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Oxygen uptake (Yod kinetics have been show to be slower in older compared to 

younger adults during the on-transient of exercise involving a large muscle mass (cycling) but 

similar during small muscle mass exercise (plantar flexion). This may be explained by a 

limited capacity to transport oxygen during large muscle mass activity in these older adults. 

The purpose of the present study was to examine the kinetics of CO, and mean blood velocity 

(~wv)  in older and younger men during the on-transient of single leg knee extension (KE) 

exercise. S i x  healthy older (77k6 yr) and six healthy younger (27*3 yr) men perfonned 

constant load single leg knee extension (E) exercise (30 extensions/rnin) transitions fkom 

loadless work to a work rate eliciting a CO, of approximately 60% of their peak KE 

Breath-by-breath alveolar CO, data, coliected using a mass spectrometer, were tirne 

aligned and ensemble averaged. The Co2 on-transient was modeiled with a single exponential 

from phase 2 onset at 20 s to end-exercise. Femoral artery M ~ V  was determined using a 4 

m pulsed wave Doppler ultrasound probe placed directly over the femoral artery, distal to 

the inguinal ligament. -V data were averaged over 2 second intervals (1 contraction cycle) 

and fit with a single exponential model. The time constants (t) of the least squares regression 

models were used to describe the changes in ira, and M ~ V  dynamics. Co2,, was 

signincantly lower in old (1 -00 0.19 1*mhï1) than in young adults (1.5 1 * 0.32 I*mùiL). r?o, 

was significantly slower in old (91.2 * 13.4 s) compared to young adults (36.6 * 6.0 s) 
(P<0.05). In contrat, t ~ s v  was not ditferent behveen the two groups (old, 25.3 * 2.9 s; 

young, 20.2 * 2.5 s, D0.05). Correlations of teo2 and T ~ V  were not significant (for al1 



subjects combined, r = 0.23; P = 0.47). Furthemore, no differences were observed between 

unloaded and steady state exercise MBV responses in old or young adults. With the observed 

similarity in MBV response coupled with the considerably faster rate of increase in M B ~  than 

CO, it was concluded that the transport of blood to the exercising muscle was not limiting 

the kinetics of CO, in the old or in the young. Discounting a blood flow limitation, the 

slowing of Co2 kinetics evidenced in older men may be rate controlled by the inertia of muscle 

oxidative metabolism. 

Keywords: older adults, knee extension exercise, oxygen uptake kinetics, mean blood 

velocity, Doppler ultrasound, femoral artery. 
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Subsequent to the onset of constant load exercise, alveolar oxygen uptake (COJ 

increases to reflect the increase in muscle oxidative metabolism (Whïpp et aL, 1982; Paterson 

& Whipp, 199 1; Rossiter et al., 1999). The fundamental, or primary phase 2 component of 

the increase of CO, is characterized by ünear, first-order dynamics ÇWhipp et al., 1986) such 

that the tirne constant (r) of the phase 2 response is invariant in the moderate to heavy work 

intensity domains (Barstow & Mole, 199 1; Barstow et al-, 1993). Efforts to elucidate the 

regulatory mechanisrn(s) responsible for controllkg the rate of adaptation ofphase 2 Co2 

have resolved to a dichotomy of support with two opposing sides: one purporthg that the 

non-steady state increase in Co2 is limited by the transport of oxygen (03 to the muscle 

(Hughson, 1990; Tschakovsky & Hughson, 1999); the other suggesting the rate of adaptation 

is determined by muscle O, utilization, such that the kinetics of ira, are Iimited by the inertia 

of muscle oxidative metabolism (Whipp & Mahler, 1980; Grassi et al., 1996; Grassi et al., 

l998b). 

The kinetics of CO, have been shown to be slower in older compared to younger 

adults (Cunningham el al., 1993; Babcock et al., 1994b; Chilibeck et al., 1996). Whereas 

slowed kinetics in old compared to young have been demonstrated during both cycling and 

treadrniil running, both groups evidence a similar rate of adaptation duMg plantar flexion 



exercise relative to younger subjects (Chilibeck et a[., 1996). The simiiarity observed in the 

adaptation time course in both older and younger individuals during plantar flexion exercise 

may be explained by the fiequent recruitment of this muscle group, as this rnay serve to 

preserve a well-trained state and thus offset the age-associated slowing evidenced during 

quadriceps exercise in older aduIts (Chilibeck et a[., 1998). Accordingiy, previous work has 

demonstrated that aerobic trainhg can speed CO, kinetics, such that the response time of an 

older subject wii begin to approach that of a younger fit individual (Babcock et al., 1994a). 

The slower Co2 kinetics in older adults may reflect a Limited ability to transport O, in 

these individuals. Slower heart rate (m) kinetics and significant correlations between THR 

and r- are thought to indicate that a slowly adjusting cardiac output at the onset of exercise 

may be responsible for the slowed rco, observed in older subjects (Cunningham et al., 1993; 

Chilibeck ef aL, 1 996). Further, Petreiia and coIleagues (Petrella et al., 1999) have s h o w  

that sedentary older adults may experience slowed CO, kinetics consequent to poor diastolic 

fùnction and cardiac filling. Foilowing improvements in cardiac fùnction through ingestion 

of a calcium channe1 blocker, PetreIla et al. (1999) showed a signifïcantly faster th in their 

older subjects, suggested to resuit fiom improved 0, transport. In contrast to these findings, 

BeU et al. (1999) attempted to increase 0, delivery by having their older subjects breathe 

hyperoxic gas while exercising, but obsenred no improvement in rco, suggesting 0, delivery 

to the muscle was not the limitation, 

The prolonged time course of adaptation in Co2 exhibited by older adults may be due 

to age-related structural or biochemical changes at the level of the muscle. Coggan et al. 

