vernon, NY) using a flat 4 MHz probe with a fixed 
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angle of insonation of 45 O. The spectrum of audio range signals refiected nom the moWig blood 

cells was processed on line by a Doppler signal processor to yield instantaneous mean blood 

velocity (Mïcco, 1989). The velocity signal was recorded at 100 Hz on a cornputer system dong 

with the ECG so that the data could be andysed bat-by-bat. Calibration signais in the Doppler 

shift frequency range were generated from the Doppler signal processor. A hand held linear array 

7.5 MHz probe was used to obtain B-mode echo images of the right femoral artery using a 

medical diagnostic ultrasound system (mode1 S SHI 4 0 4  Toshiba Inc., Tochigi-Ken, Japan). The 

images of the ariery were recorded on VHS videotape and anaiysed for artery diameter with on- 

screen calipers. Vesse1 diameter was measured 3 times during rest, each 10 seconds during the 

first minute of exercise, then at 1 minute intervals to the end of exercise. The diarneter data were 

fit with a linear or exponential regression to obtain an average response and reduce random error. 

Mean blood flow to the leg CBF) was calculated on a bat-by-beat basis by multiplying the mean 

blood velocity with the estimated diameter from the regression equation for each tirne point. 

Mean arterial pressure was measured with a pneumatic finger cuff (Ohmeda 2300, 

Finapres, Englewood, CO). The hand was placed at the level of the femoral artery to give an 

estimate of perfiision pressure. 

Kineiic Analyss: Breath-by-breath values for VO, were Iinearly interpolated between 

breaths to give values at 1 second intemals. The time course data for V02 and LBF collected 

fiom both trials in each condition, were ensemble averaged to produce a single data set for each 

variable, for each subject, in each test condition. The time course of changes in V02 and LBF 

were analysed by fitting an exponential curve to the average results of the trials. A two component 
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exponential model was fit to the data using a least square procedure. As previously descn'bed 

(Hughson er al., 1988). the model had a basehe component (GO), two amplitude t e m  (G1 and 

G2), two time constants (r 1 and r2) and two time delays (TD 1 and TD2) 

Y (t) = GO + Gl(1 - *-mlyrl ) ul +G2 (1 - e * - -va )-fi 

where, 

ul = O fort  < TDl and ul = 1 fort r T'Dl 

u2 = O  fort <TI32 andu2 = 1 fort r TD2 

Y(t) is the time dependent variation in V02 or LBF. 

An indicator of the rate of change of each of these variables for each subject and condition 

was obtained by calculation of the mean response time (MRT). The MRT is the time required to 

achieve approximately 63% of the difference between baseline and the exercise plateau. It is 

determined from the weighted mean of the time constant and time delay for each exponential term 

(Hughson et al., 1988). 

MRT = ( Gl/(Gl + (32)) (T'Dl + sl) + 

(GU(Gl+ G2)) (TD2 + r2) 

StatisticaZ Analyss: The effects of body position (upright vs. su pine) on the steady-state 

values of MBV, LBF, MAP, 00, and HR and on the kinetic fitting parameters for LBF and V02 

were analysed by a repeated measures one way ANOVA The combined effects of body position 

(upright vs. supine) and intensity (rest vs. exercise) were determined for steady-state diarneter 

measures by a repeated measures two way ANOVA. A 2 way ANOVA was perfomed on the 

MRTYs for LBF and V02 with position (upright vs. supine) and variable (LBF vs. 003 fo&g 
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the dependent variables. The level of signincance for main effkcts and interactions was set at 

p<0.05 and signifïcant differences were analysed with Student Neuman-Keuls post hoc test. 



RESULTS 

As anticipateci, the mean arterial pressure measured at the level of the legs was l e s  in the 

supine position than d u ~ g  the upright exercise at each of rest and 40W exercise (Figure 2.1, 

Table 2.1). Resting HR was lower in the supine versus upright position and there was no 

difierence in HR during exercise between positions (Table 2.1, Figure 2.1). At r e e  the MBV was 

lower in the upright versus supine position (Table 2.1, Figure 2.2). By the end of 6 minutes of 

exercise, the MBV was not different between upnght and supine positions (Table 2.1, Figure 2.2). 

Resting and exercise femoral artery diarneter was smaller in the supine position compared to the 

upnght position (Table 2.1, Figure 2.2). 

Baseline and the end exercise values for LBF and VOÎ did not difEer between positions 

(Table 2.1, Figure 2.2). Immediately on starting exercise there was a rapid increase in both LBF 

and V02 in the upright and supine positions (Table 2.2, Figure 2.3). The rate of increase in V02 

was faster in the upright than the supine position as indicated by both r2 and MRT (Table 2.2, 

Figure 2.3). There were no differences in the gain terms (G1 and G2) for VO2. The rate of 

increase in LBF was also faster in the upright than the supine position as indicated by the MRT. 

For LBF, there was a greater contribution of the first phase response (Gl) and a smaller 

contribution of the second phase response (G2) in the upright compared to the supine positions 

(Table 2.2). 

The MRT of the LBF response was faster than that of the V02 in both upright and supine 

positions (Table 2.2). The clear relationship between the slower LBF and the slower V02 was 

evident in supine position (Figure 2.3). 
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Table 2.1. Cmdorespipitory reqonses at rest und durmg ste@-stafe of 40 W exercise 

- - 

Rest Exercise 

Upright Supine Upright Supine 

MBV ( d s )  7 . 7 W . 7 5  9.14a.93' 42. 7h4.8 47.5*5.8 

Diameter(mm) 10. 1M.4 9.W0.4' 10.2I0.4 9.710.3' 

LBF (mUmin) 354h36 339I29 2043*186 204-226 

( m d g )  1 16*3 9 ~ 4 '  1224 1 0 ~ 4 '  

YO, (mvmin) 353*13 36W25 907*28 9 3 M 8  

HR (beatdmin) 64k3 59 * 3' 82*4 8 6 * 5  

Values are means *SE for 7 subjects. MBV, mean blood velocity in femoral artery, Diameter, 

diarneter of femoral artery; LBF, leg blood flow in one leg; MAP, mean artenal pressure at the 

level of Doppler flow measurements; V02, total body oxygen uptake; H& hart rate. 

'Significantly different fiom upnght, ail ~ ~ 0 . 0 5 .  
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Figure 2.1 Mean mteriai pressure at the Zevel of the fernorai mtny and heart rate 

during rest (R) and 6 minutes of JO W kicking exercise. Values are average of 7 subjects in 

uprighr ( ) and supine ( .. . ..) bodj positions. For representative estimates of SE refer to 

Table 2.1. 



time (min) 

time (min) 

Figure 2.2 Fernord artery diame ter and MB V for l leg during rest (R) and 6 minutes of 

exercise. Values are average of 7 snbjects in upright / and supine (....) body positions. 

For representative estimates of SE refer to Table 2.1. 



1 2 5 6 

time (min) 

1 2 5 6 

time (min) 

Figure 2.3 LBF for 1 leg f ) and V02 (..-.-.) during rest (IR) und 6 minutes of exercise in 

upright (top) and supine (bottom) bodypositions. V'uhes are average of 7 subjects. Fur 

representative estimates of SE refer to Table 1. 



DISCUSSION 

The primary finding of this study was that both blood flow to the exercising Ieg muscles and 

alveolar V02 increased more slowly at the onset of exercise in the supine compared to the upright 

posture. The tirne course of change, given by the mean response t he ,  was 35% slower for V02 

and 60% slower for LBF in supine exercise compared with the same exercise performed in the 

upright position. These data suggest that O2 supply at the onset of exercise might alter metabolic 

control and Limit the rate of increase in muscle V02. Thus, these data support Our hypothesis that in 

the supine position, the slower rate of increase in alveolar V02 observed frequently at the onset of 

exercise (Cerretelli et al-, 1977; Convertino et al., 1984; Hughson er al., 1993; Karlsson et al., 

1975; Leyk et al.. 1994) was a consequence of a delayed adaptation in LBF. 

The exercise model. Exercise required contractions of both the knee extensor and flexor 

muscles of both legs. This is different fiom the knee extension only exercise employed by other 

researchers (Radegran, 1997; Richardson et al.. 1995; Richardson et al., 1993). We use this 

mode of exercise to involve a relatively large muscle mass while focussing the activity within 

muscles served by the femoral artery. There is very little, or no, involvement of muscles of the hips 

or above in both the upnght and supine positions. AIthough it is possible that slightly dEerent 

recruitment of muscles in the two postures might have accounted for the differences in LBF and 

002 kinetics, we do not believe this to be the case. Rather, the legs were exercised in exactly the 

same manner in both postures. 

The work rate was clearly of light to moderate intensity for al1 subjects. The hart rate 

response in the upright position showed a slight overshoot in the first seconds d e r  the onset of 
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exercise (Figure 2.1), and for both upnght and supine positions, exercise hart rate was only 82- 

86 beatdmh. Further, the alveolar V02 and LBF had MRT values of less than 40 s, even in 

supine exercise, indicating that the steady state was achieved in less than 4 minutes, in ali tests. 

Richardson et al. (Richardson et al., 1995; Richardson et al., 1993) have shown that the peak 

work rate for single leg, knee extension only exercise, was in excess of 100 W in trained cyclists. 

Our subjects were not traîned, but used flexor and extensor muscles of both legs during exercise at 

40 W. Further studies in Our laboratory have confirmeci that 40 W represents oniy about 113 of 

the peak work rate reached in incremental exercise on this ergometer (150 W) in typicai female 

and maIe subjects. 

Doppler blood fiow measurements have only recently been applied to the study of blood 

fiow during quadriceps muscle exercise (Radegran, 1997; Shoemaker et al.. 1994; Walloe and 

Wesche, 1988). In a recent cornparison between Doppler and the thennodilution technique during 

1 leg knee extension exercise, similar blood flow values were observed with the two methods 

across a wide range of work rates (Radegran, 1997). 

Steady-date exercise. There were no diRerences, in the steady state values of V02 or 

LBF at rest, or at 40 W, between the upnght and supine postures in this study. Similar levels of 

00, are expected dunng exercise at the sarne absolute power output as in Our study, mo-g 

body position does not alter the work done against gravity (Leyk et al., 1994). It is weii 

established that cardiac output is greater in the supine compared to the upright position at rest and 

during lighter intensities of exercise (Karlsson et al., 1975; Leyk et al., 1994). There have been 

few studies of leg muscle blood fiow in the different body positions. We found that the LBF at rest 
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was not different between body positions. But a significantly srnalier femorai arterial diameter in 

the supine position combined with a greater MBV to achieve this similar flow (Table 1). Leyk et 

al. (1994) aiso found a significantly smaller diameter and a greater peak systolic blood velocity in 

the supine position. However, their caiculated resting LBF was significantly greater in the supine 

than the upright posture. Leyk et aL (1 994) kept their subjects in a seated posture so that the legs 

were above heart level, while our subjects were supine with the thigh muscles at heart level and the 

calfmuscles below the heart. Consistent with our observations of no daerences in blood flow to 

the exercising muscle with body position, both Van Leeuwen et al. (1992) and Leyk et al. (1994) 

observed no dserence in leg blood flow in upright compared to supine seated positions d u ~ g  calf 

muscle exercise. The similar levels of LBF were achieved in the face of significantly lower MAP at 

the level of the exercising muscle in the supine exercise. This must mean that greater local 

vasodilation occurred in the exercising muscles in the supine position. 

Cmdiovasculm respo,.ses ut the omet of exercise. In selecting knee extensiodflexion 

exercise, we realized that it was not possible to isolate the blood flow to only the working muscles. 

The femoral artery flow supplies the active quadriceps and hamstring muscle groups, as well as 

inactive lower leg muscles and skin. Therefore, at the onset of exercise, it is not clear how blood 

flow is distributed between working and non-working muscles. Most of the initial increase in 

blood flow would be expected to go to working muscles as the mechanical effects of the muscle 

purnp and local vasodilation combine to increase vascular conductance (Leyk et al., 1994; Sheriff 

et al.. 1993; Tschakovsky et aL. 1996). As evident in the bi-phasic response of the LBF (see 

Figure 2.3) in both the supine and upright postures, fbrther dilation occurs after 15-20 s so that 
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steady state blood fiow for Light to moderate uitensity exercise is achieved within 1-3 minutes 

(Hughson et al., 1996). This progressive &dation is consistent with negative feedback control 

required to supply appropriate flow for the metabolic demands. 

The distribution of blood flow within active muscles is also infiuenced by the interactions 

between the muscle pump and local, rnetabolically induced vasodilation. During subrnaximal 

exercise, only a fiaction of the fibres contract, yet these fibres are distributecl so that tension 

developed throughout the muscle wiu act as the pump to eject blood from the vendes and v e b .  

On muscle relaxation, the pressure gradient across the capillary bed is increased so that blood flow 

increases. But flow within the muscle would be increased by the muscle pump mechanism, without 

regard to the local distribution of active versus non-active muscle fibres. In the upright position, the 

greater initial increase in flow (Gl of the exponential fitting model, see Table 2.2) was a 

consequence of a greater increase in arterial to venous pressure gradient as gravity would have 

filled the veins at rest. As activity continues, local vasodilation will occur in the vicinity of the active 

fibres, while vasoconstriction will probably occur near inactive fibres where blood flow had 

increased out of proportion to the metaboiic demands. 

Reccntly, Grassi et al. (1 996) stated that their obsewation of no irnrnediate deciine in 

femoral venous PO2 was evidence that leg muscle V02 was not constrained by bulk delivery of 

02. However, in the absence of information about the potential transient rnismatching of blood O2 

supply to O2 demand or of the effect of blood pooled in the leg veins while at rest, this 

interpretation needs to be viewed with caution. It is unlikely that the cornplex pattern offlow 

distribution will be resolved in studies of human muscle with currently avaiiable techniques. 
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The central cardiovascular responses at the onset of exercise appeared to be similar in 

each of the upright and supine positions. Heart rate increased very rapidly, with an overshoot in 

some tests. This overshoot is a consequence of very rapid vagai withdrawal in excess of that 

requued to achieve the steady state heart rate (Toska and Eriksen, 1 994). In Fig. 2.1, it is 

apparent that MAP decreased by about 10 mmHg at the onset of exercise, presumably because of 

a rapid reduction in peripheral resistance (Toska and Eriksen, 1994). MAI? recovered rapidy as 

a consequence of the increase in cardiac output, and modifications in total peripheral resistance. 

Bloodflow mtd metabolism. The slower alveolar V02 response observed when femoral 

artery blood flow also adapted more slowly at the onset of supine exercise suggests a link between 

Oz transport and utilization. At least for the supine position, the rate of increase in O2 supply 

(LBF) appeared to limit the rate at which 002 increased. The consequence of this was that 

energy not supplied by oxidative metabolism must be supplied by anaerobic glycolysis with net 

accumulation of lactate and utilization of stored high-energy phosphates. However, in both body 

positions, the MRT for LBF was faster by about 10- 12 s than for 002 (Table 2.2). There are 

two possible explanations for these findings. First, it might be that the change in body position 

induced a change in the dynamics of both V02 and LBF. As we discussed previously, this is 

unlikely, as the position of the legs remained constant while th2 body rotated at the hips in the two 

different postures. A second explanation could be related to the issue of within muscle blood flow 

distribution as considered above. That is, the muscle pump increases flow within a muscle without 

regard for metabolic requirements. It is only with continued exercise and the effects of negative 

feedback on local vascular responses that this flow is redistnbuted to achieve optimal matching of 



4 supply to metabolic demand. 

Classically, O2 has not been viewed as a ümiting factor in the process of oxidative 

phosphorylation because one-half maximal rate occurs at an intracellular PO2 of 0.03 Torr in 

studies of isolated mitochondria (Erecinska and Wdson, 1982). However, the affinity of 

cytochrome c for 02varies with the energy state of the celi and intracellular PO2 values of 10 Torr 

or above could have an impact on the intracellular concentrations of metabolic substrates required 

to drive the oxidative mechanisms at a given rate of ATP production (Hopan et al., 1992; Jones, 

1986). Given this argument it is understandable that the intracellular PO2 does not have to reach 

zero to contribute to the rate limitation of oxidative phosphorylation. Rather, a relative hypoxia in 

the rest to exercise transition might cause a ternporary slowing of muscle V02 while the 

intracellular environment adapts to this PO2. 

The consequences of a slow adaptation of the oxidative metabolic processes at the onset 

of exercise are now more apparent. When the blood fiow (Shoemaker et al., 1996) and alveolar 

VO, (Phillips et aL, 1995) increased more rapidly at the onset of submaximal exercise after a 

short-terni period of exercise training, there were less marked reductions in intracellular 

phosphocreatine, and smailer increases in blood and muscle lactate (PhiIiips et al.. 1995). 

Conciusions. These are the first estimations of leg blood flow dynamics that have been 

measured simultaneously with alveolar oxygen uptake during transients in work rate in upright and 

supine leg exercise. A reduction in pefision pressure in the supine position appears to have been 

responsible for the slower increase in LBF and therefore the 4 delivery response at the onset of 

exercise. These findings are in support of the hypothesis that O2 availabiiity can play a limiting role 
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in the adaptation of muscle V02. The results m e r  suggest that local vascular regdatory factors 

might be important in determining the time dependent distribution of blood fiow within exercising 

muscles. 



Effect of 16 houn of intermittent heavy exereise on olygen uptake and k g  blood flow 

responses to submaximd k g  uercise 



ABSTRACT 

The objective of this study was to determine the effect of 16 hours of intermittent heavy 

exercise on the responses of oxygen uptake (V03 and leg blood flow (LW) d u ~ g  two legged 

kicking exercise. Six healthy, untrained subjects exercised for six minutes each hour at 85% of 

peak V02 for 16 consecutive hours. Prior to and three days post-training alveolar V02 was 

determined breath-by-breath and LBF was d e t e d e d  via Doppler methods during transitions 

fiom OW to 50W kicking exercise. In an effort to determine whether changes o c m e d  during the 

day of training, blood flow responses to submaximal kicking transitions were determined 15 

minutes f i e r  hi& intensity exercise at hours 1 , 8 and 16. The single day of training had no efEect 

on either the kinetic response of VO, or LBF at the onset of exercise or the aeady state LBF or 

VOî at OW or 52 W exercise measured three days post-training. On the day of training, the 

kinetic response of LBF was not altered by pnor high intensity cycling exercise, however, the 

steady state LBF was elevated at both OW and at 52 W compared to pre- and post- training. The 

vascular conductance was elevated on the training day compared to both pre- and post- training. 

These results indicate that a single day of intermittent heavy exercise did not result in adaptations 

in blood flow or V02 kinetics compared to pre-training. However, in tests conducted IS minutes 

after the intermittent high intensity exercise, vascular conductance in the exercising muscle was 

elevated. Due to equipment limitations, it was not known if the V02 was dtered in parallel with the 

change in LBF after prior high intensity exercise. 