(1992a) observed signincant decrements in both muscle capillarization as well as in oxidative 
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enzyme activity in sedentary older versus younger individuals. Thus, the slowed ira, response 

in older aduIts may be explained by compromised fùnctioning of the oxidative machinery. 

The use of single leg knee extension (KE) exercise af5ords a convenient approach to 

study the on-transient kinetics of gas exchange as CO, measured at the mouth c m  be obtained 

in concert with estimates of bIood flow to the working quadriceps muscle. This method has 

been documented in the literature (Shoemaker et al,, 1994; Shoemaker et al., 1996b; 

MacDonald et al., 1998) in studies examinùig the cardiorespiratory and hemodynamic 

responses during exercise. The model allows investigation to be directed at an isolated 

muscle which is capable of eliciting an adequate elevation in whole body energy turnover, thus 

facilitating the collection of breath-by-breath changes in gas exchange. Furthermore, single 

leg KE exercise would not be expected to overly tax the central O2 transport system, yet would 

recruit a muscle group that wouId not be expected to remain trained with age. Therefore, the 

single leg model presents an attractive means to undertake kinetic investigation in older 

adults. 

Recently, the use of pulsed Doppler ultrasound has gained increased support as a 

means whereby non-invasive measures of changes in blood delivery to the working muscle 

during both on- and off-transients can be approximated (S hoernaker et al., 1994; S hoemaker 

et al, l996b; Hughson et al., 1997; MacDonald et al., 1998). This technology has permitted 

the simultaneous determination of beat-by-beat changes in blood velocity and alveolar gas 

exchange kinetics during dynamic exercise. Furthermore, recent work examùiing femoral 

artery blood flow in rhythrnically contracthg knee extensor muscles has shown that femoral 
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artery diameter is not altered during exercise (Radegran, 1997; MacDonald et al, 1998). It 

follows then that changes in blood flow during single leg KE exercise can be reasonably 

approximated by changes in Doppler ultrasound masures of muscle blood velocity. To date, 

studies have shown that, in young adults, the rate of response in femoral artery blood velocity 

(or flow) is faster than rco, during leg extension exercise (Shoemaker et aL, 1994; 

MacDonald et al-, 1998). In combination with reports of rapid increases in the adaptation in 

leg blood flow at the start of rhythmic KE exercise in young adults (WaUoe & Wesche, 1988; 

Eriksen et al., 1990), these data suggest that the kinetics of CO, during leg extension exercise 

may not be dependent on the rate of O, supply. 

The purpose ofthe present study was to compare the kinetics of @ and mean blood 

velocity (MBV) during the on-transient of singie leg KE exercise in both older and younger 

men. Consistent with the fïndings of previous studies, it was hypothesized that ~ s v  would 

exhibit faster kinetics than CO, in the young adults. Ifolder men demonstrated a simiiar rapid 

response in MBV, then the expected slowing of CO, kinetics in these individuals would not be 

due to a blood flow (or O, delivery) limitation. Rather, the slowed Co, response may 

originate as a consequence of a maldistribution of bIood flow or an impediment in the 

d f i s ive  transfer of O, within the tissue, or may be limited by the rate of O, utilization at the 

level of the muscle (metabolic inertia). Should slowed khetics be evidenced dong with 

a concomitant slowing in M ~ V  kinetics, it would suggest the iduence of an O, transport 

limitation in oIder men. 

The prolonged period of adaptation in CO, in older subjects suggests that during the 

transition fiom rest to exercise, energetic requirements in these individuals are sustained 
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through a greater reliance upon anaerobic metabolism. Increasing the proportional 

contribution of anaerobic resynthesis of ATP introduces the possibility of early fatigue in 

older adults. By considering the performance of daily activities to be analogous to a series 

of exercise transitions, a better understanding of mechanisms that control the rate of 

adaptation of CO, may promote the development of more effective strategies to enhance the 

quality of life in later years. 



2.1 The finetics of Oxwen Uptake 

Foliowing the onset of a step increase in work rate, oxygen uptake (Yod kinetics 

descnbe the rate of increase in CO, as it adjusts to meet the energy demands of the exercise. 

The profile of the ira, response is descrîbed by t h e  distinct phases, each of which is manifest 

by a dBerent mechanism in the adjustment process (Whipp et al., 1982; Casaburi et al., 1989; 

Paterson & Whipp, 199 1; Barstow et al., 1994b; Chilibeck et al., 1997). Phase I is described 

by a rapid and abrupt uicrease in ~ ~ ~ f o l l o w i n g  the onset of exercise while rnixed venous and 

end-tidal gas tensions remain relatively stable (Weissman ef a l ,  1982). The 'cardiodynamic' 

phase I increase in CO, is the result of (and directly proportional in magnitude to) an increase 

in puhonary blood flow owing to an increase in cardiac output (Q) (Whipp et al., 1982). The 

duration ofphase 1 is -20 seconds and is thought to reflect the transit delay before gas 

tension changes in venous blood from the contracting muscles are expressed at the lungs. 

Foiiowing phase 1, blood-borne gas signals [decreased venous oxygen (09 content 

and changes in gas partial pressures (P,o, and P&OJ f?om muscle metabolism] fiom the 

working muscles are reflected by changes in gas exchange at the lungs, indicating the onset 

ofphase 2 of the response. 
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For perturbations within the domain of moderate intensity the required Co2 is equal 

to, or less than, the subject's anaerobic threshold (@a and consequently such tasks Gan be 

pediormed without induction of a sustained lactic acidosis (Whipp et al., 1986; Gaesser & 

Poole, 1996). Under such conditions, the rate of oxidative energy production (Le., 

rnitochondrial resynthesis of ATP) can readjust to adequately supply the energetic demands 

of the working musculature. W~thin the domain of moderate intensity, the increase in CO, is 

approximated to follow a monoexponential tirne course: 

CO, ( t )  = Co2 (SS) { I - e-[ (r-mrJ) 

where +o2(t) is the increase of @ above the pnor steady state (or rest) value at time t; 

k,(ss) is the increase in Co2 fkom the prior level, or the amplitude of ?O;  r represents the 

time constant of the response (i-e., the time required to reach 63% of the overail response in 

Cod; and Grepresents an early delay that proceeds the exponential nse to steady state m p p  

et al., 1982; Whipp ef al., 1986; Gaesser & Poole, 1996). 

Thus, for moderate intensity exercise, thephase 2 increase in 90, is characterized by 

a single exponential equation (Whipp et al., 1982) with a z of approximately 30 to 45 

seconds, which does not Vary appreciably with work rate (Davies et al., 2 972; Whipp et al., 

1986; Casaburi et al., 1989; Gaesser & Poole, 1996). The t of this phase has been referred 

to as the 'primary' or 'early' component for CO, (Paterson & Whipp, 1991; Barstow et al., 

1993 ; Barstow, 1994a). 

Moderate intensity tasks show a continual increase in CO, throughout phase 2 until 

an eventual steady state is reached. This plateau in CO, is termedphase 3, and represents the 

point where oxidative mechanisms of ATP rephosphorylation are matched to the energy 
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demands of the exercise perturbation. For work rates greater than those ofmoderate intensity 

(i-e., > @a, phase 3 describes an additional gradud increase in CO, termed the slow 

component (Whipp et al., 1986; Paterson & Whipp, 1991; Barstow et al., 1993; Womack et 

al., 1995; Gaesser & Poole, 1996; Barstow et a[., 1996). Most investigators have suggested 

a delayed emergence of the slow component, suggesting it begins -80-120 seconds into 

exercise (Paterson & Whipp, 199 1; Barstow & Mole, 199 1; Barstow et al., 1993). Some have 

purported this slow component to originate sùnultaneously with the onset of the phase 2 

response (Macdonald et al., 1997). 

During heavy intensity exercise, investigators have attempted to mathematkally 

describe the more complex response using various models (including one, two, or three 

components) and seIective fitting windows. Paterson and Whipp (199 1) demonstrated that 

the early kinetic phase ofthe response was best approximated by fitting the data to 3 minutes, 

and indicated that a monoexponentiai fit of this primary component was equaily good for 

work rates above and below 8,. The results showed a slightly slower t h e  constant when 

cornparing supra- to sub-GP, work rates. Casaburi et al. (1989) aiso found a biexponential 

mode1 (where the p h a r y  component was fit separately fiom the slow component) to 

produce a significantly better fit of the duMg heavy exercise. In the studies of Barstow 

et al. (1991; 1993), the T value for the early component was largely invariant and did not 

dif3er significantly fiom that observed for moderate exercise, compared to the sornewhat 

slower s observed by Paterson and Whipp (199 1) for heavy exercise. 

The kinetics of the primary component @hase 2) of GO, measured at the lung are of 

particular interest as they are thought to refiect metaboiic control processes exerted at the 
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level of the working muscles. Similarity in pulmonary measures of CO, obtained in concert 

with serial measures of arteriovenous 4 ditferences (thus dowing computation of YOJ 

across the exercising muscle have demonstrated that changes in gas exchange at the mouth 

(pulrnonary or alveolar ~ Q J  closely reflect muscle o2 uptake (Poole et aL, 1992; Grassi et al., 

1996). The use of 31~-nucIear magnetic resonance spectroscopy C'P-MRS) has iiiustrated a 

close temporal similarity between the he t ics  of CO, and the rate of change in 

p hosphocreatine (PC~) during the on- and off-transitions to moderate intensity exercise 

(Barstow et al., 1994b; McCreary et al., 1996; Rossiter et al., 1999). The observed 

symmetry in PCr and Co2 kinetics reflects the fkst-order nature of respiratory control and 

provides tùrther confirmation that pulmonary gas exchange data measured during the transient 

phase 2 resp onse adequat ely reflect the dynamics of muscle respiration (&3 during exercise 

@arstow et al., 1994b; Chilibeck el al., 1998; Tschakovs@ & Hughson, 1999; Whipp et al, 

1999). 

2.2 Factors Limitin~ the On-Transient Kinetics of VO, 

Whereas mathematical modeling has provided a means to quant* the time course of 

adaptation of CO, to a work stimulus, to date the control mechanisms that govern the rate of 

increase in Co2 remain unclear. Debate over the point of limitation has been resolved into 

two distinct and directly contrasting views suggesting that 1) ira, is Lirnited by the rate of 

convective degvery of o2 to the exercising muscles (Davies et al., 1972; Hughson, 1990; 

Hughson et al., 1993; Shoemaker et al., 1994; Hughson et al., 1996; MacDonald et al., 1998; 

Tschakovsky & Hughson, 1999); or, 2) the kinetics of ira, are govemed by the metabolic 
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inertia of oxidative flux dictated at the level of the muscle (Whipp & Mahler, 1980; Grassi et 

al-, 1996; Grassi et al,, 1997; Grassi et al., 1998a; Grassi et al,, 1998b). 

Hughson et al. (1993) compared the response in CO, between upright and supine 

cyciing to supine combined with the application of lower body negative pressure (LBNP). 