INTRODUCTION 

Previous studies have shown more rapid transitions to steady state oxygen uptake (ua3 

after endurance training (Cerretelli et al., 1979; Hagberg et al., 1980; Hickson et al., 1978; 

Phillips et al., 1 995; Zhang et al., 1 99 1) and with prior high intensity exercise (Gausche et al., 

1989; Gerbino et al., 1996; MacDonald et al., 1997; Pendergast et al., 1983). Increases in 

oxygen delivery to the exercising muscle have been suggested as one possible mechanisrn for these 

altered rates of increase in V02 at exercise onset. 

Shoemaker et al. (1 996) observed an acceleration in the adaptation of mean blood 

velocity supplying the exercising muscle at the onset of knee extension exercise following short 

term endurance training. These adjustments in blood flow responses were observed prior to 

changes in mitochondrial potentid of the muscle (Phillips et al., 1995). Possible mechanism 

include increases in stroke volume and improvements in finctional vasodilation at the onset of 

exercise. The complete time course of changes in blood flow after the initiation of an endurance 

training protocol is not known. 

The mechanism by which pnor high intensity exercise affects 002 lainetics is unclear but 

metabolic acidosis may play a role (Gausche et al., 1989; Gerbino et al.. 1996; MacDonald et 

al.. 1997). Changes in lactic acid and acidity in the working muscle after prior hi& intensity 

exercise have been postulated to elevate muscle blood flow and irnprove O2 diffusion gradients at 

the onset of exercise. It has been proposed that acceleration in the delivery of O2 to the working 

muscle at the onset of exercise may result in faster adjustments to steady state (Linnarsson, 1974; 

Wagner, 1991). The limitation of studies on prior high intensity exercise with respect to regdation 



of oxygen utilization is that blood flow, and therefore oxygen delivery, at the onset of exercise was 

not determineci. 

In the study presented here we have employed a combination of intermittent exercise 

training and prior high intensity exercise to detemine the regdation of blood fiow and oxygen 

uptake responses at the onset of exercise. In an effort to determine the time course of changes in 

blood fiow and oxygen uptake during training, the blood flow and oxygen uptake adaptations at 

the onset of leg kicking exercise were examuied prior to and after a single day of intermittent 

exercise training. We hypothesized that a single day of intermittent high intensity exercise may 

accelerate the transitions of leg blood flow and oxygen uptake during submaximal kicking exercise 

perfomed post training versus pre training as previously observed after endurance exercise 

training. The effects of prior high intensity cycling exercise on leg blood flow responses to 

submaximal kicking exercise were also examined throughout the training day. It was hypothesized 

that prior high intensity exercise would elevate leg blood flow during the steady state and possibly 

during transitions from one work rate to another. 



METHODS 

6 healthy male volunteers (age 2 2 H  years, height 1 7 W  cm, and weight 82+5 kg, mean 

SE) participated in this study. They were not specifically trained and all gave m e n  consent on 

a form approved by the Office of Human Research and Animal Care at the University of 

Waterloo. 

Erercise Protocol 

Subjects reported to the laboratory on two occasions for training on the kicking ergometer 

to assist in learning the exercise mode. The kicking ergometer is a specially designed piece of 

exercise equipment which allows electncally braked exercise of both the quadriceps and 

hamstrings muscle in an alternating "kicking fashion". Subjects remained in the seated position for 

al1 tests with a hip angle of 120" and knee extension and flexion between 90" and 13 5 O .  The 

kicking frequency, between 44 and 50 kicks per leg per minute, was maintained via visual 

feedback. The third visit to the laboratory involved a progressive kicking test to fatigue or 

fiinctional Limitation. The work rate protocol for this progressive test was a 15 Wlmin ramp. The 

progressive test was stopped when the subject could no longer maintain the kickng fiequency or 

needed accessory muscle assistance. The gas exchange and work rate data fkom the ramp test 

were used to estimate the Tm, and peak 002 . These values were then used in choosing the 

individual work rates for the step tests. Subjects also performed progressive tests to exhaustion on 

the cycle ergometer. The work rate data fiom these ramp tests were used to estimate the work 

rate for cycling exercise on the training day. 

The next five testing sessions involved the step test protocol which consisted of two 
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identical step transitions in work rate performed with no resting penod between them. A typical 

step test involved unloaded kicking at OW for four minutes foliowed six minutes of kicking at a 

work rate at 85% of Tm. NO waming was given to the subject pnor to transitions in work rate 

although they were aware of the protocol before the test. Subjects were tested pnor to training, 

after one, eight and sixteen hours of training and three days post- training. 

The training protocol consisted of exercise at 85% of peak cycling VOI for six minutes 

each hour for sixteen consecutive hours. During the pre- and post-training day testing leg blood 

flow as weil as cardiorespiratory dynamics were measured. On the day of training only leg blood 

flow and not cardiorespiratory dynamics were measured dunng the leg kicking exercise sessions. 

On the training day, measures of blood flow responses were made approximately f3een minutes 

after the high intensity cycling exercise task. 

Data Collection: 

D u ~ g  the pre- and post- training breath by breath ventilation and gas exchange were 

measured on a computerized system (First Breath, St. Agatha, ON) with a mass spectrometer 

(MGA- 1 1004 Mzrquette, Milwaukee, WI) and a digital volume turbine (VMM- 1 10, Alpha 

Technologies, Laguna Beach, CA) or ultrasonic flow meter (UF202, Kou & Assoc. 

Redmond,WA). Matching of fiactional gas concentrations with the appropriate volume was 

done by accounting for the sum of the transport lag plus the instrument response time. The mass 

spectrometer and the digital volume turbine or ultrasonic flow meter were calibrated separately for 

each test. The mass spectrometer was calibrated using two precision gas mixtures that spanned 

the anticipated fiactionai gas concentrations. Volume was caiibrated by manudy pumping a 3 litre 



syringe at a fiow rate similar to that of respiration d u ~ g  the exercise test. V02 was corrected on a 

breath-by-breath basis for changes in lung gas stores due to altered lung volume or alveolar 

composition, as described previously (Hughson et al., 1 99 1). 

Leg blood flow was determined fiom measures of femoral artery diameter by echo 

Doppler ultrasound (model S SH- 1404 Toshiba, Tochigi-Ken, Japan) and femoral artery mean 

blood velocity via pulsed Doppler ultrasound (model 500V, Multigon Industries Inc., Mt. Vernon, 

NY) during of the kicking exercise step tests. A 7.5 MHz hand held linear array probe was held 

approximately 2 cm distal to the inguinal ligament dunng the kicking tests to continuously monitor 

the femoral artery diameter. The imaged data were stored on videotape. Measures of femoral 

artery diameter were obtained fkom the video recordings of the artenal image. These measures 

were obtained five tirnes at rest, at ten second intervals dunng the first minute of exercise and each 

minute thereafter. A 4MHz pulsed Doppler probe was held on the opposite leg for beat-by-beat 

measurements of femoral artery velocity spectra. The spectra was processed continuously via a 

mean velocity processor (Micco, 1989) and collected on a cornputer based system at 100 Hz 

dong with heart rate and blood pressure. Calibration signals in the Doppler shift frequency range 

were generated from the Doppler signal processor. The mean blood velocity W V )  for each trial 

was obtained through integration of the area under the curve for each heart beat. The two trials at 

each training tirne point were then time aligned and ensemble averaged to yield a single MBV data 

set for each subject at each training point. The average diameter data for each time point were fit 

with a linear or exponentiai regression to obtain an average response and reduce random error. 

Mean blood flow to the leg (LBF) was calculated on a beat-by-beat basis by multiplying the 



average mean blood velocity with the estimated diameter fiom the regression equation for eadi 

time point. 

Blood pressure (BP) was obtained by using a pneumatic h g e r  aiff(Ohmeda 2300, 

Finapres, Englewood, CO). The hand fkom which the BP was monitored was positioned so that 

the h g e r  cuffwas at the level of the Doppler probe to indicate leg pefision pressure. An 

estimate of femoral artery vascular conductance ( V w  was calculated as the quotient of 

LBFIMAP at the level of the femoral artery (Shoemaker et al., 1996). 

Breath-by-breath values for 002 were lineariy interpolated between breaths to give 

values at 1 second intervals. The time course data for V02 coliected fiom two trials in each during 

pre- and post-training, were ensemble averaged to produce a single data set for each variable, for 

each subject, in each training tirne point. 

Kinetic Analyss: The time course of changes in VO, and LBF were analysed by fitting an 

exponential curve to the average results of the trials. A two or three component exponential model 

was fit to the data using a least square procedure. As previously descnbed (Hughson et al., 

1988), the two component model had a baseline component (GO), two amplitude tems (G1 and 

G2), two time constants (r l and r2) and two time delays (TD 1 and TD2) 

Y (t) = GO + G1 (1 - e *-TDIYC1 ) ul +G2 (1 - e "-*2yd )*a  

where, 

ul =Ofor t<TDl andul = I fort r TD1 

u2=Ofort<TDZandu2= 1 fort 2 TD2 

Y(t) is the time dependent variation in 0O2 or LBF. 

76 



Some of the responses were fit to a three component model. The three component model 

contained an extra amplitude term (G3) and time constant (r3) in order to fit the slower adaptive 

phase in these tests. 

VOz(t) = GO +G1(1- e *-mlyT1 ) - u1 +G2 (1 - e *-mrvd ) ~2 + G3 (1 - e*'m3y6 1 . d  

where, u l  and u2 were as defined above and 

u3=Ofort<TD3andu3=1fortrTD3 

The overaii time course of the response was detennined fiom mean response tirne (MRT). 

The MRT is the time it takes to reach approximately 63% of the total amplitude of the response 

nom the baseline to the final plateau value. It was calculated as a weighted sum of the tirne delay 

and t h e  constant for each component (Hughson et al., 1993a). 

MRT= (GI/(Gl + G2 + G3)) .  (TD1 +TI) + 

(GU(G1 + G2 + G3)) (TD2 + r2) + 

(G3/(GI + G2 + G3)) - (TD3 + r3) 

Steudy-stute analysis 

Rest and exercise average values were obtained for each of LBF, VOL diameter, 

MAP and MBV. These values were averages of 1 minute of data at each training time point, at 

rest and during the last minute of exercise. 

Stolisticai ma&.sis 

The effect of training s tatu on the rest and exercise steady state values for LBF, VO, H& 

MAP and MBV and the kinetics of LBF and V02 responses were anaiysed by a one-way 
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repeated measures analysis ofvariance. The effect of training statu on the thne course data for 

femoral artery diameter was analysed by a one way repeated measures analysis of variance. The 

level of significance for the main effects were set at P<O.OS. Any dif'ferences were M e r  analysed 

with Student-Neumann-Keuls post hoc test. Al1 data are presented as mean * standard error 

(SE). 



RESULTS 

A peak work rate of 17213W was attained d u ~ g  the incrementai rarnp kicking test 

pnor to training. This work rate resulted in a 002peak of 2lS3*lO4 a m i n  and HR of 155I65 

beats/mh. The TVENT was 1434*81 mUmin and al1 subsequent kicking exercise consisted of 

step changes fiom OW to 52I2 W (Table 3.1). 

Effect of Single Day of Training 

The responses measured three days post-training showed that 16 hours of 

intermittent high intensity exercise had no effect on steady aate  VO, , LBF, MBV, MAP, 

VCL or femoral artery diarneter at OW or at 52W (Table 3 -2, Figure 3.1). The dynamic 

adjustment of LBF and V02 at the onset of exercise was also not different after the single day of 

intermittent exercise training compared to pre-training (Table 3.3. Figure 3 -2). 

Effect of Prim Ekercise 

At all testing times on the training day, prior high intensity exercise resulted in elevated LBF 

at both OW and 52W kicking exercise compared to kicking transitions pnor to and post-training 

when kicking exercise was not preceded by high intensity cycling exercise (Figure 3.3). Pnor 

high intensity cycling exercise elevated VCL dunng 52 W kicking at al1 time points and elevated 

VCri during O W kicking at hours 1 and 16. The kinetic response of LBF at the onset of kicking 

exercise was, however, not affected by prior high intensity exercise as evidenced by no change in 

the MRT on training day versus both pre- and post-training (Figure 3.4, Table 3.3). 



Table 3.1. Rcmp kicking tzst results and step test work rates, oxygen uptakes anù 

percentcrge of ven~ihtory thresholdfor each sirbject. 

subj ect Ramp Kicking Test Kicking tests 

w%, VO- & TvENT WR VO2 %T'VENT 

(Wrnin) (bt/min) (Wmin) (W) (Wmin) (%) 

Average values are means i SE for 6 subjects. WR, work rate; \fO, oxygen uptake, heart 

rate and TVENT, ventilatory threshold. 



Table 3.2. Average reqomes dunng I d e s  kicking m>d &ring the lart mirnite of Ioaded 

kicking exercise pre- training, at hmrs one, eighr and sixteen of baining andpost- training. 

Variable pre- training hour 1 hour 8 hour 16 post- training 

002 (mUmin) 
OW 

52W 

HR (bthin) 
OW 

52W 

M A V W g )  
OW 

52W 

MBV (crn/sec) 
OW 

52W 

diameter (mm) 
OW 

52W 

LBF (mL/min) 
OW 

52W 

VC, 
(mUmin/rnmHg) 
OW 

52W 

VOz, oxygen uptake; EIR, heart rate; MAP, mean artenal pressure; MBV, mean blood velocity; 

diameter, femoral artery diameter; LBF, Ieg blood flow, VCf, , femoral artery vascular 

conductance. Values are mean * SE for 6 subjects. Different letter subscnpts indicate dflerences 

throughout training pr 0.05. 



Table 3.3. Kijtetic jitting paramersfor alveolar bQ arrd LBF dwing kickiltg exercise pre- and post- training andfor LBF 

d~iri~tg kicking exercise oit the fraining day 

MRT TG GO G1 TD1 r l  G2 TD2 22 G3 TD3 23 

LBF 

pre - 70.8 1302 1497 4342 2.9 16.1 -3292 24.4 39.9 379 191,8 80.6 
training k28.8 I l 3 3  I l28  kî3Y 1 I1.9 k5.4 *2456 k7.6 k8.7 k200 k23.2 k50.6 

(n=4) 

p s t -  53.2 1208 1533 1395 0.8 25.0 -330 35.2 44.9 288 162.3 104.9 
training f29.7 f 11 1 f79 A519 f0.5 k5.7 f595 f8.3 k11.6 k230 k13.8 f53.3 

(n=3) 

51.9 480 661 300 1.7 19.3 182 27,2 78.4 
k13.9 î-30 I l 2  *54 k1.4 k4.6 î-41 k2.3 k40.9 

Values are means * SE for 6 subjects. HR 1 , hour 1; KR 8, hour 8; HR 16, hour 16; MRT, mean response time; TG, total gain; 
GO baseline resting value; Gn, gain; TDn, time delay; VI, time constant, LBF, one leg blood flow; VO,  alveolar oxygen uptake. 
* significant difference ftom pre- training p<O.OS. 



t i m t  (min)  

Figure 3.1 Time course of changes in leg bloodflow (ZBF, top) d 0, uptak (PO, 

bottom) &ring kicking exercise prior to ( ) andpost- (+ - J training &y. The O 

indicutes the omet of Ioaded kicking exercise. Values are meam for 6 subjects. 



P re h o u r  1 h o u r  8 h o u r  16 p o s t  

t r a i n i n g  t i m  e 

Figure 3.2 S!eadj state exercise respome offeg hloodjlow (LBF. top). meml orteria! 

pressure (MA P. middIe). and femoral artrn va-sur for cot~d<rcta~~ce (VC, bottom) drrrrng O W 

(upetr) and 52 W filled) kickr~ig exercrse. pre-irni)~a~g (pre). post-trainhg (post). aizd after 

hotirs 1.8. a d  16 or hternrrttettr -/e excrcrse. I alz~es are nteuta = SE for 6 nrbjecis. * 
signrficantly diflerent f pre of O W a » d  * * srgnificantly d$jfere)~~/rom pre al 52 W. p< 

O. 05. 



timc (min) 

Figure 3.4 Tirne course of changes in leg bloodflaw & h g  kickng exercise prior to 

training ( ), post- training ( - - J, and on the training &y after high intemrCSlty cyc[ng 

exercise ut hours I (- . -), 8 (-.. -), and 16 (. .. . .). Time O indicales the omet of h d e d  

kicking exercise. Values are meam for 6 subjects. 
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Figure 3.5 Relationship ojleg bloodjrow (ZBF, ) tu heart rate (HX, .......) during 

kicking exercise prior to trainit~g, post- training. and on the training &y Meer high inte11sï~ty 

M i n g  exercise at hours 1, 8, and 16. Time O indicutes the omet of Iouded kicking exercise. 

Values are meuns for 6 subjects. 



DISCUSSION 

The major hding of this study was that pnor high intensity cycling exercise resulted in an 

increase in the blood flow and vascular conductance in the exercising legs during OW and 50W 

kickuig exercise. The single day of intermittent exercise training performed in this study did not 

affect the steady state or transient leg blood flow and VOI responses during step incrûases in 

kicking exercise post- training cornpared to prior training. 

Effect of Training 

It has previously been observed that endurance training results in faster adaptations to 

steady state in blood flow (Shoemaker et al., 1996) and V02 (Cerretelli et al., 1979; Hagberg et 

al., 1980; Hickson et al.. 1978; Phillips et al., 1995; Zhang et al.. 199 1). It is likely that the 

single day of intermittent exercise performed in this study was not sufficient to elicit effects on 

either oxygen delivery or muscle metabolic potential. Previous examinations which have shown 

alterations in VO, and LBF adaptations at the onset of exercise, involved considerably longer 

training protocols of 5 days to several weeks. 

The mean response times obtained from the LBF and V02 kinetic fitting procedure 

resulted in slower kinetics compared to previous studies of exercise below TVENT. Two and 

sometimes three phases of the blood flow response have been descnbed previously (Eriksen et 

al., 1990; Shoemaker et al., 1996) and several of the LBF responses obtained in the present 

study resulted in long time constants for the second and third phases of the response. 

The measurement of LBF could be infiuenced by any number of potential methodological 

sources of error. One possible source of error is variability in subjects performance of the kicking 



exercise. To counter this source of variability, subjects were familiarized with the exercise twice 

before any testing and were continudy provided visual feedback with respect to kicking 

frequency. There was no apparent reduction in HR during the kicking exercise (Figure 3.5) so 

variability in lcicking performance seems unlikely. Another source of error is measurement 

variability. However, this method of blood flow measurement has been used previously in our lab 

with repeatable results (Shoemaker et al., 1994; Shoemaker et al, 1996). Probe placement was 

adjusted to optimw the signai at al1 times and the quality of the signal dunng each heart beat was 

also assessed during data analysis. 