In their study, it was postulated that theû model of applying LBNP would increase perfirsion 

and thus O, delivery during the on-transient to exercise. Their results demonstrated that 

slowed ira, kinetics during supine cycling (r-40s) were accelerated following the application 

of LBNP (T-27s) to rates similar to those observed during upright pedaling (T-25s). Further 

work (Hughson et al,, 1996) comparing rhythmic forearrn exercise performed both above and 

below the heart indicated that increases in muscle Go2 (determined fkom venous blood 

estimates of O, extraction) were faster when the working arm was exercised at a level below 

the hem. In that study, the authors observed a close correlation between the rate of 

adjustment in CO, and increases in h b  blood flow, the latter of which also responded more 

rapidly with the arrn exercising below heart level. In the same regard, similar observations 

illustrating a temporal dependence of +O, on the rate of limb blood fiow have been made 

during dynamic Ieg exercise (MacDonald et al., 1998). MacDonald et al. (1 998) manipdated 

pertùsion pressure to the working legs by having the subject sit upright or supine while 

exercising. Estimates of limb blood flow, computed fiom Doppler ultrasound measures, 

showed a more rapid increase in blood flow in the upright position, and coincided with a 

faster mean response tirne (a weighted mean of the time constant and time dday for each 

exponential t e m  fkom the model fit of the data) for the adjustment of ?O, when compared 

to supine exercise. Taken together, the results of the aforementioned studies amalgamate to 
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expose a system where the adjustment in cq following the onset of an extemal workload is 

potentialiy limited by circulatory 0,-transport mechanisms. 

That CO, on-kinetics are determined by the rate of adjustment of O, delivery is not 

without opposition. Conflicting evidence stemmhg £kom studies directed at elucidatuig the 

point of control in the time course of adaptation of Co2 have purported that the rate of 

adjustment is set by inertia or "~Iuggishness" of skeletal muscle oxidative metabolism (Grassi 

et al,, 1996; Grassi et al., 1997; Tirnrnons et al,, 1998; Grassi et al., 1998a; Grassi et d, 

1998b; Grassi, 2000). In these studies, manipulations of the rate of increase in 0, supply 

(either through artenai blood flow or central Q) did not affect GO, kinetics, thus 

demonstrating that the profile of the CO, on-transient responds independently of convective 

and diffusive transfer of O,. 

In an effort to obtain direct, muscle-level measures describing the relationship between 

CO, kinetics and the rate of delivery of O, to the muscle, Grassi and colieagues undertook a 

series of experiments employing in situ canine muscle (1998a; 1998b) and trained human 

subjects (1996). In the first of these studies, a constant-fision thennodilution technique 

allowed for determination of rapid measures of leg blood flow dong with serial measurements 

of arterîovenous O, differences across the working muscle during the non-steady state 

transition to sub-threshold cycling in young men (Grassi et a[., 1996). With these direct 

measures of CO, on-kinetics, the authors demonstrated that a significant increase in blood 

flow (and O, transport) failed to alter the rate of O, extraction in the early phase of the 

transient. 
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The observation that +O, kinetics were not constrahed by the buik delivery of O, in 

the fkst 10-1 5 seconds of exercise were fiirther curroborated by subsequent work conducted 

in the isolated canine gastrocnemius (Grassi et al., 1998a). Similar to their previous study 

employing human models, the authors implemented an experimental design which afEorded 

a direct means for determination of O, delivery and muscle GO, on-kinetics. Moreover, the 

mode1 pennitted the investigators to eliminate any delay in convective 0, delivery during the 

transient phase of the response by pump perfusion (manual roller pump control into conduit 

artery). The response to repeated rectangular bouts of electricaily stimulated isometric 

contractions iiiustrated that accelerated kinetics of O, delivery did not speed the kinetics of 

+oz (Grassi et al., 1998a). The results of the aforernentioned studies showed that the rate of 

buk 0, delivery did not appear to impart limitation on the kinetics of muscle CO,. 

'Delivery' ofo, to the muscles hvolves both blood-borne transport in the vasculature 

as weIl as dfisive transit £kom capillaries to mitochondria. That this final stage in the 

pathway of O, delivery does not limit muscle i#q kinetics was demonstrated in a recent study 

(Grassi et al., 19986) which also employed electrically stimulated canine gastrocnemius 

exercise. To enhance the difisive flux of O, the capillary-to-mitochondria O,-gradient was 

augmented via the inspiration of a hyperoxic (100%) gas adrninistered concomitantly with 

pharmaceuticdy mediated allosteric inhibition of hemoglobin (~b). While the above 

conditions did improve diffusive movement of o2 and increased 0, off-loading from ~ b ,  Grassi 

et al. (1 W8b) did not observe any signifïcant changes in CO, kinetics in response to square 

wave muscle contraction perturbations. Taken together, the combined results of the 

aforementioned studies (Grassi et al., 1996; Grassi et al., 1 W8a; Grassi et al., 1 998b) argue 
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strongiy against the notion of +O, kinetics being Iimited by convective or diffusive o2 

transport. 

If O, delivery does not appear to constrain the rate of adjustment of % then the 

alternative hypothesis suggesting that +O, on-kinetics are determined by the metabolic inertia 

of muscle oxidative metabo tism must be considered. In their examination of O, consurnption 

followùig isometric tetanic contractions in fiog sartorius muscle, Kushmerick and Paul (1976) 

obsewed a time course of PCr resynthesis that was not detectably difEerent than that for 

changes in 0, recovery consumption. They concluded that mitochondrial oxidation may be 

controlled in part by the level of ADP available dwing the transition eom the unstimulated to 

the contractile state. This viewpoint has been extended through the work of Whipp and 

Mahler (1980), who appiied a systems-analysis approach to examine the mechanisms that 

couple ATP production by oxidative metabolism to the reactions that describe its subsequent 

breakdown in muscIe. Based on the initial hypothesis that O, consumption and ATP hydrolysis 

operate as a first-order system, their analysis derived a control scheme whereby muscle CO, 

may be determined by the operating ofthe PCr system. Tn their mode1 of respiratory control, 

muscle 0, consumption changed in parallel with changes in muscle PCr content via the creatine 

phosphokinase (CPK) pathway. Thus, irq kinetics may be rate controlled by limiting 

intramuscular factors. 

Recent work by T h o n s  et al. (1998) examined the potentiai influence of cellular 

oxidative enzymes on the rate of increase in @ at the onset of exercise by considering the 

activity ofthe inner Mtochondnal membrane-bound pyruvate dehydrogenase complex (PDC). 

Increased activity of PDC via the administration of dichloroacetate in hurnans appeared to 
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elicit signifmmt reductions in PCr degradation following the onset of submaximal exercise. 

This implies that the activation of mitochondrial respiration may be Limited by the availability 

of acetyl groups, and may strongly determine the extent of the O, deficit (and hence 

potentially CO, kinetics) at the onset of exercise (Tirnrnons et al., 1998). 

2.3 Artenenal Blood FImv and CO, Kinetics 

Efforts to elucidate the limiting factor in the adaptation of CO, following a change in 

power output may benefit greatly fiom the inclusion of simultaneous estimates of changes in 

blood flow during the transition phase. Such information could provide an index of the rate 

of change of blood flow (and thus 0, delivery) to the working musculature, which may 

provide fùrther insight into the point of control. Recently, with advances both in the 

electronics field and rnicrocomputer processing speeds, there has been a proliferation of 

research conducted describing the use of DoppIer ultrasound to understand the transient 

responses and adjustments of the circulation at rest and d u ~ g  steady state exercise, as weil 

as during the non-steady state adaptation. This technology provides a non-invasive means 

by which estimates of blood fiow, including its direction and character, can be obtained. 

Although some systems employ Doppler ultrasound for hnaging applications, the following 

review will be restricted to the role of the technology only as it pertains to the evaluation of 

blood flow, 



2.3.1 Doppler UIfrasound - Principle and Instrumentation 

The use of ultrasound to assess blood flow is founded upon the Doppler Effect. 

Stated simply, the Effect involves observing the change in fiequency or wavelength due to 

motion. In the fields of diagnostics and research, it is the change in fiequency between 

transmitted and received ultrasound signals (i.e., signals above the range of human hearing, 

about 20 IcHz), that gives rise to a description of movement and speed withîn the area of 

interrogation. Keeping in focus with its application to hemodynamic assessment, Doppler 

ultrasound involves the conversion of an electrical signai into sound waves by a piezoelectric 

element present in the transducer. The sound waves are directed into tissue where they 

encounter and are subsequently reflected by moving erythrocytes, a process referred to as 

Rayleigh Tyndall scattering (Atkinson & Berry, 1974; Burns & JafEe, 1985). When the 

backscattered sound reaches the receiving transducer, a dBerence in fiequency between the 

emitted and retumed signal is detected, and descnbes the Doppler shift (~3: 

2 6 v  cos 8 
Af = (1) 

C 

where Af is the change in ultrasonic fi-equency; f, is the transmitted fiequency of the incident 

ultrasound bearn; v is the velocity of the moving erythrocytes; B is the angle between the 

direction of movement of the target and the incident ultrasound beam; and c is a constant that 

represents the speed of propagation of ultrasound in human tissue; and the factor of 2 is 

included to account for the fact that a change in fiequency occurs twice, once between the 

source and reflector and again between reflector and receiving transducer (GU, 1985; Bums 

& JafEe, 1985; Nelson & Pretorius, 1988). In tissues other than Iung and bone, the average 
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value for c has been listed at 1540 mk (Chauveau et al., 1985; Kremakau, 1990). Some 

Doppler systerns provide ùiforrnation in tems of velocity rather than frequency, which is 

arrived at through knowledge of the Doppler angle and the rearrangement of Equation (1): 

v = Afi 
2 6  cos 8 

Strictly speaking, Doppler ultrasound provides either frequency or velocity rneasures. Blood 

flow measures are obtained by calculating the product of ultrasound measures of blood 

velocity and vesse1 cross sectional area (Gill, 1985), as descnbed by the equation: 

blood flow = v m2 (3) 

Doppler information can be obtained through either a Contirniaus Wme (CW) or 

Pulsed Wwe (PW) technique. The former rnethod describes a systern where the transmitted 

signal is generated continuously. Reflected echos are coUected using a second, separate 

transducer- The transmitting and receiving transducers are usually mounted within the sarne 

housing and are angled inwardly relative to one another, such that the sampled volume is 

defked as the region where their respective beams (incident and reflected) overlap. 

Continuous wave systems relay information regarding both the direction and speed of blood 

movement without Limitation (see Section 2.3.2). However, as cw systems provide 

information on the entire volume deked by the overlapping region of transmitted and 

received beams, the depth fiom which blood velocity data are gathered cannot be controlled. 

Consequently, aii moving objects in the area of overlap WU be interrogated, and thus the 
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exact source of the Doppler signai cannot be determined (Nelson & Pretorius, 1988; Gill, 

1990). 

Pulsed wave systems incorporate short bursts of ultrasound as opposed to the 

continuous emissions of the cw technique. In a PW setup, both transmission and reception 

of signals is achieved using a single transducer element. A generator gate is included within 

the PW instrument which ailows for short pulses of ultrasound to be emitted. By controiiing 

the t h e  intemal from which echos are received, the operator can restrict the depth from 

which velocity data is sampled. The sensitive zone of insonification during PW sampling is 

termed the 'range gate' (Burns & JaBFe, 198 5; Meire & Fanant, 1995). 