Prior High Iniensity fiercise 

Previous studies have reported that pnor high intensity exercise results in accelerated 

adaptations of 4 uptake at the onset of a subsequent increase in work rate to above, but not 

below TVENT (GERBINO ETAL., 1996; WILSON ETAL, 1988). The authors suggested that the 

residual metabolic acidernia from the high intensity warm-up resulted in vasodilatory effects on the 

exercising muscle and consequently increased muscle perfusion during exercise (Gerbino et al., 

1996). Another possible effect of pnor exercise includes an improvement in the diffusional 

gradient between capillary and muscle (Boning et al., 199 1; Gerbino et al., 1996). The ability to 

accelerate above TVENT V02 kinetics with prior exercise was interpreted as support for an O2 

delivery limitation at the onset of exercise above TVENT. 

In the present study pnor high intensity exercise resulted in an increase in VCB at al1 tirne 

points on the training day, confirming previous speculation about possible increases in muscle 

perfusion to exercising muscle after pnor exercise. The mechanism for these increases in LBF is 



not known. Metabolites fiom the active skeletal muscle may play a role in regulation of blood flow 

during exercise (Laughlin and Armstrong, 1983). Although pnor high intensity exercise increased 

the vascular conductance during steady state exercise there was no effect on the rate of adjustment 

to steady state afler a step transition in work rate. Increases in blood flow suggest increased O2 

delivery to the exercising muscle, however, the potential impact on V02 kinetics was not 

detemiined because the equipment was not available to make these measurernents. 

The effect of prior exercise on VOt kinetics is not iirnited to exercise performed within the 

muscle which performed the initial exercise bout. Studies have shown that there is a remote site 

effect, which results in accelerated V02 kinetics with prier exercise (Bohnert, Ward, & Whipp. 

1993; Pendergast et al.. 1983). This supports the hypothesis that the pnor exercise results in 

increases in 4 delivery and subsequently increases in the rate of O2 utilization at the onset of 

exercise. 

4 availability may not be a regulating factor in some exercise situations, such as normoxic 

cycling exercise below T m  (Gerbino et al., 1996; Hughson, 1990). The design of this study did 

not permit determination of the 002 on the training day. Therefore we were restricted to 

observations of the effect of prior exercise on LBF and VCfa . Further examinations are iiecessary 

to determine if alterations in LBF and VCh due to pnor high intensity exercise result in changes in 

v02 kinetics for kicking exercise below TM. Therefore it is not known if the increase in 

blood flow observed in the kicking exercise resulted in increases in V02 kinetics during the 

exercise transition. 

We have demonstrated that prior heavy exercise increased VCfa and LBF in steady date 
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kicking exercise below TVENT. However, a single day of intermittent exercise had no effect on the 

responses at the onset of step increases in work rate to below TVENT. These data support the 

hypothesis that pnor high intensity exercise resulted in elevations in muscle pemision and possibiy 

oxygen delivery. These increases in vascular conductance and muscle pefision appear to be 

mediated by the metabolic acidosis of the pnor exercise bout and may have important 

consequences for reguiation of oxygen utilution at the onset of exercise. 



Effect of hyperoxia and hypoxia on oxygen uptake and leg blood flow responses to 

submaximal leg exercise 



ABSTRACT 

The purpose of this study was to determine the effect of hyperoxic and hypoxk gas 

breathing on the responses of alveolar @02alv) and leg oxygen uptake (VOz mus) and leg blood 

flow (LBF) at the onset of submaximd kicking exercise. 0O2alv, V02 mus and LBF raponses 

were detemined in norrnoxic (FIOz = 0.2 1) , hypoxic @Oz = 0.14) and hyperoxic @O2 = 

0.70) gas breathing conditions. Eight healthy subjects perfomed transitions in leg kicking exercise 

fiom rest to 50 * 3W. Blood flow was measured continuously with pulsed and echo Doppler 

methods, V02alv was measured breath-by-breath at the mouth and, in 6 subjects, VO2mus was 

determined from LBF and radial artery and femoral vein blood samples. Although there were 

signifiant between condition differences in arterial and venous O2 contents, none of O2 deiivery, 

V02alv, VOzmus or LBF was affected by altered gas breathing at rest or at any of the exercise 

t h e  points. Similarly, the dynamic response of V02alv and LBF did not difYer in the different gas 

conditions. Hyperoxia or hypoxia did not affect the dynamic responses at the onset of leg kicking 

exercise below TVENT within the range of altered gas breathing conditions used in this study. 

During reg and exercise, the artenal O2 content (Ca02 was reduced by hypoxia and increased 

by hyperoxia relative to normoxia, but these changes were combined with small, non-signifiant, 

changes in LBF such that oxygen (03 delivery to the legs was not different between gas 

conditions. The finding of sirnilar ~0 , rnus  responses at the onset of exercise for all gas conditions 

demonstrated that physiological adaptations in blood fiow and O2 extraction were possible, in this 

study of submaximal exercise, to counter signifiant alterations in arterial O2 content. 



INTRODUCTION 

Alterations in artenal partial pressure of oxygen (PO2 have been used exîensively in 

exercise physiology as a method of attempting to alter the 4 delivery to the working muscle 

during exercise (Bredle et al.. 1988; Crawford et al., 1997; Hughson et d, 1993 ; Knight et al., 

1996; Knight et al., 1993; Koskolou et al., 1997; Li~arsson, 1974; Linnarsson et al., 1974; 

Richardson et al., 1995; Rowell et al., 1986; Welch et al.. 1977; Wilson et al., 1975). Many of 

studies have focussed on the role of O, delivery at maximal exercise (Knight et al., 1996; Knight 

et al., 1993; Koskolou et al., 1997; Richardson et al., 1995; Rowell et al., 1986). However, it 

has been suggested that the effects of altered gas breathing may be most signifiant in the non- 

steady state phase at the onset of exercise (Hughson, 1990). If the limit to oxygen uptake (V02 at 

the onset of exercise is the body's ability to deliver 4 to the working muscle, then alterations in 

the O2 delivery should affect the observed rate of increase of VO, at the onset of exercise. 

It was found previously that hyperoxia was unable to accelerate V02 kinetics at the onset 

of a step change in work rate below the ventilatory threshold (Tm) (Hughson and Kowaichuk, 

1995; Linnarsson, 1974) but hyperoxic gas breathing accelerated the VO, kinetics at the onset of 

exercise transitions to work rates above Tbwr(MacDonaid et al., 1997; Pedersen, 1987). 

Hypoxic gas breathing was found to either slow (Hughson and Kowalchuk, 1995; Linnarsson., 

1974; Limarsson et al., 1974; Murphy et al., 1989) or not change (Grifnths et al., 1986) V02 

kinetics at the onset of step increases in WR below Tm. 

Some researchers have suggested that oxygen delivery to the exercising muscle is not 

actually increased with hyperoxic gas breathing due the combined effects of increases in artenal 



oxygen content and decreases in muscle blood flow (Bredle et a', 1988; C d o r d  et al., 1997; 

Welch et aL, 1977). Previous research has shown oxygen delivery to be unchanged (Bredle et 

al.. 1988; Hermiston and Bonde-Petersen, 1975; Welch et al., 1977; Wilson and Staiosby, 

1978) or increased(Knight et al., 1993; Wolfe et al.. 1987) with hyperoxia and decreased 

(Richardson et al., 1995) or unchanged (Welch et al.. 1977) with hypoxia at submaxhai exercise 

IeveIs. 

In Light of these observations, determinations of the dynamic response of 002alv , leg 

blood flow (LBF), leg V02 (V02mus) and 4 delivery at the onset of exercise will nirther the 

understanding of cardiovascular regdatory rnechanisrns dunng exercise. We hypothesized that 

oxygen delivery in the non- steady state adjustment to the onset of exercise below Tm wili be 

less in hypoxia and unchanged in hyperoxia. In hypoxia, these alterations in oxygen delivery wül 

be reflected in slower mcscle and whole body V02 kinetics. The lack of increase in O2 delivery in 

hyperoxic gas breathing for exercise below Tm will be accompanied by no dEerence in the 

kinetics of VO, relative to tests in normoxia. 



METHODS 

Eight healthy male and female volunteers (4 men and 4 women, age 24*1 years, height 

17- cm, and weight 71*3 kg, mean SE) participated in this study. They were not spdca l ly  

exercise trained and al1 gave written consent on a form approved by the Otnce of Human 

Research and Animai Care at the University of Waterloo. 

fiercise Protocol 

Subjects reported to the laboratory on three occasions for training on the kicking 

ergometer to assist in leaniing the exercise mode. The kicking ergometer is a specially designed 

piece of exercise equipment that allows elearicdly braked exercise of both the quadriceps and 

hamstrings muscle in an alternating "kicking fashion". Subjects remained in the seated position for 

ail tests with a hip angle of 120' and knee extension and flexion between 90" and 135 O .  The 

kicking frequency, between 44 and 50 kicks per leg per minute, was maintained via feedback 

from a visual display metre. The founh visit to the laboratory involved a progressive kicking test to 

exhaustion, or functional limit, in hypoxic conditions. The work rate protocol for this progressive 

test was a 1 SW/rnin ramp. The progressive test was stopped when the subject could no longer 

maintain the kicking frequency or needed accessory muscle assistance. That is, peak work rate 

was limited by the ability of the knee flexor/extensor muscles. The gas exchange and work rate 

data fiom the ramp test were used to estimate the Tm and peak 04 . These values were then 

used in choosing the individual work rates for the aep tests. 

The next 4 testing sessions involved the step test protocol which consisted of three 

identicai aep transitions in work rate separated by ten minutes of reg and gas accommodation. A 
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typical step test involved gas accommodation at rest for five minutes foiiowed by periods of data 

collection at rest for four minutes and during six minutes of kïclcing at a work rate set to be 

equivalent to the work rate at 85% of hypoxic Tm. The flywheel of the kicking ergometer was 

- manualiy accelerated, by a laboratory assistant, for 30 seconds pnor to the onset of exercise to 

d o w  the subjects to begin working at the appropriate work rate. Othenvise, no wa-g was 

given to the subject pnor to the start of exercise although they were aware of the protocol before 

the test. 

The three possible gas breathing conditions were determined by the gas inhaled duMg 

each gas transition. One of the expenmental gas mixtures of normoxia (room air), hyperoxia (70% 

02, balance Nd and hypoxia (14% Oh balance Nd was breathed on each testing day in a 

randomized order with each subject performing a step test three times in each gas breathing 

condition. 

Data Collection: 

Breath by breath ventilation and gas exchange was measured on a cornputerized system 

(First Breath, St. Agatha, Ontario, Canada) with a mass spectrometer (MGA-1 1004 Marquette, 

WI) and the digital volume turbine (VMM- 1 10, Alpha Technologies, Laguna Beach, CA) or 

ultrasonic flowmeter ( UF202, Kou & Assoc. Redmond,WA). For the hyperoxic and hypoxic 

tests a large Tissot tank was filled with inspiratory gases fiom cylinders containing the 70% and 

14% O2 mixtures respectively. The Tissot tank was connected to a Y-valve to permit inspiration 

from the tank. The barometnc pressure, temperature and water vapour pressure were meanired 
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More each test. Matching of fiactional gas concentrations with the appropriate volume was done 

by accounting for the sum of the transport lag plus the instrument respowe the. The m a s  

spectrometer was calibrated for nonnoXia, hypoxia and hyperosa using 2 precision gas mixtures 

that spanned the anticipated fractional gas concentrations in each of the gas conditions. Volume 

was calibrated by manually pumping a 3 litre syringe at a flow rate similar to that ofrespiration 

during the exercise test. W2 was corrected on a breath-by-breath basis for changes in lung gas 

stores due to altered lung volume or alveolar composition, as describd previously (Hughson et 

al., 1991). 

Leg blood flow was determined fiom measures of femord artery diameter by echo 

Doppler ultrasound (model SSH-1404 Toshiba Inc., Tochigi-Ken, Japan) and femorai artery 

mean blood velocity via pulsed Doppler ultrasound (model 500V, Multigon Industries, Mt. 

Vernon, NY) during the progressive exercise test as well as the 3 of the step tests in each gas 

breathing conditions. A 7.5 MHZ hand held Linear array probe was held approximately 2 cm 

distal to the inguinal ligament during the kicking tests to continuously monitor the femoral artery 

diameter. The imaged data were stored on videotape. Measures of femoral artery diameter were 

obtained from the video recordings of the artenal image. These measures were obtained 5 times 

at rest, at 10 second intervals dunng the first minute of exercise and each minute thereafter. A 

4MH.z pulsed Doppler probe was be held on the opposite leg for beat by beat measurements of 

femoral artery velocity spectra. The spectrum was processed continuousIy via a mean velocity 

processor (Mïcco, 1989) and collected on a computer based system at 100 Hz dong with hart 

rate and blood pressure. Calibration signais in the Doppler shift kequency range were generated 



fiom the Doppler signal processor. The mean blood velocity (MBV) for each trial was obtained 

through integration of the area under the a w e  for each ha r t  bat .  The three trials in each gas 

condition were then ensemble averaged to yield a single MBV data set for each subject in each 

gas condition. The average diameter data for each gas condition were fit with a linear or 

exponential regression to obtain an average response and reduce random error. Mean blood flow 

to the leg (LBF) was calculated on a beat-by-beat basis by multiplying the average mean blood 

velocity with the estirnated diameter from the regression equation for each tirne point. 

Blood pressure was obtained by using a pneumatic finger cuff (Ohmeda 2300, Finapres, 

Longwood, CO). The hand was positioned so that the finger cuff was at the level of the Doppler 

probe to indicate perfusion pressure. 

Kinetic Analyss: Breath-by-breath values for V02 were lineady interpolated between breaths to 

give values at 1 second intervals. The time course data for YO2 collected fiom three trials in each 

gas breathing condition, were ensemble averaged to produce a single data set for each variable, 

for each subject, in each gas condition. 

The time course of changes in V02 and LBF were analysed by fitting an exponential curve 

to the average results of the trials. A two or three component exponential model was fit to the data 

using a least square procedure. As previously described (Hughson and Kowalchuk, 1995), the 

two component model had a baseline component (GU), two amplitude terms (G1 and G2), hvo 

time constants (r 1 and r2) and two time delays (TD 1 and TD2) 

Y (t) =GO + G1 (1 - e*-mlYrl ) ul  +G2 (1 - e*-TD2Y") US 

where, 



ul=Ofort~TD1andul=1fortrTD1 

u2=Ofor t<TD2andu2= 1 fort r TD2 

Y(t) is the tirne dependent variation in VOI or LBF. 

Some of the responses were fit to a three component model. The three component model 

containeci an extra amplitude term (G3) and time constant (r3) in order to fit the slower adaptive 

phase in these tests. 

V02(t) =Gû+G1(1 -e*'m'Yrl)-ul +G2(1 -e*-'Tny" ) - a + ~ 3  ( I - ~ * - ~ Y ~  U3 

where, u 1 and u2 were as defined above and 

u3 =Ofor t<TD3 andu3= 1 fort r TD3 

The overalI time course of the response was detennined 6om mean response time (MRT). 

The MRT is the time it takes to reach approximately 63% of the total amplitude of the response 

fiom the baseline to the final plateau value. It was calculated as a weighted sum of the thne delay 

and tirne constant for each component (Hughson et al., 1993b). 

MRT = ( Gl/(Gl + G2 + G3)) (TDI + t l )  + 

(G24Gl + G2 + G3)) = (TD2 + t2) + 

(G3/(G1 + G2 + G3)) (TD3 + r3) 

Steadj-state analysis 

Rest and exercise average values were obtained for each of LBF, 00% diameter, 

M A .  and MBV. These values were averages of one minute of data in each gas condition at rest 

and during the last minute of exercise. 

Biood Samples 



Six of the eight subjects also completed testing sessions which involveci femoral venous 

and radial artenal blood sampling during the exercise transitions. For each of these subjects one 

exercise transition in each gas condition was perfonned to obtain measurements of blood gas and 

metaboiic responses. 

On one testing day subjects reported to the laboratory 30 minutes prior to testing and had 

catheters inserted. The order of the conditions was randomized. 

A 1.5 inch, plastic, radial artery catheter ( 20Ga, Angiocath, Becton-Dickinson, Sandy, 

Utah) was inserted into the left radial artery under local anaesthetic @idocaine HCL, 2%, Astra, 

Mississauga, ON). Patency was maintained with a pressurized flush system (0.9%NaCl with 

sodium heparin 500LU./500mL NaCl; approximately 1 SmUhour). Subjects lay supine and a 

16cm plastic catheter was inserted two cm below the inguinal ligament into the Ieft femoral vein 

under local anaesthetic (Lidocaine HCL, 2%, Astra, Mississauga, ON). ln one subject the 

catheter was inserted in the nght femoral vein. The catheter was fixed to the skin and flushed 

regularly with normal saline. The position of the catheter was confirmed to be within the femoral 

vein approximately three cm proximal to the inguinal ligament in a subset of the subjects with 

ultrasound imaging. The catheter was kept patent with a continuous drip of saline (0.9%NaCI). 

M e r  the usual gas accommodation penod, venous blood samples were obtained two 

times dunng rest, at twenty and forty seconds during the first minute of exercise and at the first, 

third and fifth minutes of the exercise transition. Arterial blood samples were obtained two times 

during rest, and dunng the first, third and fifth minutes of the exercise transition. During these 

tests, femoral artery mean blood velocity, heart rate and blood pressure, but not femoral artery 



diameter were monitored. 

In each experimental condition one mL samples were collected in heparinized syringes. 

These samples were imrnediately but gently agitated and stored in an ice bath. W~thin one hour of 

collection, aii whole blood samples were analysed for PO2, PCOh haexnatocrit by selective 

electrodes in a blood gas-electrolyte analyser (NovaStat Profile Plus 9, Waltham,MA). The 

analyser was calibrated at regular intervals during the analyses. 4 sahiration and content were 

obtained fiom the output of the analysis system d e r  application of standard equations. 

Blood Data Anaws 

Arteriovenous O2 difference (a-vDOd was calculated 6rom the dEerence in radial artery 

O2 content (Ca03 and femoral venous O2 content (CvOJ. This difference was then divided by 

artenal 4 content to give leg 0, extraction. Arterial blood samples were not obtained during the 

first minute of exercise. It was determined that the exercise C a 4  values were not difFerent so the 

average exercise Cao2 was used as the artend value in the calculations for 20 and 40 seconds 

after the onset of exercise. 