2.3-2 Limitatîons and Sources of  Error in the Use of D o R D ~ ? ~  Utrasound 

Measurements obtained through Doppler ültrasound velocimetry can be limited by a 

number of factors comected to both instrumentation and technique. Firstly, as has been 

noted above, cw Doppler systems sample everything present in the area of overlap of the two 

transducer beams. However, this elirninates any rneans for spatiaI resolution and strongly 

impedes the ability to resolve sarnpling depth. The time interval 'gating' present in PW 

systems overcomes this problern, but can introduce error into measurement through aliasing 

of high Doppler fkequencies (Nelson & Pretorius, 1988; Kremakau, 1990). The Nyquist 

Theorem (GU, 1985; Burns & JaEe, 1985) States that a Doppler signal can only be correctly 

reconstructed when the fiequency of the reflected signal is no greater than haIfthe samphg 

rate or pulse repetitionfiequency (PW). Aiiasing results when the fiequency of the Doppler 

shift exceeds the Nyquist Limit. Frequencies in excess of the Pm are aliased and wiil appear 



entirely dflerent (GU, 19851, resulting in an 

a underestirnation of the true eequency (and 

! thus velocity) of the interrogated blood 

sample. As aliasing is a consequence of 

sampling rate, it can ofien by corrected by 

-9 

increasing the beadvessel angle, increasing 

Figure 2.1. Angle 8 is the angie between the direction of 
~ O W  and the direction of ultnsound propagation the PRF, reducing the dtrasonic fiequency @y 

changing to a lower f?equency transducer) and thus lower Af (Burns & JaEe, 1985), or by 

using a CW system, which can measure a wide range of velocities without lirnit (Nelson & 

Pretorïus, 1988). 

A second form of uncertainty in Doppler-calculated blood velocity originates fiom 

error in estirnating the angle between 

insonating beam and veçsel. In their 

deveIopment of a calibration procedure of -1 
beat-by-beat estirnates of blood flow hom 8 
Doppler velocimetry with strain-gauge Bi 
measurements, Tschakovsky et aI. (1995) 

O 

proposed that difTerences in insonation angle '~iddL 0 1 0 ~ ~ ~ 5 0 8 ~ 7 0 g l  

were the likely cause of significant day-to- Figrire 22. The e f f t  of a S-ciegree error in the 
mesurement of the angle betwem ultraSound beam and 
d i i - o n  of flow on the estimaie of  Bow velocity. Adapted 

day variability in dtrasound flow E O ~  Burns gr JaZe (1 985). 

measurements. As is indicated in Equations (1) and (Z), determination of Af or v requires a 

measure of the Doppler angle, dehned in the form of a cosine (Figure 2.1). When the angle 
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forrned between the ultrasound bearn and blood vessel is O", the cosine is 1 and the observed 

Doppler shift is maximai. Conversely, as the angle approaches 90" (Le., transducer 

perpendicular to vessel), the detected shifi becomes increasingly small, to the point where the 

Af signal disappeara Of consequence, Doppler measurements are not reliably achieved at 

Doppler angles greater than about 60 to 70 degrees (Kremakau, 1990). For smailer angles, 

the cosine function does not vary considerably, such that Doppler angles between O O and 20 O 

will only underestimate velocity by a maximum of S% (GiI1, 1985). However, the effect of 

emor in the detennination of 0 for larger angles will have a more profound influence (Figure 

2.2), where an uncertainty of 5% in 8 at 70 O can induce an error of 19% in the calculated 

blood velocity (Burns & JafEe, 1985). In Light of the strong potential influence of variations 

in 0 on velocity, it is recommended that ultrasonic flowmetry be conducted using Doppler 

ansles less than 60" @unis & J a e ,  1985; Nelson & Pretorius, 1988; Kremakau, 1990). 

A h a 1  concern with regard to the error in Doppler ultrasound estimates surrounds 

variation present in the reflected signal. Each moving erythrocyte will give nse to a range of 

fiequencies as it crosses the ultrasound bearn. When this individual effect is sumrned for al1 

rnoving red blood cells under interrogation, a phenomenon known as fransit-rime broadening 

results (Burns & J a e ,  2985) which can increase the noise in the resultant Doppler signal. 

Similady, random error in measurement fiom irnproper bearn-vesse1 aiignrnent as well as 

interna1 interference from adjacent vessels and tissues can fùrther reduce the quality of 

ultrasound flowrnetry (Gd, 1985). Day-to-day variability from such sources can be reduced 

by having several repeated measurements conducted by the sarne person (Shoemaker et al., 

1 W6b) and then averaging the response (Chauveau et al., 1985; Tschakovsky et al., 1995). 
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Despite the limitations hherent in the use of Doppler ultrasound, evidence has been 

presented to support the accuracy of the technique. Cornparisons of ultrasound-determined 

velocity with those obtained using perivascular electromagnetic flowmetry (Chauveau et al-, 

1985) and magnetic resonance imaging (Zananiri et al., 1993) have revealed no signifïcant 

dzerences in the values obtained. Further work by Radegran (2997) has shown close 

agreement between rest and exercise measures of femoral flow obtained through Doppler and 

thermodiution techniques across several work rates. Thus, as long as the potential sources 

of error are observed and several repeated measurements are conducted (and averaged), 

Doppler ultrasound can represent an effective and non-invasive rnethod to assess arterial flow. 

2.3.3. Simultaneo us Doppler Ultrasound V e l o c i n i ~  and CO, Kinetics 

Recently, many investigators have employed Doppler ultrasound to evaluate the rate 

of adaptation in blood velocity during the on-transient to exercise d u h g  both rhythmic leg 

(Walloe & Wesche, 1988; Eriksen et al., 1990; Shoemaker ef al., 1996b) and a m  

(Tschakovslq et al., 1995; S hoemaker et al., 1 W6a; Shoemaker et al., 1997) exercise. There 

have also been severd reports (Shoemaker et al, 1994; Hughson et al., 1996; MacDonald 

et al., 1998) where Doppler ultrasound estimates of the rate ofhemodynamic adjustment have 

been coupled with shultaneous rneasurements of CO, to better understand the relationship 

between O, delivery and O, uptake kinetics. 

Many of the aforernentioned Doppler ultrasound studies have been reported in terms 

of rnean blood velocity (M~v). When measures of flow have been desired, investigators have 

conducted echo Doppler imaging to measure arterial diameter in order to subsequently 
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calculate blood fIow (Hughson et al., 1996; Shoemaker et al., 1996a; Shoemaker et al., 1997; 

MacDonald et al., 1998). Interestingly, two recent reports have demonstrated that in the 

femoral artery, vesse1 diarneter remains unchanged between rest and exercise (MacDonald et 

al., 1998) for several Merent workloads (Radegran, 1997). 

Studies that have exarnined the time course of blood velocity andor fiow to a step 

increase in work rate have evidenced very rapid rates of adaptation (Walioe & Wesche, 1988) 

compared to the khetics of Co,. Following the beginning of two-legged rhythrnic exercise 

(3-5 cm heel M s  while lying supine), Eriksen et al. (1990) have shown Q to reach 80% or 

more of its steady state value in about 10 s, and femorai flow to attain 90% of its maximal 

plateau value in about 15 S. Sornewhat slower rates of adjustment in femoral artery bIood 

velocity have been reported in other studies, describing .r; values of 14 to 3 5 s (Shoemaker et 

al., 1994; Shoemaker et al., 1996b). Variability in response times has been further 

demonstrated during forearm exercise, where values for mean response tirne have ranged 

fkom -3 0s (Hughson et al., 1996) to 75 s (Shoernaker et al., 1996a). The discrepancy 

between rates of increase in MBV observed may likely reflect differences in work intensity, 

contraction rate, or study design. 

Rate of contraction and workload rnay be strong determinants of differences in the 

adaptation ofblood velocity. This has been demonstrated by Shoemaker et aI. (1996; 1997), 

where positionhg the forearm above the heart and increasing power output were both shown 

to slow the rate of adjustment in forearm blood velocity/flow. Similady, MacDonald et al. 

(1 998) demonstrated that the mean response time of adaptation in femoral artery blood flow 

was slower in the supine (27.6 * 3.9s) compared to upnght position (17.3 * 4.0s) during knee 
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extension exercise in young men. In the studies of both MacDonald et al. (MacDonald et al., 

1998) and Hughson et al. (Hughson et al., 1996), +O, kinetics were found to be slower in 

conditions that promoted slower rates of adjustment in blood flow. Thus, these data 

extrapolate to support the notion that o2 availability may limit the adaptation of muscle +O,. 

2.4 A~einP and PO Kinetics 

The kinetics of irq for moderate intensity exercise have been shown to be slowed as 

a tunction of age (Babcock et al., 1994b). The protracted response observed in elderly 

subjects has been demonstrated during both square wave and sinusoidal forcing tests 

(Cunningham et al., 1993), and has been reproduced repeatedly during large muscle mass 

activities such as cycling and treadmdl running (Chilibeck et al., 1996; Be11 et al., 1999). 

However, Chilibeck et al. (1996; 1997) found that the trend of a slowed rate of adaptation 

of Co2 in older individuals did not hold constant for smalier muscle mass activities (e.g., 

rhythmic plantar flexion exercise), although the older adults in their studies performed regular 

walkïng exercise. The observed s i m i l e  intime course of CO, in older and younger subjects 

suggests that the plantar flexors may remain weii trained in the (ambulatory) elderly, as the 

muscle group would experience daily recruitment during stepping, walking, and stair climbing. 

Such an effect has been demonstrated by Babcock et al. (1994a), who presented data f?om 

older men showing that 24 weeks of endurance training accelerated the kinetics of ventilation 

and gas exchange to values which approached those reported for fit young subjects. 

Therefore, the prolonged response in the kinetics of observed in older adults may arise 
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Eom an increasingly sedentary mestyle associated with increasing age, rather than as a 

consequence of simpty growing older (Paterson, 1992). 

The decline in Co2 kinetics observed in older adults may be related to changes present 

at the level of the muscIe in these subjects, afEecting either transport through the 

microcirculation or intramuscular oxidative capacity, or some combination of the two. In 

moderately active subject groups, Chilibeck et aI. (1997) examined the relationship between 

muscle capillarization and CO, kinetics in the lateral gastrocnemius of older and younger men 

and women. Sirnilar .jo, on-kinetics were observed in young (44.8 * 9.7s) and old (47.7 

19.0s) during moderate intensity plantar flexion exercise, dong with no evidence of any 

dserences in muscle capi~~zation,  fiber area, or diffusion distances between subject groups. 

However, these findings have not been consistent within the Literature, as Coggan et al. 

(1 9Wa) found significant reductions in both capiliarization and rnitochondnal enzyme activity 

in older adults. However, following 9- 12 months of endurance training, it appears that these 

Iosses c m  be reversed (Coggan et al., 1992b). Sustained training in the elderly may even 

increase the activity of mitochondrïal enzymes to IeveIs in excess of the very fit young 

(Coggan et al., 1990). 

The slower CO, kinetics in older adults may altematively reflect a limitation in central 

O, delivery to the exercising muscles. Chilibeck et al. (1996) suggested that impaired delivery 

of 0, may be iinked to age-related reductions in central cardiac output, as was inferred 

through their observation of slowed $0, and het ics  in older adults. A putative 

relationship between THR and T~O, has been further suggested with the work of Cunningham 

et al. (1993) but was not supported in the fmdings of Babcock et al. (1994b), who found no 
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s i w c a n t  slowing of HR kinetics with age. The codicting results of these two studies may 

reflect dzerences in exercise protocol (square wave vs. sinusoidal forcing) o r  in relative 

fitness of the subjects. 

In a related investigation, PetreUa et al. (1999) observed a faster rCo2 after the 

administration of the calcium channel blocker veraparnil to older sedentary and hypertensive 

men and women, Although the pharmacological intervention did not induce accelerated ER 

kinetics, increases in cardiac fïliing and stroke volume were evidenced in these subjects. 