Leg V02 mus was calculated as the product of the arterial venous O2 difference and leg 

blood flow for each time point of blood sampling. To obtain estimates of blood flow at the sarne 

time as the blood samples, the best fit of the LBF response was used to calculate blood flow at the 

tirne points corresponding to the times of the blood samples. These best fits were obtained from 

the average of 3 trials fiom the separate testing day as descnbed above. It was necessary to use 

these flow values due to the fact that only MBV and not diameter was monitored on the day of the 

blood sarnpling. In order to determine that the exercise responses were the same on the two 
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different testing days the MBV response and the heart rate and V02 alv responses at rest and end 

exercise were compared on the regular testing day to the blood sample testing day. No 

daerences were found and therefore it was found appropriate to use the previous LBF values. 

Leg O2 delivery was calculated as the product of LBF and Cao2. 

Statisfical analysis 

The effect of different gas breathing conditions on the rest and exercise aeady state values 

for LBF, VO, MAP and MBV and the kinetics of the blood flow and 002 alv responses 

were analysed by a one-way repeated measures analysis of variance. The main effects of gas 

breathing (three levels of the variable) and time (seven levels of the variable) on the tirne course 

data for femoral artery diameter, LBF, V02 mus, 002 ah, Ieg 0, delivery, Caoz, CvO% a-vDO& 

and leg O2 extraction were analysed by a two way repeated measures analysis of variance with 

gas condition and time forming the 2 dependent variables. The level of significance for the main 

effects and interactions was set at PI 0.05. If a signifiant interaction was present (gas x tirne) 

then painvise comparisons were performed by examining the simple efFects. Any differences were 

furthet analysed with Student Neuman-Keuls post hoc test. Al1 data are presented as mean * 
standard error (SE). 



RESULTS 

The peak work rate obtained in the hypoxic ramp kichg tests was 13 l* 1 OW, the peak 

hypoxic VO, was 1913*109 and TVENT 1394I75 was (Table 4.1). The exercise work rate 

used for all other tests was 5 ( W  W and correspondeci to 93% of TVENT in normoxia, 97% in 

hyperoxia and 93 % in hypoxia (mean * SE for 8 subjects) (Table 4.1). 

L l p m i c  respomes of PO2 alv and LBF 

No difference was found between any of the gas breathing conditions for MRT or any of 

the kinetic fitting parameters for either V02alv or LBF (Table 4.2, Figure 4.1). 

Steady state responses 

There were no differences in any of LBF, MBV or V02 alv at rest or during the last 

minute of exercise between any of the gas breathing conditions (Table 4.3, Figure 4.2). Rest and 

exercise HR was higher for hypoxia than for normoxia or hyperoxia (Table 4.3, Figure 4.2). 

Resting MAP was higher for hypoxia compared to hyperoxia and exercise MAP was higher in 

hypoxia versus both normoxia and hyperoxia. Resting and exercise femoral artery diameters were 

smailer in hyperoxia compared to normoxia and hypoxia and there was no daerence between rest 

and end exercise diameter for any of the gas conditions (Figure 4.2, Table 4.3). 

BIood ride anaiysis 

The response of MBV, HR and V02 alv was similar on the day of the blood collection 

trials versus the regular testing days (Figure 4.3). 

C a 4  was eievated in hyperoxia and attenuated in hypoxia at al1 time points during rest 

and exercise and did not change throughout the testing protocol (Table 4.4, Figure 4.4). Cv02 
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was lower in hypoxia and higher in hyperoxia compared to normoxia. C d 2  was also significantiy 

lower than resting levels for all trials at ail exercise time points. A-vDO* was elevated from resting 

levels at dl exercise times for dl gas conditions and a-vD02 in hypoxia was lower than normoxia 

or hyperoxia at al1 tirne points (Table 4.5, Figure 4.4). Leg 4 extraction ,an indicator of % 

extraction, was not different between normoxic and hypoxic gas conditions but was lower in 

hyperoxia versus normoxia and hypoxia at 20 seconds and five minutes d e r  the onset of exercise. 

Leg 4 extraction was elevated from resting levels fbrorn 40 seconds d e r  the onset of exercise to 

end exercise for al1 gas breathing conditions. 

LBF, VO, mus, V02alv, and Oz delivery were elevated from resting levels at d exercise 

t h e s  for al1 gas conditions (Table 4.5, Figure 4.5). There was no effect of gas on LBF, V02mus, 

V02alv or 4 delivery at any time point. (Table 4.5, Figure 4.6). 



Table 4.1 Ramp kickirtg test remlts attd step test work rates, oxygeri uptakes artdpercentage of ventilatory thresholdfw each 

hypoxic ramp test 

subject peak peak peak hypoxic 
WR VO2 HR TVENT 

(W) (mWmin) (bt/min) (&min) 

avg 131 1913 149 1394 
&SE il0 k109 k6 k75 

step tests 

WR Normoxia Hyperoxia Hypoxia 
(2 1% 0 , )  (70%0J (1 4%0J 

(W) O % T m  O %TVENT VO, % T m  
(mVmin) (%) ( d m i n )  (Oh) (mVmin) (%) 

Average values are means * SE for 8 subjects. 
threshold. 

work rate; VO,, oxygen uptake, HR, heart rate and TVENT, ventilatory 



Table 4.2 Kineticjilling parametersfor alveolar VO, a d  LBF iri orle leg durirrg kickirig exercise in r~ormoxic, hyperoxic and 
hypoxic conditions. 

FtO, MRT TG GO G1 T'Dl r1 G2 TD2 1;2 G3 TD3 73 

LBF 

Values are means SE for 8 subjects. FiO,, inspired fraction of O,; MRT, mean response time; TG, total gain; GO baseline resting 
value; Gn, gain; TDn, time delay; w, time constant, LBF, one leg blood flow; VO,, alveolar oxygen uptake. 



Table 4.3 Average values of leg bloodjlow, alveolar oxyge>l uptake, heart rate, rnearl arterial pressure , femoral artery diameter 

and femoral artery mean blood velocity for 1 rniritlte ofrest ar~d the last mirlute of kickiig exercise. 

rest exercise 

HR 64*3 6 1*4 72*3" 1 08*7 1 O B 6  12 lHet  
(beat dmin) 

c LBF 365k34 324*47 365k27 3658i178 374e169 4026k243 
( W m i n )  

diameter 9.87AO. 52 9.49k0.5 1' 10.01I0.50' 9.96*0.48' 9.8W0.49 1 O. 1 810.47' 
(mm) 

MBV 8.7k1 .4 7 . W  .2 8 . W  .O 80.9k7.0 83.6I6.6 84.4k6.8 
(crnhec) 

Values are mean*SE for 8 subjects. LBF, leg blood flow; vO,alv, alveolar oxygen uptake; tIR, heart rate; MAP, mean arterial 

pressure at the level of the fernoral artery; diarneter, fernoral artery diameter; MBV, mean blood velocity. ' significantly different 

from normoxia for the same time (rest or exercise); ' significantly different from hyperoxia for the same time. 



Table 4.4 Arterial and venous O, co~~tent, arferiovetous O, content dwerence and leg 0, extractior~ durhg kickirtg exercise in 
norrnoxic, hyperoxic arld hypoxic cotiditiom 

Time 

leg 0,extraction (%) 021 3 l.4k4.6 ' 4 1.9*S.O 50.6k2.8 b" 53.0I2.7 ' 59.Oî2.3 ' 6l.4î2.O "' 
0.70 30.lk4.9' 34.2k2.3" 47.W2.2b 49.1k1.6~ 59.6*1.8b 53.5k1.3h' 

0.14 29.9k3.4 ' 41.713.0 '4' 52.2k2.6 ' 55.5k1.6 cd 60.4I1.4 62.7k1.9 

Values are means ISE for 6 subjects. Cao2, artenal oxygen content; Cv4,  venous oxygen content; a-vD02, artenovenous oxygen content 
difference. Different letter superscipts indicate differences between times within a gas breathing condition. * indicates different fiom nonnoxia 
and t indicates different fiom hyperoxia. When no interactions betwcen gas breathing and time were observed, the main effects for time were 
indicated at the beginning of the row for each gas breathing condition. 



Table 4.5 Leg bloodjlow, leg oxygefi trprake, alveolar oxygeri uptake and leg O, delivery during kicking exercise in normoxic, 
hyperoxic and hypoxic conditiom 

Time 

FrO, test 20s 40s l min 3min Smin 

LBF (Umin) 0.21 0.74I0.08' 4.86I0.33~ 6.2110,39c 6.6510.43~~ 7.14*0.38~ 7,3610.41~ 

0.14 0. 13*0.01J 0.76k0.08~ 1 .O2IO,O!Y 1. 1310.09c 1.3~0.09~ l.38k0.08~ 

Data are means ISE for 6 subjects; LBF, two leg blood flow ; vO,mus, two leg oxygen uptake; VO&, alveolar oxygen uptake. 
Times indicate time after the onset of exercise. Different letter superscripts indicate diFerences between times within a gas 
breathing condition. 



Figure 4.1 LBF (top) a ~ d  V02 (botforn) &ring resf and exercise in nonnoxia (2, 
hvperoxia ( - - J md hypoxia c...). Time O indicales the omet of exercise. Values shown are 

m e m  for 8 subjects. 



time (min) timc (min) 

Figure 4.2 T h e  course of changes in alveolar O2 uptake (Yoplv; top lefl). leg blood 

flaw(LBF; top nghl), femoral ar tery diameter (diameter; middle lefl). femoral mtery mem blood 

velocity W V ;  miaWe right), mean arteriai pressure at the level of Ihejimoral artery (MW; 

bottom Zefo. and heart rate (TIR; bottom righi) me shown for nonnoxic (A, hyperoxic( J - - 
and hypoxic (...J gus breuthing condilions. Time O indicaies the omet of exercise. Values show 

are mem for 8 subjects during the regirlar iesting sessiom. 



t h e  (min) 

Figure 4.3 TNne course of changes in femoral artery mean blood veloczty WV; topl, hemt 

rate NR; mhWee)m>d ualveolm Oz uptake (POplv; bottom) are shown for nomtoxic (2, 
hperom'c(- _ _I and hypoxic 6.. .) gar breathing conditions during the blood somple rides. Tinte 

O indicates the onset of exercise. Values showrt me mem for 6 subjecfs. 
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Figure 4.4 Time course of change in arterial oxygen content ( C a  ; top). venous O, content 

(Cv02; mi&Ie) and leg Q2 extraction (% extraction; bottom) are shown for nomoxic Ce>, 
hyperoxic(- -I- -) and hypoxic 6. A..) gas breathîng conditions. T h e  O indicates the onset of 

exercise. Values are means a SE for 6 strbjects. 



time (min) 

Figure 4.5 Time course of change in muscle oxygen uptake PO2 mus; top), arteriovenars o2 
content djrerence (a-vD02; middle) and 2 leg bIoodjrow (LBF; bottom) are shown for nomoxic 

( - hyperoxic (- -I- -) and hypoxic 6.  A..) gm breathing conditions. Tim O indicates the 

omet of exercise. Values are mems =t SE for 6 subjects. 



-2 -1 O 1 2 3 4 5 

time (min) 

Figure 4.6 T h e  course of change in leg oxygen delivery (leg O2 deliveryl is shown for nonnoxic 

( - OJ weroxic (- -I- -) and hypoxic (. . A. .) gus breuthing conditions Time O indicates the 

omet of exercise. Values me means * SE for 6 subjects. 



DISCUSSION 

The main fïnding of this study was that physiologicai adaptations took place to counter 

significant alterations in arterial blood O2 content. As a result of these adaptations, no differences were 

seen in vOzmus at the onset of exercise under the thme gas breathing conditions. This outcome was 

consistent with Our hypothesis that O2 delivery during hyperoxia would be maintained near control 

levels for exercise below TVENT. These obsenrations were, however, counter to the hypothesis that 

hypoxia would cause sufficient reduction in O2 transport at the start of exercise to cause delayed 

adaptation of t'0,alv and V0,mus. Our findings, with 14% inspired O, were consistent with the 

recent study by Koskoulou et d. (1997) in which 1 1%, but not 16%, inspired 0, caused a decrease in 

O2 delivery to the exercising legs. 

Kinetics of LBF und y02 

The observation of no change in V02 kinetics with hypoxic gas breathing is in contrast to 

several previous studies (Hughson and Kowaichuk, 1995; Linnarsson, 1974; Linnarsson et al., 1974; 

Murphy et al., 1989). Hyperoxic gas breathing has been found to result in unchanged (Hughson and 

Kowalchuk, 1995; Limarsson, 1974) or faster (Limarsson et al., 1974; MacDonald et 01.. 1997; 

Pedersen, 1987) V02 kinetics, depending in pari, on the exercise intensity. The r~lrrent findings of no 

change in O2 delivery with hyperoxic gas breathing may provide some explanation for these findings of 

unchanged kinetics. It cannot be determined Rom the current expenments whether hyperoxic gas 

breathing rnight result in an increase in 0, delivery for exercise at higher work rates and therefore 

explain the findings of faster kinetics for these work rates (Limanson et al., 1974; MacDonald et al., 



1997; Pedersen, 1987). 

The kinetics of both the VO, and LBF for some subjects were slow in comparkon to those 

observed previously for below Tm exercise (Hughson and Kowalchuk, 1995; MacDonald et al., 

1997; Murphy et al., 1989; Shoemaker et al., 1994; Shoemaker et al., 1996). The considerable drift 

observed in the and HR responses fcr some subjects connmis that some subjects were not 

exercising below Tvent (Table 4.1). In spite of these challenges to the O2 delivery system the response 

of V02 was maintained at rest and dunng exercise. 

The application of different gas breathing conditions was used in an effort to alter O2 delivery at 

the onset of exercise. Neither the hypoxic nor hyperoxic gas concentrations used in this study resulted 

in an alteration of O2 delivery (Figure 5, Table 4). This may account for the lack of difference in 

kinetic responses observed here and observed previously for low to moderate intensity exercise with 

hyperoxic gas breathing (Hughson and Kowalchuk, 1995; Linnarsson, 1974). . There are two possible 

explanations for this observation. The first is that for the exercise challenge used in this study, O2 

delivery was not limiting for this exercise transition. The second explanation is that with the gas 

breathing conditions used here the changes in the 4 delivery were too small to effect any alterations in 

002 kinetics. With the relatively small muscle mass used in kicking exercise compared to cycling, 

adaptations in O2 delivery were able to compensate for changes in Cao, at the onset of exercise. 

VO, rnzrscle 

Koskolou et.al. (1 997) found that 1 1% O2 but not 1 6%02 gas breathing in steady-state 

submaximal2 legged kicking exercise resulted in increased LBF and decreased Cao2 which combined 



to maintain OZ delivery to the exercising legs. The results at 11 % OZ were in support of previous 

kdings by Roweil(1986) and in contrast to those of Richardson et al. (1995). 

Roweii et al. (1986), using normal untrained male subjects performing 1 leg knee extensor 

exercise found that reduced FIO, resulted in an increased flow and de~eased arterid and venous 4 

content. The elevated fiow resulted in a maintained 4 delivery. In contrast, Richardson et al. (1995), 

using highly trained cyclists performhg a similar type of exercise, found that reduced inspired O2 

resulted in a decrease in Cao2 and no change in flow at submaxirnal levels . These subjects were able 

to maintain the submaximal V02 at normoxic levels by increasing O2 extraction. 

We found, in untrained male and female subjects, during hypoxic gas breathing non-significant 

increases in flow at rest and exercise, combined with a reduced Cao, resulted in unchanged O2 

delivery compared to normoxia and hyperoxia. 002 mus was maintained through slight, but not 

significant, alterations in LBF and significant changes in artenovenous oxygen content difference. 

Oz breathing has been suggested as a vasoconstnctor in a number of studies (Bredle et al., 

1988; Lindbom and Arfors, 1985; Rubanyi and Vanhoutte, 1986; Seals et al., 1991; Stuart et al., 

1984; Welch et al., 1977; Wilson and Stainsby, 1978). Previous studies in rat hindlimb, using a pump 

pefised mode1 and constant pressure and flow protocols demonstrated that hyperoxic pernision of 

resting muscle resulted in increased leg hindrance, which is an index ofresistance attributable to vesse1 

diameter (Bredle et al., 1988). In order to maintain limb blood flow in hyperoxia, perfusion pressure 

was elevated above normoxic mean systemic pressure and VO, increased slightly. When pexfùsion 

pressure was held at nonnoxic levels, limb blood flow and 002 decreased. These findings were not 





previous observations of reduced steady-state heart rate in hyperoxia (Ekblom et al., 1975) and 

elevated aeady aate kart rate in hypoxia (Hughson and Kowalchuk, 1995; Linnarsson et al.. 1974; 

Murphy et (11.. 1989) compared ta normoxia. Cardiac output has previously been found to be elevated 

in hypoxic gas breathing at rest and submaximal exercise (Koskolou et al., 1997). The observeci 

elevation in MAP in hypoxia, might indicate that there was a baroreflex vasoconstriction in order to 

oppose a relative vasodilation in the exercising legs. The mechanism for hypoxic vasodiiation has been 

postulated to be either centrai or peripheral in origin (Marshall, 1995; Skinner and Marshall, 1996). 

Conclzision 

For kicking exercise below TVENT the current findings indicate that there is a mechanism in 

place for regulating O2 delivery in altered gas breathing. It is possible that the level of hypoxia used 

here was not severe enough to produce sufficient aiteration in O, delivery to assist in determinhg the 

Limitation to O2 uptake at the onset of kicking exercise. Further studies examining the role of altered 

gas breathing on blood flow and 4 delivery at a wider range of work rates and inspired O2 

concentrations would be useful. The results of this study are unable to distinguish between potential 

mechanisms for 4 uptake regulation at exercise onset but show that under these conditions smali, 

physiologically important, changes can occur to maintain appropnate O2 delivery and utilization at the 

level of the working muscle. 



Cornparison of femorai blood gases and musde near infrard spectroscopy at the onset of 

exercise in humans 



ABSTRACf 

We hypothesized that near infiared spectroscopy (NIRS) measures of 

haemoglobin/myoglobin oxygen saturation (IR403 in the capiiiary bed of exercising muscle wouid 

parailel changes in femoral venous 4 saturation ( S m > ,  at the onset of leg kicking exercise Li 

humans. Six healthy subjects performed transitions fiom rest to 48 I3 W (mean *SE) two legged 

kicking exercise while breathing 14%, 21% or 70% inspired 4. IR-SO, was measured in the 

vastus lateralis muscle continuously during al1 tests and femorai venous and radial artery blood 

samples were drawn simultaneously dunng rest and 5 minutes of exercise. In al1 gas breathïng 

conditions there was a rapid decrease in both IR-S02mus and S m 2  at the onset of moderate 

intensity leg kicking exercise. The SfiOz remained lower than resting values for dl exercise tirne 

points in al1 gas breathing conditions. However, in normoxia and hyperoxia, the IR-S02 increased 

in steady state exercise after reaching a minimum value one minute after the onset of exercise. 

Femoral venous 4 saturation was significantly correlated with IR-SOI in all gas breathing 

conditions when considenng the time range from rest to the first minute of exercise, however, the 

correlation was only significant in the hypoxic condition during ai l  exercise time points . These data 

indicate a marked separation between the measured S M 2  and the indirect esthates of Hb/Mb 

desaturation fkom NIRS. Further investigations into the origin of the NIRS signal and the saturation 

of myoglobin and its contribution to the NIRS signal at exercise onset are necessary. 



INTRODUCTLON 

The availability of oxygen to skeletal muscle at the onset of exercise is difficult to measure 

in humans. Current methods in use include venous and artenal blood sampling combineci with 

measures of blood fiow via Doppler (Hughson et aL, 1996) or thennodilution (Grassi et al., 1996). 

These methods are invasive and difficult to obtain on a wntinuous tirne frame d u ~ g  exercise 

transitions. 

For this reason, it would be beneficial to have a non-invasive method of continuously 

determining the relative 4 saturation in exercising muscle at the onset of exercise. Near infrared 

spectroscopy (NIRS) utilizes the principle that the absorbance of near hfkared light by haemoglobin 

and myoglobin differs at different wavelengths (Chance et al., 1988) and has been used to estimate 

relative O2 saturation in human muscle (Belardinelli et al., 1995; Chance et al., 1992; Chance et 

al., 1988; Costes et al., 1996; Hampson and Piantadosi, 1988; Mancini et al., 1994; Sahlin, 

1992; Wilson et al., 1989) . Previous research in both animals (Wilson et al., 1989) and humans 

(Mancini et al., 1994) has showri dose correlations between trends in measures of tissue 

oxygenation determined via NIRS and venous O2 saturation draining the exercising muscle. These 

studies examined the correlation between the two measures during incremental exercise, where it 

was show that skeletal muscle oxygenation, measured by NIRS, progressively decreased as 

exercise work rate increased (Belardinelli et al., 1995; Wilson et al., 1989). Costes et ai . 

(1996), however, showed that for steady-state cycling exercise in humans, femoral venous O2 

saturation parallelled relative oxygenation changes measured via NIRS in hypoxic gas breathing but 



not in normoxic gas breathing. The temporal response of NIRS measurements at exercise onset 

has not been vdidated by measures of venous effluent O2 saturation. 

The purpose of the present study was to assess the oxygenation in human skeletai muscle at 

the onset of leg kiclcing in normoxia, hyperolaa and hypoxia using non- invasive refiectance NIRS. 

The results in each gas breathing condition were compared with sirnultaneous measures of 4 

saturation of venous blood draining the exercising leg to determine correlations between the two 

techniques for estimating muscle oxygen availability. We hypothesized that the non-invasive NIRS 

measures would parallel those from direct blood sarnpling. 



METHODS 

Six healthy male and female volunteen (2 men and 4 women, age 25k1 years, height 

1 cm, and weight 6&4 kg, ali mean * SE) participated in this study. They were not engaging 

in any regular endurance training exercise. AU subjects gave written consent, on  fonns approved by 

the University of Waterloo Office of Human and Animal Research, after receiving a full written and 

oral description of the experimental protocol. 

fiercise Protocol 

Subjects reported to the laboratory on 3 occasions for training on the kicking ergometer to 

assist in learning the exercise mode. The kicking ergometer is a specialiy designed piece of exercise 

equipment which allows electrically braked exercise of both the quadriceps and harnstrings muscle 

in an altemating "kicking fashion7'. Subjects remained in the seated position for aii tests with a hip 

angle of 120' and knee extension and flexion between 90" and 135 O .  The kicking frequency, 

between 44 and 50 kicks per leg per minute, was maintained via feedback fiom a meter attached to 

the ergometer. The fourth visit to the laboratory involved a progressive kicking test to exhaustion 

or functional limitation in hypoxic conditions. The work rate protocol for this progressive test was a 

1SWlrnin rarnp. The progressive test was stopped when the subject could no longer maintain the 

kicking fiequency or needed accessory muscle assistance as assessed by the investigator. The gas 

exchange and work rate data from the ramp test were used to estimate the subject's Tm and 

peak YO, . These values were then used in choosing the individual work rates for the step tests. 

The step test protocoi consisted of three identical step transitions in work rate separated by 



ten minutes of rest and gas accommodation. A typical step test involveci gas accommodation at 

rest for five minutes foilowed by rest for four minutes and six minutes of kicking at a work rate 

between 89 and 94% of hypoxic Tm. The fiywheel of the kicking ergorneter was manu* 

accelerated for 30 seconds pnor to the onset of exercise to aliow the subjects to begin working at 

the appropriate work rate. Othenvise, no waniing was given to the subject prior to the start of 

exercise although they were aware of the protocol before the test. 

The three possible gas breathing conditions were determined by the gas inhaled during each 

gas transition. Each of the experimental gas mixtures of normoxia (room air), hyperoltia (70% 0% 

balance N a  and hypoxia (14% 0, balance Na was breathed on each testing day in a randomized 

order with each subject performing one step test in each gas breathing condition on a single testing 

day . 

Data Collection: 

Breath by breath ventilation and gas exchange was measured on a computerized system 

(First Breath, S t. Agatha, ON) with a mass spectrometer (MGA- 1 1004 Marquette electronics 

Inc., Milwaukee, WI) and the digital volume turbine (VMM-110,Alpha, Technologies, Laguana 

Beach, CA) or ultrasonic flowmeter ( UF202, Kou and Assoc., Redmond, WA). For the 

hyperoxic and hypoxic tests a large Tissot tank was filled with inspùatory gases from cylmders 

containing the 70% and 14% O2 mixtures respectively. The Tissot tank was connected to a Y- 

valve to permit inspiration from the tank. The barometric pressure, temperature and water vapour 

pressure were measured before each test. Matching of fiactional gas concentrations with the 



appropnate volume was done by accounting for the sum of the transport lag plus the instrument 

response time. The mass spectrometer and the digital volume turbine or ultrasonic flow meter were 

calibrated separately for normoxia, hyperoxia and hypoxia and appropriate lag times utilized. The 

mass spectrometer was calibrated for fiormoxia, hypoxia and hyperoxia using 2 precision gas 

mixtures that spanned the anticipated fractional gas concentrations in each of the gas conditions. 

Volume was calibrated by manually pumping a 3 litre syringe at a flow rate similar to that of 

respiration dunng the exercise test. V02 was corrected on a breath-by-breath basis for changes in 

Iung gas stores due to altered lung volume or alveolar gas composition, as described previously 

(Hughson et al.. 1 99 1 ). 

BZood Simples 

Femorai venous and radiai arterial blood was sarnpled during the exercise transitions to 

obtain measurements of blood gas and metabolic responses. On one testing day subjects reported 

to the laboratory one-half hour prior to testing and had catheters inserted in the femorai vein and 

radial artery. 

A 1 % " plastic radial artery catheter (20 gauge, Angiocath, Becton-Dickenson, Sandy, 

UT) was inserted into the left radial artery under local anaesthetic (Lidocaine HCI, 2%, Astra, 

Mississauga, ON). Patency was maintained with a pressurized flush system (0.9% NaCl + Sodium 

heparin 500 I.U./SOOmL NaCI; approximately 15 mUhour). Subjects lay supine and a 16cm 

plastic catheter ( 16 gauge, Arrow, Redding PA) was inserted hiro cm below the inguinal ligament 

into the left femoral vein under local anaesthetic (see above). Ln one subjea the femord catheter 
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and the time constant for the unit set to the shortest response tirne (15 sec). The sensor was 

positioned lengthwise 10 to 12 cm above the knee over the right vastus lateralis in 5 subjects and 

over the left vastus lateralis in one subject and protected fkom sk in  moisture by a clear plastic wrap. 

An elastic strap was placed around the thigh, over the sensor to prevent displacement and the 

detection of ambient room light. The average depth of penetration of NIR light in skeletal muscle is 

estimated to be 2.5 to 3.0 cm (Chance et of., 1988). Two separate outputs were obtained fiom the 

NIRS unit and sampled at 100 Hz on a dedicated cornputer system. The output containing the 

dzerence in the two received wavelengths (760-850 nrn) was monitored as an index of relative 

haemoglobin (Hb) and myoglobin (Mb) deoxygenation and the output containing the mm of the two 

received wavelengths (760+850) was monitored as an index of changes in tissue blood volume 

(Chance et al., 1992). The signals were averaged over twenty seconds preceding the venous 

blood sample times to obtain values for both channels twice at rest, at twenty and forty seconds 

d e r  the onset of exercise and during minutes one, three and five thereafter. 

The  unm man^ unit was cdibrated before ûach exercise transition with the probe in place 

on the vastus lateralis and the subjects seated at rest and breathing the gas concentration to be 

used dunng the exercise trial. The electrical output of the ~unrn# unit was adjusted to O mV 

using the balance control and then the gain of the unit was adjusted to provide signal deflections in 

the range of 600 to 1000 mV. For the difference channel(760-850 nm) IR-SO, was expressed on 

a relative sa le  as a percent of individual calibration under each gas condition with 100 % saturation 

equal to the resting saturation in each gas condition and 0% saturation arbitrarily set to the full sale 



negative deflection used in instrument calibration. For the surn channel(760+850 nm) tissue blood 

volume was expressed on a relative sale as a percent of individual calibration under each gas 

condition with O % change in blood volume equal to the resting saîuration in each gas condition and 

100% increase in blood volume equal to the niîî sa le  negative deflection. Since the calibration was 

relative to rest in each gas, it was not possible to compare IR-S02 measures between gas 

conditions but correlations between IR-S02 and SfiQ were possible. The results obtained with 

respect to tissue 4 saturation were obtained during experiments as part of a larger study and due 

to technical limitations the NIRS signals were obtained on the opposite leg f?om the femoral venous 

blood samples. 

StatisticaZ analysis 

The main effects of gas breathing (three levels of the variable) and time (seven levels of the 

variable) on the Sm2 and SaO2 responses were analysed by a two-way analysis of variance 

(ANOVA) due to the fact that comparisons between gas breathing conditions were possible for 

blood sample data. Any significant @ s 0.05) interactions fiom the 2-way ANOVA were fùrther 

analysed with Student-Neumann-Keuls post hoc test. Since al1 NIRS measures were expressed as 

relative values, the effect of gas breathing on IR-S02 and changes in tissue blood volume were 

analysed by a one way anaiysis of variance. Correlations between IR-S02 and SfvO,  were 

analysed by linear regression. The correlation coefficients (r) were detennined. The level of 

significance for the main effects and interactions were set at P<0.05. Ail data are presented as 

mean * standard error (SE). 



RESULTS 

During the incremental kicking test subjects reached a peak kicking workload of 1 2 2 1  1 

watts which corresponded to a V02 of 187-142 mUL and a hart rate of 1 50I8 beatdmin. 

The Tm during the incremental kicking tests was d e t e h e d  to be 136W94 d r n i n .  The work 

rates, V02 and heart rate during the step test sessions are show in Table S. 1. 

Artenal oxygen saturation (Sa03 was significantly elevated in hyperoxic gas breathhg and 

reduced in hypoxic gas breathing at ail time points during the test. There was no change fiom rest 

to exercise in normoxia and hyperoxia. The Sa02 during the hypoxic gas breathing condition was 

lower dunng exercise than rest for dl time points (Table 5.2). The femoral venous oxygen 

saturation ( S M 3 3  was lower in hypoxia and higher in hyperoxia relative to normoxia at ail t h e  

points during the test. At the onset of exercise there was a signdicant decrease in S m 2  relative to 

rest by 20 seconds in normoxia and hypoxia and by 40 seconds of exercise in hyperoxia (Table 5.2 

Figure 5.1). 

Due to the calibration method used here it was not possible to compare near-infiared 

muscle oxygen saturation @-SO3 between gases. IR-S02 remained constant over the four 

minutes of rest and decreased by 20 seconds after the onset of exercise in ali gas breathing 

conditions. In hypoxia IR-S02 reached a minimum value by 40 seconds into the exercise and 

remained at a lower level throughout the exercise. In hyperoxia and normoxia IR-S02 reached a 

minimum level at 40 seconds after the onset of exercise and increased again at 3 and 5 minutes 

(Table 5.2, Figure 5.1). In hyperoxia the IR-SO, was not dserent fiom rest by 5 minutes of 



exercise. 

In ali gas breathing conditions measures of IR-S02 were signincantiy correlated with S f i Q  

when considering the time per-iod nom rest to 40 seconds after the onset of exercise (normoxia 

~ û . 5 3 ,  hyperoxia ~ 0 . 5 7 ,  hypoxia r4.61). If the total exercise time penod was considered 

measures of NIR-S02 was significantly correlated with S m  in hypoxia (r=0.42) but not in 

hyperoxia (r=0.05) or in normoxia (~0.02) (Figure 5.2). 

There was a decrease in the tissue blood voiume channel at the onset of exercise in ail gas 

breathing conditions. This initiai decrease was followed by an increase as the exercise continued 

(Table 5.2 , Figure 5.3) so that at 5 minutes, tissue blood volume was elevated with respect to rest 

in nonnoxia and equal to rest in hyperoxia and hypoxia. 



Table 5.1. Work Io& uIveoIar 4 uptake. percentage of ventiIafory theshold and h e m  rate 
&nng hàcking exercise in normoxia, hyperoxia a d  hypoxia 

Gas Condition WL (watts) vOz %Tm HR 

norrnoxia (R02=0.2 1) 48*3 1224S8 8% 1 1B10 

hyperoxia (F10,=0.70) 48*3 128W33 94*6 1 0 ~ 0  

hypoxia @10,=0.14) 48*3 125 1*53 9 1*5 12210 

Values are means * SE for 6 subjects. WL, work load; VOt, alveolar oxygen uptake; Tm, 
ventilatory threshold; heart rate; FrO,= fiactional oxygen concentration. 



Table 5.2. Arterial and venous bluod and near-infiared muscle O,saturaîion in normoxic, hyperoxic and hypoxlc conditions, 

Time 
- --- 

rest rest 20s 40s 1 min 3min Smin 

Saoz(%) nonnoxic S 97.9k0.4 98.0st0.2 

hyperoxic t 100.0I0 .O 100.&0.0 

hypoxict$ 89.5k0.8' 88.8k0.6' 

hyperoxic t 75.115.5' 75.4~5.7" 7 1 . 5 * 2 . 9 ~ 4 . 9 * 2 . 0 ~  53.0î1.8b 47.7*2.4b 50,811.8~ 

IR-SO, (%) normoxic 99.6k0.3' 99.6k0.4' 95.711.6~ 88.6*2.OC 89.1h1.6' 92.7k1.6~ 94.3~k1.7~ 

h yperoxic 

h ypoxic 99.7*0.4a 99.6k0.6' 94.811 .3b 88.6k2.3' 88.Oî2.2' 88.3k1.3' 89.3i1.3' 

IR TBV (%) normoxia -0.4~1 . P b  0 . 5 ~ 0 . 5 ~ ~  -2.9&2.ob -4.1&2,5~ 0.6+.4.0kb 9.2i4.84C 14.1*4,8' 

h yperoxia lS* l  ,3a 0.2i 1.4" -18.316.5~ -14.6*6.1b -9.6k6.0b 3.1i4.2' 9.4i2.6' 

h ypoxia 3 . 2  1. Pb 3 . ~ 0 . 9 ~ ~  -8.3*6.9b -5.6*8.0Rb -3.5k7.24b 4 . ~ 4 . 8 ' ~  10.1f3.8' 
. . . . . - . 

Values are means ISE for 6 subjects. SaO,, arterial oxygen saturation; SfvO,, femoral venous oxygen saturation; IR-Soi, near in f iad muscle 
oxygen saturation; IR TBV, near infrared tissue blood volume. Different letter superscripts indicate differences between times within the same 
gas condition. t significantly different from normoxia and $ significantly different fiom hyperoxia for al1 time points, p i  0.05. 
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Figure 5.1 Temporal variations in IR-SU2 @Zled) and Sfi02 (open) in nonnoxic (circles, top), 

hperoxic (squares, mmide) and hypoxic (triangles, bottomlgpî breathing conditions. Eme O 

i~tdicates the onset of exercise . Values shown are meuns for 6 mbjects. 



Figure 5.2 Correhtions of IR-SOI and SfirOZ for normoxiu (O, O. top). hyperoxia (la 
middle) and hypoxia (A. A, bottom). A. Correlations for rest to 0.67 minutes in nomoxia; B. 
Correlations for all exercise time points in normoxia; C. Correlation for rest to 0.67 
minutes in Srperoxia; D. Correlations for alZ exercise time points in hperoxia; E. 
Correlation for rest to 0.67 minutes Nt hpom'a; F. Correlations for al2 exercise time points 
in hpom'a. Lines indicate first order regressionsfor all &fa points on each p q h .  Values 
shown are for 6 subjects. r, regression coeflcient. 



Time (min) 

Figure 5.3 Changes in t i m e  blood volume at the onsef of exercise in normoxia (-*), 

hlrperoxia (- -B -) and h)ipoxia(- A ) .  Values are meam S E  for 6 subjecis. Time O 

indicates the stari of kicking exercise. 



DISCUSSION 

IR-S02 and S m 2  both decreased at the onset of exercise in ali gas breathing conditions. 

AAer the initial onset of exercise there was a marked separation in the response of the two 

masures with IR-S02 increasing again in hyperoxia and normoxia whiie SfiQ continued to 

decrease to a plateau in al1 three gas breathing conditions. These hdings concur with those of 

Costes et al. (1996) who snidied steady-state exercise in humans and are in contrat to validation 

studies in humans with ramp fore- exercise (h4ancini et al., 1994) and in animais with stimulated 

contractions (Wiison et ni., 1989). 

Vafidity of 2 . .  

This study employed reflectance spectroscopy and, because we do not h o w  the photon 

pathways, oniy trends in muscle O2 saturation, not absolute changes, could be determined. The 

correlation coefficients between IR-S02 and venous effluent O2 saturation were lower ( ~ û . 0 2  to 

r=0.61) than those reported in two previous studies (r4.97) (Wilson et al., 1989) and ( d . 9 2 )  

(Mancini et al., 1994) indicating that fernoral venous S 4  did not account for ail of the NIRS signal 

observed at the onset of leg kicking exercise in humans. Both in this study and that of Costes et al. 

(1996), leg exercise was used to evaluate the measurement of tissue oxygen saturation. It is 

possible that NIRS spectrophotometry is only vdid for small muscle mass exercise, such as that 

used in previous validation studies (Mancini et al.., 1994; Wdson et al., 1989). The choice of 

protocol may have also iduenced the results. In previous studies (Mancini et al., 1994; Wilson et 

al., 1989) rarnp protocols were employed and good correlations between venous effluent and IR- 



S 0 2  were obtained. 

The II(-S02 signal represents a weighted average of artend, capiiiary and venous Hb 4 

saturation as well as contributions fiom intraceliular Mb O2 saturation (Chance et al. 1988). in the 

present study we know that the arterial oxygen saturation did not change at the onset of exercise in 

normoxia and hyperoxia and decreased in hypoxia. These ciifferences in arterial oxygen saturation 

may account for some of the NIRS signal changes. 

Another possible contributor to the NIRS signal is Mb O2 saturation. In the present midy 

we have no determinations of changes in Mb O2 saturation. Bellardini et al. (1995b) suggested that 

4 desaturation, measured with NRS,  was due to loss of 4 &om Hb, for steady state exercise 

below the lactate threshold, and was due to O2 loss &om Mb, for exercise above the lactate 

threshold. Several other studies have also suggested that changes in Hb O2 saturation are pnmarily 

responsible for absorption changes observed with NIRS (Chance et al., 1992; Mancini et al., 

1994; Wilson et al., 1989). In the present study, subjects were working at or below their 

ventilatory threshold by the end of six minutes of kicking exercise in each gas condition (Table 5.1) 

and Mb02 saturation would not be expected to have a major influence on IR-S02 signal changes. 

However, the possibility of Mb desaturation at the onset of exercise has not been deterrnined and it 

is impossible to distinguish between Mb and Hb signals based on their light absorption 

characteristics. 

It is possible that the venous blood sampled in this shidy did not accurately represent 

exercising muscle oxygen saturation due to contamination by blood originating from tissue other 



than exercising muscle. Femoral venous O2 saturation represents the sum of aii blood retumhg 

from the exercising leg, while the NIRS signal originates in the exercising muscle only (Chance et 

al., 1992). ln previous studies, which have shown a significant correlation between IR-S02 and 

venous SOI the venous effluent was obtained fkom a deep foream vein draining the exercising 

muscle (Mancini et al., 1994) and from a vein draining the exercising muscle only (Wison et al., 

1989). In both this study and the work of Costes et al. (1996), in which the comeIation coefficient 

was r = 0.5 5 in hypoxia, the venous effluent was obtained in the femoral vein more distal to the 

exercising muscle. However, the S M 2  showed a decrease in saturation to a plateau in d gas 

conditions and contamination from non exercising muscle would be expected to increase, not 

decrease, the O2 saturation of the effluent blood. For this reason we conclude that S m 2  accurately 

represented the venous S 0 2  in the exercising muscle in the present experiments and cannot account 

for the temporal differences in SfvO, and IR-S02. 

The type of exercise used in the present study may have intluenced the results. IR-SOI and 

venous blood samples were obtained nom opposite legs and it is possible that there was a 

systematic difference in the 0, availability in the two legs. However, this is highiy unlikely because 

the subjects had practised the kicking exercise and were provided feedback to maintain kicking 

fiequency and work by both exercising legs. 

H p o x i o  versrrs nonnoxia mtd h ~ e r o x i a  

In hypoxia IR-SO, was significantly correlated with SfvO, at aii time points, while this 

correlation was only significant dunng rest and the initial onset of exercise in hyperoxia and 



normoxia (Table 2, Figure 2). These differences in correlation observed in hypolcia versus 

nomioxia and hyperolria could be due to severai factors. B is possible that there was a systernatic 

error in the placement and operation of the probe in dflerent gas breathing conditions. However, 

the order of the trials was randomized and aU were performed on the same day with no rnovement 

of the probe between triais. It is, therefore, very unlikely that such an error could account for the 

observed differences between gas conditions. 

Changes in tissue blood volume monitored via NIRS in this study indicate that there is a 

transient decrease in tissue blood volume at the onset of exercise, which reached significance in 

hyperoxia. This decrease was followed by increases over tirne to result in tissue blood volume 

greater than rest at end exercise in normoxia and equal to rest in hypoxia and hyperoxia. These 

changes in the tissue blood volume signai were observed in al1 gas breathing conditions and may 

represent a redistribution of blood in the exercising leg or changes in penetration depth or muscle 

geometry at the onset of exercise. However, that these trends were observed in al1 gas breathing 

conditions suggests that changes in blood volume cannot explain the differences in correlation 

observed between IR-S02 and SfiOz between the gas conditions. 

The lower saturation of the artenal blood supplying the muscle and the possible desaturation 

of Mb in hypoxia may have contributed to the differences in correlations between gas conditions 

(Costes et al., 1996). These workloads were relatively light, however, and it has been previously 

suggested that myoglobin does not contribute to the NIRS signal until more severe desaturation in 

the venous effluent is observed (Mancini et al., 1994; Wilson et al., 1989). In spite of these 



findings, previous detenninations of Mb contribution to NIRS signais have not examllied Mb 

desaturation at the onset of exercise- 

Variations in skin or muscle blood flow may have contributeci to the diierent correlations 

observed in different gas conditions. However, s h  blood flow did not innuence the NIRS 

diierence signai in previous research (Hampson and Piantadosi, 1 988; Mancini et al., 1994). In a 

previous study by Costes et al., (1996) a graduai drift towards reoxygenation was also observed in 

normoxic but not hypoxic exercise and it was postulated that differences in blood flow may account 

for the variability of results in different gas breathing conditions . In the present study total leg blood 

flow was measured simultaneously with NIRS measurements via Doppler ultrasound technology 

and it was determined that the leg blood flow increased similarly at exercise onset in all conditions 

and therefore cannot explain the IR-SO, signal difEerences observed here. 

Others have also observed a time dependent, relative reoxygenation measured by NIRS 

techniques, during steady state exercise in normoxia following a minimum saturation reached by 60 

to 120 seconds (Belardinelli et al., 1995a; Mancini et al.. 1994a). It was suggested that the 

resaturation may be due to muscle fatigue and a possible reoxygenation of M b  (Mancini et al., 

1994) or improved tissue oxygenation with time (Belardinelli et al., 1995a). The present 

observations indicate that either these observations are a misinterpretation based on the absence of 

SfvO,  values or that the IR-S02 signal represents changes in tissue oxygenation which are not 

detectable with venous blood sarnpling. The IR-S02 signal in hyperoxia and normoxia may 

represent a relative Mb and tissue desaturation at the onset of exercise followed by reoxygenation 



in the steady state exercise with no detectable change in venous efnuent S02. In hypoxia, the 

lowered exercise artenal oxygenation may have prevented this reoxygenation or contributed to the 

plateau in the IR-S02. 

Conclusions 

Changes in femoral venous effluent cannot account for a i i  of the MRS ovgen saturation 

signal response at the onset of exercise or d u ~ g  the subsequent steady state. The correlation 

between these two measures improved in hypoxic gas breathing and wonened with hyperoxïc gas 

breathing. It is possible that either the NIRS signai does not accurately reflect Hb/Mb desaturation 

at the onset of leg exercise or that the ongin of the NIRS signal is dzerent fkom the source of S f v O ,  

measures. Further determinations of tissue Mb O2 saturation at the onset of exercise are necessary 

to validate the use of NIRS and to determine the role of O, availability at the onset of large muscle 

mass exercise. 



Portai vein blood flow by echo-Doppler ultrasound: day-to day repeatnblity 



This appendix shows the between day repeatability of sirnuitanmus measures of portal vein 

cross-sectional area and mean blood velocity (MBV) during rest using an echo Doppler for B- 

mode images and pulsed Doppler ultrasound. On 3 separate days, 5 volunteers were tested at the 

same time of day. On each day 3 separate measures were made. Cross sectional area and MBV 

of the portal vein were estimated from a fmen image correspondhg to one respiratory cycle. The 

portal vein area and MBV did not differ between measures w i t h  one day or between measures on 

separate days. The mean between day coefficient of variation for area was 18% and the mean 

between day coefficient of variation for MBV was 18.3%. The portal vein blood flow was 

calculated from the MBV cross-sectional area assuming plug flow characteristics. The average area 

for 5 subjects across al1 three days was 53.8mm2, the average MBV was 0.21 mkec and the 

average blood flow was 1.3 1 Urnin. The data indicate that Doppler ultrasound measures of portal 

vein MBV and area dunng rest were reproducible across different test days and can be used as a 

reliable and non-invasive means of exarnining blood flow distribution and control at rest and 

response to exercise. 



INTRODUCTION 

A central question in exercise physiology is how adjustments in circulation meet the 

demands for oxygen transport to working muscles. The distriiution of cardiac output during 

exercise and the significance of alterations in regional blood flow in response to exercise have been 

extensively studied (Rowell, 1993). 

At rest, the splanchnic vascular bed receives approximately 25% of cardiac output and 

extracts 15- 20% of the oxygen available in that blood (Rowell, 1993). It has, therefore, been 

traditionally looked at as a major site for redistnbution of blood and blood pressure regulation. 

Previous methods of measuring and estimating splanchnic blood flow include splanchnic (a-v)02 

(Quamar and Read, 1987), penpherai clearance of indocyanine green dye (Roweli et al., 1965), as 

well as isolated organ preparations performed in animais (Fronek and Fronek, 1970; Laughlin and 

Armstrong, 1982). AI1 of these techniques are fairly invasive and there is questionable relevance of 

the animai studies to the human vascular response (Eriksen and Waaler, 1994). The use of  

Doppler ultrasound techniques to quante blood flow in the portal vein represents a significant 

advance in research in blood flow redistnbution (Ackroyd et al., 1985; Enksen and Waaler, 1994; 

Ohnishi et al., 1985). 

The purpose of this study was to determine the day-to-day repeatability of measures of 

portai vein blood flow as an indication of splanchnic blood flow using echo-Doppler for meanire of 

vesse1 diarneter and blood velocity and calculation of blood flow. 



METEODS 

Five subjects (age 26 k 2 years , height 178 * 4 cm, weight 70 * 6 kg) volunteered for this 

study and were tested on three separate days. Subjects arrived for testing at the same tirne of day 

and were requested to refrain from eating two hours prior to testing on each testing day. AU 

subjects gave written consent on a form approved by the Faculty Ethics Cornmittee at the University 

of Nijmege the Netherlands. 

On each testing day three consecutive measures of portal vein cross sectional ara and 

mean blood velocity were made. Al1 measures were made by the same experirnenter while the 

subjects was in a seated, upright position at rest. Portal vein area and mean blood velocity was 

measured from a fiozen screen image (Figure 6.1) using an echo Doppler (Toshiba Inc. Tochigi- 

Ken, Japan) operating in duplex mode and with a 3.75 MHZ phased array sector scanning probe. 

The velocity was recorded distal to the entry of the portal vein in the Iiver and proximal to its 

bfircation. Flow was calculated as the product of velocity and cross sectional area. 

The between day variability for cross sectional area and MBV was determined by 

cornparhg the absolute value through a 2 way analysis of variance (ANOVA) for repeated 

measures (SAS). The level of significance was set at ps 0.05. Data are presented as mean * 
standard error. A coefficient of variation was calculated for each subject at each of the selected 

times across the three days. 



RESULTS 

Average portal vein cross-sectional area, MBV, and pond vein blood fiow did not differ 

between testing days (Table 6.1, Figure 6.2). The coefficient of variation s for area and MBV 

were 1 8.0% and 1 8.3 % respectively. 

Table 6.1 Average portal win cross sectional area, mean blood velocity and bloodflw 

during each testing d q  and beîween dqy coeflcients of variation. 

- - 

Area ( r d )  MBV (misec) Flow (Umin) 

Day 1 52.W4.4 O. 1m.0 1 1.2W. 10 

Day 2 51.1*3.3 0.2 1M.O 1 1.2M.06 

Day 3 57.4*3 -7 0.23j=û.01 1.5M. 10 

coefficient of variation (%) 18 .O% 18.3% 

Values are mean I SE for 5 subjects. Area, cross sectional area of the portal vein; MBV, mean 

blood velocity through the portal vein; Fiow , blood flow through the portal vein. 



Figure 6.1 An example of blood flow through the portal vein at rest (left) and an image of the 

portal vein (right) obtained with pulsed and echo Doppler. 





CONCLUSIONS 

It has been demonstrated that measures of portal vein blood flow using echo-Doppler 

ultnisound imaging to determine vesse1 diameter and pulsed Doppler to d e t e d e  blood fiow is a 

repeatable measure. Doppler ultrasound is a noninvasive technique which may have applications in 

measuring blood flow redistribution during rest, exercise and cardiovasnilar stress. At present its 

repeatability during rest has been demonstrated but more investigations must include measures 

d u ~ g  exercise as well as cornparisons to the more invasive techniques currently in use. 



Control of blood flow to inactive musde at the onset of leg exercise 



This appendix shows the results of a study examinllig the effect of sympathetic innervation 

on the adaptation to submaximai knee extension exercise in 7 able bodied (ABS) and 7 spinai cord 

injured (SCI) subjects with lesions between T 12 and CS. ABS performed moderate intensity 

voluntary single leg knee extension exercise (VOL). ABS and SC1 performed involuntary single leg 

knee extension exercise with electncal stimulation (STIMJ. At the onset of both VOL and STIM 

exercise in ABS but not SCI, there was a transient increase in leg blood flow (LBF) to the inactive 

leg as detemiined by Doppler ultrasound (ABS(vo1): LBF(rest)=23%16, LBF (15sec) = 

788*102, LBF (4min) = 466*61; ABS (stim): LBF(rest) = 26W33, LBF(1Ssec) = 406=t104, 

LBF(4min)=277*26; SC1 : LBF(rest) = 1 16*16, LBF(1Ssec) = 12e22, LBF(4min) = 127*21; 

al1 values mWmin*SE). Femoral artery diameter @) and thigh volume CV) were less in SC1 

@=6.23I0.37mV=4.39=tOo78 1) compared to ABS @=10.66I0.48, V=7.75*0.66 1 ). HR and 

MAP were elevated with VOL but not with STIM exercise. The transient increase in flow at the 

onset of exercise in ABS results fiom a decrease in vascular resistance at the onset of exercise. 



INTRODUCTION 

It has been established that at the onset of exercise, blood flow to the exercising muscle 

increases rapidly (Honig, 1979; Shoemaker et al., 1994; Tschakovsky et aL, 1996; Wesche, 

1986). The controi mechanisrns responsible for this response have not been fully determined. 

However, for large muscle rnass exercise, both central and penpheral mechanisms have been 

suggested as regulating factors (Shoemaker et ai., 1996). The role of the sympathetic nervous 

system in regulating blood flow at the onset of exercise is not known (Mitchell, 1990; Victor et al., 

1987). 

Hopman et al. (1993) observed a transient increase in volume of inactive legs at the onset 

of arm exercise in able bodied subjects. This increase was not observed in spinal cord injured 

subjects, who were lacking not only motor but also sympathetic innervation to the legs. It was 

suggested that this transient increase may be due to a brief withdrawal of sympathetic vascular tone 

in the inactive muscle at the onset of exercise that alIowed an increase in bIood flow. This 

sympathetic control was onIy possible in the able bodied subjects and was not observed in the 

spinal cord injured subjects due to their lack of sympathetic innervation. 

The purpose of this study was, therefore to examine the effect of sympathetic innervation on 

the blood flow adaptation at the onset of exercise by determinhg the blood flow responses in the 

inactive leg during 1 leg knee extension in both A B S  and SC1 subjects. We hypothesized that lack 

of sympathetic imervation in SC1 may prevent transient increases in leg blood flow in contralateral 

inactive legs in comparison to ABS at the onset of leg exercise. 



METEODS 

Seven able bodied subjects (age 25 1 years, height 184 * 2 cm, weight 82 * 3 kg) and 

seven spinal cord injured subjects (age 37 * 3 years, height 183 * 3 cm, weight 77 * 7 kg) 

volunteered for this study. Subjects were requested to r e m  from eating and smoking two houn 

pnor to testing. AU subjects gave written consent on forms approved by the Faculty Ethics 

Cornmittee at the University of Nijmegen, the Netherlands. 

ABS performed both one leg dynarnic knee extension and one leg stimulated knee 

extension exercise and SC1 performed one leg stimulated knee extension exercise. Tests consisted 

of four minutes of rest followed by six minutes of exercise. Exercise was pefionned on a modified 

Lode ergometer for knee extension. Exercise was peflormed with the left leg while the nght leg 

was elevated on a stool approximately 50 cm below har t  level. Blood flow was measured on the 

right leg during al1 tests. 

Electrical stimulation was achieved using a Danica Elpha 200 pain and muscle sthulator. 

The area under the electrodes was shaved and cleaned pnor to electrode application . The 

stimulating electrode (4 cm x 3 cm rubber) was placed on the vastus medialis motor point and the 

ground electrode was placed further laterally on the thigh. The stimulation current used was twice 

the threshold stimulation and the stimulation parameters were 50 Hz stimulation, pulse width = 0.1 

msec, on tirne = two sec and off time = two sec. 

Blood flow was calculated as the product of femoral artery mean blood velocity and 

diameter meanires with Doppler ultrasound (Toshiba, Tochigi-Ken, Japan) using a 7.5 MHZ 



probe, operathg in pulsed duplex mode at a depth of four cm. The audio frequency signai of the 

velocity spectra was recorded continuously on tape. The velocity was then firther anaiysed by ntst 

Fourier transfomi using a spedrum analyser (Angiodyne, Nijmegen, the Netherlinds) to yield the 

mean blood velocity over each heart bat .  During each minute of the test one heart beat was 

analysed and during the first minute of exercise the analyses was performed once every ten seconds 

for a total of 15 measures throughout the test. Femoral artery diarneter measures were made each 

minute throughout the test on a fiozen screen and the values were then recorded during playback of 

the video tape. 

Thigh volume was determined from circumference, length and skinfold measures according 

to the method of Jones and Pearson (1969). Quadriceps femoris muscle m a s  was estimated 

according to the equation (Andersen and Saltin, 1985) 

mass = 0.307V + 0.353 

where mass = quadriceps muscle mass 

V = thigh volume 

Mean artenal pressure ( M M )  at the level of the femoral artery was collected continuously during 

rest and exercise (Finapress, Ohrneda 2300). 

The main effects of testing condition (ABS voluntary, ABS stimulated and SC1 stimulated) 

and time (8 levels), on femoral artery diameter were anaiysed by a 2 way ANOVA. The main 

effects of testing condition (ABS voluntary, ABS stimulated and SC1 stimulated) and tirne (15 

levels) on femoral artery blood flow were analysed by a 2 way ANûVA The main effects of 



testing condition (ABS voluntary, ABS stimulated and SC1 stimulateci) and tirne (rest and end 

exercise on heart rate and MAP were analysed by a 2 way ANOVA The effect of condition 

(ABS vs. SCI) on thigh volume was analysed by a 1 way ANOVA The level o f  si@cance for 

the main effects was set at P < 0.05. Any differences were fiirther analysed with Student- Neuman 

Keuls poa hoc test. Ail data are presented as mean * standard error (SE). 



RESULTS 

Femoral artery diameters and thigh volume were less in SC1 @ = 6.UI0.3 7 mm, V = 

4.39 * 0.78 1) cornpared to ABS ( D = 10.66 * 0.48, V = 7.75 * 0.66 1 ) (Figure 6.4) Femoral 

artery diameter did not change dunng rest or exercise for any condition. HR and MAP were both 

elevated with VOL but not STIM exercise (Figure 6.3). Leg blood flows were higher in ABS than 

SC1 for al1 tirne points . At the onset of exercise there was an increase in fiow in the ABS for 

voluntary and stirnulated exercise cornpared to rest in the same condition, but no change in flow in 

SC1 (Figure 6.4). 



tim e (rn in)  

Figure 6.3 Heart rate (HR top) and mean arterial pressure (MRP, bottom) at rest and dunng 

exercise for ABS vo(unta>y exercise ( ), A23S stimuluted exercise (- - J and for SCI 

stimulated exercise C......). Time 4 minutes indicotes the omet of exercise. Values me mean 

for 7 subjects. 
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Figure 6.4 Femoral m t e v  diameter (?op) andfrow (bottom)for ABS voluntîny exercise (m 
ABS srimulated exercise (@) and SC1 stimulated exercise (A) a22 values m e  mean * SEfor 7 

su bjects. 
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Figure 6.5 Femoral urtery blooùflow normulized for quadriceps muscle m a s  (top) and leg 

vuscular conchrcmce (bottom) for ABS voluntary exercise (m ABS stimulated exercise (O) 

and SC1 siimulated exercise (A) al1 values ure mean for 7 subjects 



CONCLUSIONS 

It was observed that SC1 individuals had significantiy srnalier fernoral artenes, thigh volumes 

and leg blood flows compared to ABS. In the ABS, but not in the SC1 there was an increase in 

vascular conductance at the onset of leg exercise which resulted in a transient increase in flow to the 

inactive leg. It is not, however, clear if this decrease in resistance in the ABS was due to a transient 

reduction in sympathetic tone at the onset of exercise. 

In this study, continuous blood flow measures were not obtained throughout the teas due to 

technical limitations. The blood flow was obtained for a representative heart beat during each tirne 

point and the exercise protocol was perforxned three times on each subject to reduce random error. 

We have no confirmation that the non-exercising leg was truly inactive. If the leg was active at the 

onset of contralatera1 Ieg exercise this rnay have contributed to the transient flow increases seen in 

the ABS at the onset of both voluntary and stimulated leg exercise. A primary focus of this study 

was the cornparison of ABS and SCI, however, qualitatively, the force of contraction generated 

with stimulation of the SC1 appeared to be less than in ABS. An effort had been made to 

normalize the LBF values for active muscle mass (Figure 6.5), however, the equation used to 

estimate quadriceps muscle mass has not been validated in SC1 individuals where the ratio of 

muscle to leg volume may be different than in ABS (Andersen and Saltin, 1985). This dflerence 

may also explain the lack of flow response at the onset of stimulated exercise in the SCI. 



BIBLIOGRAPHY 

ACKROM, N., GEL, R, GRIFFITHS, K., KOSSOFF, G., AND REEVE, T. (1985). Duplex 

scanning of the portal vein and ponasysternic shunts. Surgey, 99, 5 9 1-597. 

ANDERSEN, P., AND SALTIN, B. (1 985). Miurimal pemison ofskeletal musclein man JPhysioZ 

(Lod) ,  366,233-249. 

AMEP, G.V., BLALOCK, A., AND SAMAAN, A. (1934). The eEect of muscular contraction 

upon blood fiow velocity in the human aorta. Proc R Soc London, 114,223-245. 

ANREP, G.V., AND VON SALLFELD, E. (1 93 5). The blood flow through the skeletal muscle in 

relation to its contraction. J PhysioZ (Zond), 24,375-399. 

ARTHUR, P.G., HOGAN, M.C., BEBOUT, D.E., WAGNER P.D., AND HOCHACHKA, P.W. 

(1992). ModeUing the effects ofhypoxia on ATP turnover in exercising muscle. JApplPhysol, 73, 

73 7-742. 

AUCHINCLOSS, J.H., GILBERT, R, AND BAULE, G.H. (1966). Effect ofventilation on oxygen 

transfer dunng early exercise. J Appl PhysioZ, 21, 8 10-8 18. 

BARCROFT, H., AND DORNHOFST, AC. (1949). The blood flowthrough the humandduring 

rhythmic exercise. J PhysioI (Zond), 109,402-41 1. 

BARSTOW, T. J. (1 994). Characterization o f  V02 kinetics during heavy exercise. MedSci Sports 

Exerc, 26, 1327-1334. 

BARSTOW, T.J., BUCHTHAL, S., ZANCONATO, S., AND COOPE& D.M. (1994). Muscle 



energetics and pulmonary oxygen uptake kinetics d u ~ g  moderate exercise. JApplP&sioI, 77, 

1742- 1749. 

BEAVER, W.L., L A .  N., AND WASSERMAN, K (198 1). Breath-by-breathmeasnement 

of true alveolar gas exchange. J Appl PhysioZ, 5 1, 1 662- 1 675. 

BEAVER WL., WASSERMAN, K-, AND WHlPP, B.J. (1986). A new method for detecting 

anaerobic threshold by gas exchange. JAppl Pliysd, 40,2020-2027. 

BELARDWLLI, R, BARSTOW, T.J., PORSZASZ, J., AND WASSERMAN, K. (1995a). 

Skeletal muscle oxygenation during constant work rate exercise. MedSciSpomErerc, 27,s 12-5 19. 

BELARDINELLL, R., BARSTOW, T.J., PORSZASZ, J., AND WASSERMAN, K. (1 995b). 

Changes in skeletal muscle oxygenation dunng incremental exercise measured with near infiared 

spectroscopy. Eur J Appl Physiol, 70.487-492. 

Bohnert, B., Ward, S.A., & Whipp, B. J. (1 993). Exercise induced acidaemia and the slow phase of 

4 uptake kinetics during muscular exercise in humans. JPhysoZ (Zond), 473, 56P(abstract) 

BONING, D., HOLLNAGEL, C., BOEC- A, AND GOKE, S. (199 1). Bohr shift by lactic acid 

and the supply of O2 to skeletal muscle. Reqpir Physiol, 85.23 1-243. 

Borkoff, C., Northey, DR, & Hughson, RL. (1997). Relationship between wdiac output and 

femoral artery blood flow during upright and supine knee extension ergometry. (un pub) 

BREDLE, D.L., BRADLEY, W.E., CHAPLEK C.K., AND CAIN, S.M. (1 988). Muscle perfunon 

and oxygenation during local hyperoxia. JAppl Physiol, 65,2057-2062. 

CAMUS, G., ATCHOU, G., SRUCKNER K., GIEZENDANNER, D., AM) DI PRAMPERO, 



P .E. (1 98 8). Slow upward cirifi ON& during constant-10ad cycling in untrained subjects. Eur JAppl 

Physiol, 58, 197-202. 

CASABURI, R (1 992). The time course ofmixeci venous blood gas compositionfollowing arercise 

onset. InY. Honda, Y. Miyamoto, K. Konno, & J.G. Widdicombe (Eds.), ConsrolofBdinggand 

its Mdelling Perqectives. (p p. 263-266). New York: Plenum Press. 

CASABURI, R, WHIPP, B.J., WASSERMAN, K, BEAVEq WL., AND KOYAL, S.N. (1977). 

Ventilatory and gas exchange dynamics in response to sinusoida1 work. JApplPhysoZ, 42,3 00-3 1 1. 

CERRETELLI, P., MARCONI, C., PENDERGAST, D., MEYER, M., HEISL,EFt,'N., AND 

PIPER, J. (1 984). Blood 80w in exercising muscles by xenon clearance and by rnicrosphere trapping. 

J Appl Physiol, 56,24-30. 

CERRETELLI, P., PENDERGAST, D., PAGANEUI, W.C., AND RENNTE, D.W. (1979). Effects 

of specific muscle training on V02 on-response and early blood lactate. JAppl Physol, 47(4), 

76 1-769. 

CERRETELLI, P., SHINDELL, D., PENDERGAST, D., DI PRAMPERO, P.E., AND RENNE, 

D. W. (1 977). Oxygen uptake transients at the onset of arm and leg work. ReJpirPhysoZ, 30,8 1-97. 

CHANCE, B., NIOKA, S., KENT, J., MCCULLY, K., FOUNTUN, M., GREENFELD, R, AND 

HOLTOM, G. (1 988). Time-resolved spectroscopy of hemoglobin and myoglobin in resting and 

ischemic muscle. Anal Biochem, 174,698-707. 

CHANCE, B., DAIT, MT., ZHANG, C., HAMAOKA, T., AND HAGERMAN, F. (1992). 

Recovery fiom exercise-induced desaturation in the quadriceps muscles ofelite cornpetitive rowers. 



Am J Physiol, 262, C7660C775. 

CHAVEAU, A, AND KAUFMANN, M. (1 887). Experiences pour la detennination du coefficient 

de i'activite nutritive et respiroire des muscle en repose et en travail. ComptesrenduFhe&Madajres 

des semces de I'Academie des sciences, 104, 1 1 26- 1 1 3 2. 

COCHRANE, LE., AND HUGHSON, RL. (1992). Cornputer simulation of O2 transport and 

utiiization mechanisms at the onset of exercise. JAppl Physiol, 73(6), 1-7. 

CONVERTINO, V. A., GûLDWATER D. J., AND SANDLER, H. (1 984). Oxygen uptake kinetics 

of constant-load work: upright vs. supine exercise. Avzai Space Environ Med, 55,501-506. 

COSTES, F., BMTHELEMY, J-C., FEASSON, L., BUSSO, T., GEYSS ANT, A, AND DENIS, 

C. (1 996). Cornparison of muscle near-infiared spectroscopy and femoral blood gases during 

steady-state exercise in humans. JAppl Physiol, 80, 1345- 13 50. 

CRAWFORD, P., GOOD, P., GUTIERREZ, E., FEINBERG, J.H., BOENMEq J.P., SILBER, 

D.H., AND SINOWAY, L. (1997). Effects of supplemental oxygen on foreann vasodilation in 

humans. J Appl Physiol, 82, 160 1 - 1 606. 

DE MOOR, J. (1 954). Individual differences Ui oxygen debt a w e s  related to mechanical efficiency 

and sex. JAppl Physiol, 6,460-466. 

DELPY, D.T., COPE, M., VANDERZEE, P., ARRlDGE, S ., WRAY, S ., AND WYATï, J. (1 98 8). 

Estimation of opticai pathlength through tissue fiom direct tirne offlight measurement. PhysMdBioZ, 

33, 1433-1442. 

DENISON, AB., SPENSER, M.P., AND GREEN, RD.  (1955). Asquare wave electromagnetic 



flowmeter for application to intact blood vessels. Circ Res, 30,39-46. 

ElKEN, 0. (1988). Ei5ects of increased muscle perfusion pressure on responses to dynamic leg 

exercise in man. Eur J Appi Physiol, 57,772-776. 

EKBLOM, B., HUOT, R, STEIN, E-M, AND THORSTENSSON, AT. (1975). Effkct ofchanges 

in artenal oxygen content on circulation and physical performance. JApplPhysiol, 39(l), 71-75. 

ERECINSKq M., AND WILSON, D.L. (1 982). Regdation ofcellular energy metabolism. JMemb 

Biol, 70, 1 - 14. 

ERIKSEN, M., AND WAALER, B . A  (1 994). Prionty ofblood flow to splanchnic organs in humans 

during pre- and post-meal exercise. Acta Physol Scand, 1 JO, 3 63 -3 72. 

ERIKSEN, M., WAALER, B.A,  W W O E ,  L., AND WESCHE, J. (1990). Dynamics and 

dimensions of cardiac output changes in humans at the onset and at the end of moderate rhythmc 

exercise. J Physiol (Zond), 426,423-437. 

FOLKOW, B., GASKELL, P., AND WAALER, B.A (1970). Blood flow through limb muscle 

during heavy rhythrnic exercise. Acta Physiol Scmid, 80,61-72. 

FORMEL, P.F., AND DOYLE, J.T. (1 957). Rationale ofvenous occlusion plethysmography. Circ 

Res, 5,354-356. 

FRONEK, K., AND FRONEK, A (1970). Combined effect of exercise and digestion on 

hemodynamics in conscious dogs. Am JPhysiol, 2,555-559. 

GANZ, V., HLAVOVA, A., FRONEK, A., LINHART, J., AND PREROVSKY, 1. (1964). 

Measurement of blood flow in the femoral artery in man at rest and during exercise by local 





HALL, KV. (1997). Postoperative blood flow measurernents in man by use of irnplanted 

elecromagnetic probes. Scand J nior Cmd Surg, 3, 13 5- 144. 

HAMPSON, N.B., AND PIANTADOSI, C. A (1 988). Near i n h e d  monitoring ofhuman skeletd 

muscle oxygenation during forearrn ischemia. JAppi Physol, 64,244902457. 

HARDMAN, K.D., EYLAq E.H., RAY, D.K., BANASZAK, L.J., AND GURD, FKN. (1966). 

Isolation of sperm whale myoglobin by low temperature hctionation withethanol and metailic ions. 

J Biol Chem, 241,43 2-fW. 

HENRY, F.M. (1951). Aerobic oxygen consumption and alactic debt in muscular work JAppl 

Physi~l, 3,427-438. 

H E N R Y ,  F.M., AND DE MOOR, J.C. (1 955). Lactic and alactic oxygen consumption in moderate 

exercise of graded intensity. JAppl Physiol, 8, 6086 14. 

HERMISTON, R.T., AND BONDE-PETERSEN, F. (1975). The influence of varying oqgen 

tensions in inspired gas on '"Xenon muscle clearance and fatigue levels during sustained and dynamic 

contractions. Eur J Appl Physiol, 34, 29 1-302. 

HICKSON, R.C., BOME, RA, AND HOLLOSZY, J.O. (1978). Faster adjustment ofO, uptake 

to the energy requirement of exercise in the trained state. JAppl Physiol, 44,877-88 1 .  

HILL, AV., LONG, N.H., AND LUPTON, H. (1 924). Muscular exercise, lactic acid and the supply 

and utilkation of oxygen versus the recovery process d e r  exercise. P m  RSocIiombn, 97,96- 13 7. 

HOGAN, M.C., ARTHUR, P.G., BEBOUT, D.E., HOCHACHI(A, P.W., AND WAGNER, P.D. 

(1 992a). Role ofoxygen in regulating tissue respiration in dog muscle working in sifu. JApplPhysoZ, 



73,728-73 6. 

HOGAN,M.C.,ARTHUR,P.G.,BEBOUT, D.E.,HOCHACHKA,P.W.,ANDWAGNER,P.D. 

(1 99Zb). Role of oxygen in regulating tissue respiration in dog mude working in situ. JAppiPhysioZ, 

73,728-736. 

HOGAN, M.C., KURDAK, S.S., AND ARTHUR, P.G. (1 996). Effect of gradual reduction in O2 

deïivery on intracellular homeostasis in contracthg skeietal muscle. JApplPhysoZ, 80,13 13- 132 1. 

HONIG, C.R (1979). Contribution of nerves and metabolites to exercise vasodilation: a u n m g  

hypothesis. Am J Physiol, 5(5), H705-H7 1 9. 

HOPMAN, M.T.E., VERHEIJEN, P.H.E., AND BINKHORST, R.A (1993). Volume changes in 

the legs of paraplegic subjects during arm exercise. JAppl Physol, 75,2079-2083. 

HUGHSON, R.L. ( 1990). Exploring cardiorespiratory control mechanisms through gas exchange 

dynamics. MedSci Sports Ererc, 22,72-79. 

HUGHSON, RL., COCHRANE, J.E., AND B w  G.C. (1993a). Faster oxygenuptake kinetics 

at onset of supine exercise with lower body negative pressure. J Appl Physol, 75, 1962- 1967. 

WGHSON, R.L., COCHRANE, J.E., AND BUTLER, G.C. (1993b). Faster O2 uptake kinetics 

at onset of supine exercise with than without lower body negative pressure. JAppl Physol, 75, 

1962-1967. 

HUGHSOK, R.L., AND KOWALCHüK, J.M. (1995). Kinetics ofoxygenuptake for submaximal 

exercise in hyperoxia, norrnoxia, and hypoxia. Cun J Appl Physd ,  20, 199-2 1 1. 

HUGHSON, RL., AND MORRISSEY, M A  (1983). Delayed kinetics ofV0, in thetransitionfiom 



pnor exercise. Evidence for O2 transport Limitation ofVO, kinetics. Areview. IntJSportsMeed, 11, 

94-105. 

HUGHSON, RL., NORTHEY, DR, MNG, H.C., DIETRICH, B.H., AND COCHRANE, JE. 

(199 1). Alignment of ventilation and gas fiaction for breath-by-breath respiratory gas exchange 

calculations in exercise. Cornput Bimed Res, 24, 1 18- 128. 

HUGHSON, RL., SHERRLL, DL., AND SWANSON, G.D. (1988). Kinetics ofV0, withimpulse 

and step exercise in man. J Appl Physiol, 64,45 1459. 

HLTGHSON, RL., SHOEMAKEq J.K., TSCHAKOVSKY, M.E., AND KOWALCHUK, J.M. 

(1996). Dependence of muscle V02 on blood flow dynarnics at onset of forearrn exercise. JAppl 

Physid, 81, 1619-1626. 

HUMPHREYS, P. W., AND LIND, AR (1 963). The blood fiow through active and inactive muscles 

of the f o r e m  dunng sustained hand-grip contractions. JPhysiol (Zond), 166, 120- 13 5. 

HUO- M., HALLE, M., AND KEUL, 1. (1 996). Stnicturd and functional adaptations ofthe 

cardiovascular system by training. Iht J Sports Med, 17, S 164-S 172. 

IGNARRO, L.J., BUG4 G-M, AND WOOD, K.S. (1 987). Endotheliurn derived relaxing factor 

produced and released fiom vein and artery is nitric oxide. Proc Norl Acod Sci USR, 184, 

9265-9269. 

JONES, D.P. (1986). Intracellular difision gradients of oxygen and ATP. Am JPhysioI, 250, 

663-675. 

JONES, PR, AND PEARSON, J. (1969). Anthropometric determination ofleg fàt and muscle plus 



bone volume in young male and femaie adults. JPhysioI (Zond), 204,63P 

JOYNER, M.J., LENNON, RL., WEDEL, D.J., ROSE, S.H., AND SHEPHERD, J.T. (1990). 

Blood %ow to contracting human muscles: intluence ofiiaeased sympathetic a&@. JAppIPhysioI, 

68(4), 1453-1457. 

KARLSSON, H., LINDBORG, B., AM) LINNARSSON, D. (1975). T î e  course of puimonary 

gas exchange and ha r t  rate changes in su pine exercise. Acta Physiol S c d ,  95,3 29-3 40. 

KATZ, A., AND SALHIN, K. (1 988). Regulation oflactic acid production during exercise. JAppI 

Physi~I, 65,509-5 18. 

KM, C.K., STRANGE, S., BANGSBO, J., AM) SALTIN, B. (1995). Skeletd musclepefision 

in electncally induced dynamic exercise in humans. Acta Physd  Scand, 153,279-287. 

KNIGHT, D.R., POOLE, D.C., HOGAN, MC., BEBOUT, D.E., AM) WAGNER P.D. (1996). 

Effect of inspired O, concentration on leg lactate release during incremental exercise. JApplPhysioI, 

81,246-25 1. 

KNIGHT, D.R, SCHAFFARTZK, W., POOLE, D.C., HOGAN, M.C., BEBOUT, D.E., AND 

WAGNER, P.D. (1993). Eff ' i s  ofhyperoxiaon maWnal leg O2 supply and utilization in men. JAppI 

PhysioZ, 75,2586-2594. 

KOLIN, A. (1 936). An electromagnetic flowmeter. P ~ c i p l e  of the method and its application to 

blood flow measurements. Proc Soc Eup BiolMed, 35,5346- 

KOLLEK A, SUN, D., AND KALEY, G. (1993). Role o f  shear stress and endotheiial 

prostaglandins in fiow- and viscosity-induced dilation of arterioles in vitro. Circ Res, 72,1276- 1284. 



KOSKOLOU, M.D., CALBET, J.A., RADEGRAN, G., AND ROACH, RC. (1 997). Hypoxia and 

the cardiovaScuIar response to dynamic knee-exîensor exercise. Am JPhysioI, 272, H2655-II2663. 

KROGH, A., AND LINDHARD, J. (19 13). The regdation ofrespirationand circulation d u ~ g  the 

initial stages of muscular work. J Physiol (Lod), 47, 1 12-136. 

LAUGHLIN, M.H. (1 987). S keletal muscle blood flow capacity: role of muscle pump in exercise 

hyperemia. Am J Physiol, 253, H993-H 1004. 

LAUGHLIN, M.H., AND ARMSTRONG, RB. (1982). Musailar blood flow distribution patterns 

as a function of running speed in rats. Am JPhyscd, 243, ED96-H306. 

LAUGHLIN, M.H., AND ARMSTRONG, RB. (1983). Rat muscle blood flows as afùnction oftime 

during prolonged slow treadmill exercise. Am J PhysoZ, 244, H8 148824. 

LEYK, D., EBFELD, D., HOFFMANN, U., WUNDERLICH, H.G., BAUM, K., AND 

STEGEMANN, J. (1 994). Postural effect on cardiac output, oxygen uptake and lactate during cycle 

exercise of varying intensity. Etrr J AppZ Physd ,  68, 3 0-3 5 .  

LEYK, D., ESSFELD, D., BAUM, K., AND STEGEMANN, J. (1994). Early leg blood flow 

adjustrnent during dynamic foot plantadexions in upright and supine body position Int JSprtsMed 

15,447-452. 

L m  D., ESSFELD, D., BAUM, K., AND STEGEMANN, J. (1996). Muence of calfmuscle 

contractions on blood flow parameters measured in the arteria femoralis. Int JSports Med, 13, 

588-593. 

LINDBOM, L., AND ARFORS, K.E. (1 985). Mechanisms and site of control for variation in the 



number of perfùsed capillaries in skeletal musde. Int JMimocirc Clin m, 4, 19-30. 

LINNARSSON, D. (1974). Dynamics ofpulmonary gas exchange and hart  rate changes at aart and 

end of exercise. Acta Physiol Scarzd, Suppl. 415, 1-68. 

LINNARSSON, D., KARLSSON, J., FAGRAEUS, L., AND SALTIN, BB. (1974). Muscle 

metabolites and oxygen deficit with exercisein hypoxia and hyperoxia. JAppiPhysioZ, 33,399402. 

MACDONALD, M. J., PEDERSEN, P.K., AND HWGHSON, RL. (1 997). Acceleration ofVûl 

kinetics in heavy submaximal exercise b y hyperoxia and pnor high-intensity exercise. JAppZPhysioZ, 

83, 1318-1325. 

MACDONALD, M.J., SHOEMAKEK J.K., TSCHAKOVSKY, M.E., AND HUGHSON, RL. 

(1 997). Alveolar oxygen uptake and femoral artery blood flow dynamics in upright and supine leg 

exercise in humans. J Appl Physzol, su bmitted, 

MAGWSSON, G., KAIJSER, L., ISBERG, B., AND SALTIN, B. (1993). Cardiovascular 

responses during one- and two-iegged exercise in middle aged men. Acta Physol Scand, 150, 

353-362. 

MAGNUSSON, G., KAUSE& L., SYLVEN, C., KARLBERG, K.E., ISBERG, B., AND 

SALTIN, B. (1997). Peak skeletal muscle pefision is rnaintained in patients withchronic heart Mure 

when oniy a smaIl muscle mass is exercised. Cardiovasc Res, 33,297-306. 

MAHLER, M. (1985). First-order kinetics of muscle oxygen consumption, and an equivalent 

proportionality between Q02 and phosphorylcreatine level. J Gen PhysoZ, 86, 13 5- 165. 

MANCINI, D.M., BOLINGER, L., LI, R, KENDRICK, K., CHANCE, B., AND WILSON, J.R 



MCCULLY, K., 1 

CHANCE, B. (199 

exercise in normal 

MICCO, AJ. (19F 

MXTCHELL, J.H. ( 

22, 141-154. 

MURPHY, P.C., c 

dynarnics with stey: 

OHNISHI, K., SA 

(1985). Pulsed Dopp 

measurement S. Rat 

PEDERSEN, P.K. 

exercise with nom 

@ds.), Biuchemist 

PENDERGAST, D 

of preceding anaerc 



PENDERGAST, D.R., SCHINDELL, D., CERRETELLI, P., AND RENNE, D.W. (1980). Role 

of central cimilatory adjustments in oxygen transport at the onset of exercise. IhtJSpomMed, 1, 

160-170, 

PENDERGAST, D.R, SHINDELL, D., CERRETELLI, P., M R . ,  D.W. (1980). Roleof 

central and peripheral circulatory adjustments in oxygen transport at the onset of exercise. I n t J S e  

Med, 1, 160-170. 

PHILLIPS, S.M., GREEN, H.J., MACDONALD, M.J., AND HZIGHSON, RL. (1995). 

Progressive e f f i  of  endurance training on VOz kinetics at the onset of submaximal exercise. JAppl 

P h y s ~ l ,  79,1914-1920. 

PIPER J., PENDERGAST, D., MARCONI, C., MEYEk M., HEISLER N., AND 

CERRETELLI, P. (1 985). Blood flow distribution in dog gastrocnemius muscle at rest and during 

stimulation. J Appl Physiol, 58,2068-2074. 

POOLE, D.C. (1 994). Role ofexercising muscle in slow component ofVOz. MedSciSportsErerc, 

26, 1335-1340. 

POOLE, D.C., BARSTOW, T.J., GAESSER, GA, WILLIS, W.T., AND WHIPP, B.J. (1994). 

VOZ slow component: physiological and fùnctional significance. Med Scz Sports Ewerc, 26, 

1354-1358. 

POOLE, D.C., GAESSER, G.A,HOGAN,MC.,KNIGHT,D.R, AND WAGNER, P.D. (1992). 

Puhnonary and leg V02 during submaximal exercise: implications for muscular efficiency. JAppl 

Physid, 72,805-810. 



QUAMAR, M.I., AND REMI, AE. (1987). Effects of exercise on mesentenc blood flow in man. 

Gur, 28,583-587. 

RADEGRAN, G- (1997). Uiîrasound Doppler estimates offernorai artery blood flow during dynamic 

knee extensor exercise in humans. JAppl Physol, 83, 1383-1388. 

RICHARDSON,RS.,POOLE,D.C.,KNIG~,D.R,KUIU)AK, S.S.,HOGAN,MC.,GRASSI, 

B., JOHNSON, E.C., KENDRICK, K., ERICKSON, B.K., AND WAGNER, P.D. (1993). High 

muscle blood flow in man: is maximal O2 extraction comprornised? JApplPhysiol, 75,19 1 1- 19 16. 

RICHARDSON, RS., KNIGHT, D.R., POOLE, D.C., KURDAK, S.S., HOGAN, MC., GRASSI, 

B., AND WAGNER, PD. (1995). Determinants of maximal exercise V02 during single leg 

knee-extensor exercise in humans. Am J Physiol, 268, Hl453-HI46 1. 

ROC4 J., HOGAN, M.C., STORY, D., BEBOUT, D.E., HAAB, P., GONZALEZ, R, UENO, 

O., AND WAGNER P.D. (1989). Evidence for tissue difision limitation of V02 max in normal 

humans. J Appl Physiol, 67,29 1-299. 

ROWELL, L.B. (1988). Muscle blood flow in humans: How high can it go? MedSciSports~rc,  

20(5 Supplement), S97-S 103. 

ROWELL, L.B. (1993). Control of Regionai Blood Flow During Dynamic Exercise: Splanchnic 

Circulation. In Anonymous, H u m ~ n  CardiovascuZar Confrol. @p. 205-218). New York: Odord 

University Press. 

ROWELL, L.B., MAZARELLA J. A, AND BRUCE, RA (1 965). Hepatic clearance ofimdocyanllie 

green in man under thermal and exercise stresses. J Appl Physol, 20,3 84-3 94. 



ROWELL, L.B., SALTIN, B., KENS, B., AND CHRISTENSEN, N.J. (1986). Ispeakquadri-s 

blood flow in humans even tngher during exercise with hypoxemia? Am JPhysiol, 251, Hl03 8-h1044. 

RUBANYI, G.M., AND VANHOUTTE, P.M. (1 986). Superoxide anions and hyperoxiainadivate 

endothelium-denved relaxhg factor. Am J Physol, 250, H822-H827. 

RUSHMER, RF., BAKER, O.W., AND STEGW, HF. (1 966). Transcutaneous Doppler flow 

detection as a nondestructive technique. J Appl Physol, 21, 554-566. 

S AHLIN, K. (1 992). Non-invasive measurements of O2 availability in human skeletal muscle with 

near-i&ared spectroscopy. Iht J Sports Med, 13, S 157-S 160. 

SATAMURq S., AND KANEKO, 2. (1960). Ultrasonic rheograph. Proc lnt ConfMedElec, 3, 

239-242. 

SAVARD, GK, NIELSEN, B., LASZCZYNSKq J., LARSEN, B.E., AND SALm,B. (1988). 

Muscle blood flow is not reduced in humans during moderate exercise and heat stress. JAppZPhysoi, 

64(2), 649-657. 

SEALS, D., JOHNSON, D . G., AND FREGO SI, RF. (1 99 1). Hyperoxia lowers sympathetic activity 

at rest but not during exercise in humans. Am J Physiol, 260, C873-C878. 

SHEIUFF, D.D., ROWELL, L.B., AND SCHER, A.M. (1993). 1s the rapid rise in vascular 

conductance at onset of dynamic exercise due to muscle pump? Am JPhysol, 265, H1227-Hl234. 

SHOEMAKEq J.K., HODGE, L., AND KUGHSON, RL. (1994). Cardiorespiratory kinetics and 

femoral artery blood velocity during dynamic knee extension exercise. JApplPhyhys, 77,26252632. 

SHOEMAKER, J.K., MACDONALD, M. J., AND HUGHSON, R.L. (1997). Time course of 



brachial artery diameter responses to rhythmic handgrip exercise in humans. Cmdovarc fis, 35, 

125-13 1. 

SHOEMAKER, J.K., PEULLIPS, S.M., GREEN, HL, AND HCTGHSON, RL. (1996). Faster 

femoral artery blood velocity kinetics at the onset of exercise foliowing short-term training. C o r d r o ~  

Res, 31,278-286. 

SKINNER, M.R, AND MARSHALL, J.M. (1996). Studies on the roles of adenosine, ATP and 

nitric oxide in mediating muscle vasodilation induced in the rat by acute systeMc hypoxia. JPhysioZ 

pond), 495,553-560. 

STUART, M. J., Y M A  SETTY, B .N., WALENGA LE., GRAEBER, J.E., AND GANLEY, 

C. (1 984). Effects ofhyperoxia and hypoxia on vascular prostacyclin formation in vitro. Pediahics, 

74,548-553. 

THORESEN, M., AND WALLOE, L. (1980). Skin blood flow in humans as a function of 

environmental temperature measured by ultrasound. Acta Physiol Scmd, 109,333-341. 

TONNESSEN, K.H. (1964). Blood flow through muscle during rhythmic contraction measured by 

xenon. &and J C h  Invest, 16, 646-654. 

T O S m  K, AND ERIKSEN, M (1 994). Penpheral vasoconstriction shortiy &er onset ofmoderate 

exercise in humans. J Appl Physiol, 77, 15 19-1 525. 

TSCHAKOVSKY, M.E., SHOEMAKEq J.K., AND HUGHSON, R.L. (1995). Beat-by-beat 

foreami blood flow with Doppler ultrasound and strain-gauge plethysmography. JApplPhysoZ, 79, 

713-719. 



TSCHAKOVSKY, ME., SHOEMAKER, J.K, AND WGHSON, RL. (1996). Vasodiiation and 

muscle pump contribution to imrnediate exercise hyperemia Am J Physiol, 271, Hl 697-Hl 70 1. 

VANLEEUWEN, B.E., BARENDSEN, GJ., LUBBERS, J., ANDDEPATER, L. (1992). Calf 

blood flow and posture: Doppler dtrasound measurements during and after exercise. JAppIPhysioI, 

72,1675-1680. 

VICTOR, RG., SEALS, D., AND MARK, AL. (1987). Differential control of kart rate and 

syrnpathetic nerve activity during dynarnic exercise. J Clin Imest, 79, 508-5 1 6. 

WAGNER P.D. (1 99 1). Central and Peripherai Aspects of Oxygen Transport and Adaptations with 

exercise. Sports Med, 11, 133- 142. 

WALLOE, L., AND WESCHE, J. (1 988). Time course and magnitude ofblood flow changes in the 

human quadriceps muscles during and following rhythmic exercise. JPhysoZ(Zond), 405,257-273. 

WANG, Z., NOYSZEWSKI, E. A., AND LEIGK, J.S. (1990). In vivo MRS measurement of 

deoxymyoglobin in human forems.  Mag Reson Med, 14,562-567. 

WASSERMAN, K., WEIlPP, B.J., KOYAL, SN., AND BEAVER W.L. (1973). Anaerobic 

threshold and respiratory gas exchange during exercise. J Appl PhysioI, 35,23 6-243. 

WELCH, KG., AND PEDERSEN, P.K. (1 98 1). Measurement ofmetaboiic rate in hyperoxia JAppl 

Physiol, 51, 725-73 1. 

WELCY H.G., PETERSEN, F.B., G- T., KLAUSEN, K., AND SECHER, N. (1977). 

Effects of hyperoxia on leg blood flow and metabolism during exercise. JAppl Physol, 42(3), 

3 85-390. 



WESCHE, J. (1986). Time course and magnitude ofblood flow changes in the hurnan quadriceps 

muscles following isometric contraction. J Physiol (Zond), 377,44462. 

WHtPP, B. J. (1 994). The slow component of Oz uptake kinetics during heavy exercise. Med Sci 

Sporis Exerc, 26, 13 19-1326. 

WHlPP, B.J., AND WARD, S.A. (1990). Physiologicd determinants of pulmonary gas exchange 

kinetics during exercise. Med Sci Sports Ererc, 22,62-7 1. 

WKIPP, B. J., AND WASSERMAN* K. (1 972). Oxygen uptake kinetics for various intensities of 

constant-load work. J AppZ PhysioZ, 33,35 1-3 56. 

WILSON, B.A, AND STAINSBY, W.N. (1978). Effects of 0 2  breathing on RQ, blood fiow, and 

developed tension in in situ dog muscle. Med Sci Sports Exerc, 10(3), 167- 170. 

WILSON, B.A., WELCH, H.G., AND LILES, J.N. (1975). Effects of hyperoxic gas mixtures on 

energy metabolism during prolonged work. J Appl Physiol, 39,267-27 1. 

WILSON, D.F., RUMSEY, W.L., GREEN, T. J., AND VANDERKOOI, J.M. (1 988). The oxygen 

dependence of rnitochondrial oxidative phopshorylation measured by a new optical method for 

measuring oxygen concentration. J Biol Chem, 27 12-27 18. 

WILSON, D.F., AND RUMSEY, W.L. (1988). Factors modulating the oxygen dependence of 

mitochondrial oxidative phosphorylation. Adv Erp Med Biol, 222, 12 1-13 1. 

WILSON, J.R, MANCINI, D.M., MCCULLY, K., FERPURO, N., LANOCE, V., AND 

CHANCE, B. (1 989). Noninvasive detection of skeletal muscle underperfusion with near-infiareci 

spectroscopy in patients with heart failure. Cirnrlrtion, 80, 1668- 1674. 



WOLFE, B.R, GRAHAM, T.E., AND BARCLAY, J.K. (1987). Hyperoxia, mitochondrial redox 

state, and lactate metabolism of in situ canine muscle. Am JPhysioi, 253, C263-C268. 

YOSHIDq T., AM) WATARI, H. (1993). 3'~-Nuclear magnetic resonance spectroscopy study of 

the time course of energy metabolism durhg exercise and recovery. Eur JAppl Physio, 66,494-499. 

ZEPPUI, P., VANNICELLI, R, SANTINI, C., DELLO RUSSO, A, PICANI, C., CAMEU, S., 

CORSETTL, R, AND PIETRANGELI, L. (1995). Echocardiographic size ofconductancevessels 

in athletes and sedentary people. Int J S ' s  Med, 16,3 8-44. 

ZHANG, Y.Y., JOHNSON, M C ,  CHOW, N., AM) WASSERMAN, K. (1991). The roIe of 

fitness on V02 and VC02kinetics in response to proportionai step increases in work rate. Eur JAppl 

Physd,  63994-100. 