These results would purport that in older groups with below average fitness, cardiac function 

(and thus the ability to deliver 09 may lirnit the Co2 response during the non-steady state 

adaptation to an exercise stimulus. In opposition to these fhdings are the recent resdts of 

Bell et al. (1999), who observed no improvements in Co2 kinetics following hyperoxic 

breathing in older men performing cycling exercise. The apparent ineffectiveness of hyperoxia 

to speed @ kinetics has also been demonstrated in younger subjects (Macdonald et aL, 

L997), indicating that O, transport, which would presumably be enhanced in hyperoxia (as a 

result of increased artenal POJ, may not be limiting in the non-steady state adaptation of CO,. 

2.5 Summarv 

Oxygen uptake kinetics during the on-transient of exercise to a moderate intensity step 

change in power output are described by a 3-phase response. Phase 2, a h  referred to as the 

primary component of +O,, can be approximated to follow a monoexponential t h e  course 

for exercise intensities within the moderate domain. During heavy intensity exercise, phase 

3 describes the delayed onset of a slow component afier the pnmary response. Several 
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studies have shown the time constant for the primary component of the Co, response to be 

invariant of exercise intensity, and thus its value will remain unchanged in heavy domain work 

tasks. It still rernains unclear what controls the rate of adaptation in CO, foliowing the onset 

of exercise. Current theories have suggested that the rate of uptake of O, may be determined 

by transport limitations or by the intrarnuscular oxidative machinery. In older adults, the 

khetics of ira, have been shown to be slowed as a function of age, but the exact causes for 

the prolonged response remain to be elucidated. Doppler ultrasound velocimetry rnay provide 

hsight into rnechanisms cont rohg the rate of adaptation of CO, and may help to expand our 

current howledge regarding the age-related slowïng of Co, on-kinetics. 



Six older men (77+6 years) and six younger men (27*3 years) volunteered for 

participation in the study. Subjects comprised individuals from within the community and 

graduate students at the university. AU were healthy and were not taking any medication 

known to influence cardiorespiratory finction. The older men were recruited as part of an 

endurance training study being conducted at the same facility. The data used in the current 

study represent baseline (pre-training) measurements for these older men, and were obtained 

during the initial testing of that investigation. Lifestyles of subjects in both groups ranged 

fiom sedentary to moderately active. AU subjects gave informed consent to participate in this 

study, which was approved by the Health Science Review Board for Research Involving 

Human Subjects. 

3.2 Peak CO, Tese Two Lep Cvcle Ernometer Exercise Ikiizpkcd 

Subjects performed a ramp exercise test to volitional fatigue on an electncally braked 

cycle ergometer (Lode, mode1 H3OOR) for determination oftwo leg cycle ergometer peak CO, 

(+o2&. Older subjects performed the test under the supervision of a physician and were 
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monitored with a 12-lead ECG. FoUowing 4 minutes of loadless cycling (power output of 

- 15 w), work rate increased as a ramp fùnction at a rate of 10-12 w/rnin for old or 25 w h i n  

for young subjects. Fatigue was dehed as the point at which the subjects were no longer 

able to maintain a cycling cadence of 60 rpm. was established fiom gas exchange data 

as the highest GO, achieved averaged over the 10 second interval of breath-by-breath 

measurements at the end of the test. 

3.3 Ewnzeter Design 

Exercise testing was conducted using a custom-buiit single-leg knee extension 

ergometer adapted after the mode1 described by Andersen et al. (1 985). A Monark cycle 

ergometer (Mode1 814 E) was substituted in place of a Krogh ergometer. Subjects were 

seated on a bench with a fùUy adjustable backrest aliowing adjustment of both tilt and fore-aft 

positioning. This ensured that subjects of dzerent heights and leg lengths could be 

accommodated equatly weli. The ergometer was adjusted such that al1 subjects perfonned 

knee extensions with the hips flexed at an angle of approxhately 120". 

Single leg knee extension exercise consisted of pushing against a padded bar attached 

to a lever m. An aluminurn rod connected the lever arm to a pedal of the cycle ergometer. 

The cycle ergometer fieewheel was converted to a fixed-wheel hub such that flywheel and 

pedals rotated in unison. Thus, with knee extension, the cycle pedal would rotate one-haK 

turn after which flywheel momentum would return the Iever arm to the starting position. 

Thus, the quadriceps group were the only muscles recruited for the exercise. Work rate was 

manipulated by adding weights to the basket suspended above the Monark flywheel (as with 
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normal cycle ergometry). Unloaded exercise was achieved via manuai rotation of the cycle 

ergometer pedals by the investigator. There was no attachent between the extending lower 

Ieg and padded bar of the ergometer; subjects were instnicted to keep the two in contact by 

following the movement of the bar during the unloaded segment of the protocol. 

Subjects were instructed to maintain a cadence of 30 knee extensions per minute 

throughout the exercise tests. The two-second contraction cycie (1-second extension, 1- 

second relaxation) was guided by a metronome that provided both audible and visuaI signahg 

to the subject, and was fùrther ensured by hwing the investigators monitor the revolutions- 

per-minute output on the ergometer computer screen. Each knee extension required 

movement of the lower leg fkom approxhately 95" to 160°, corresponding to one full 

revolution ofthe ergometer pedals. Subjects were instructed to keep their hands relaxed and 

flat on the bench alongside their hips, and were not permitted to grasp the sides of the bench 

or prop themselves up wMe performing the extensions. 

3.4 Peak PO, Testr SinpIe lep Knee Eutension Erercise (th,,& 

Each subject perfonned an incremental exercise test for determination of single leg 

knee extension peak Co2 (Yo,,&. The test consisted of 3 minutes of loadless exercise 

followed by an increase in work rate to 15 W. This was maintained for 2 minutes, d e r  which 

the work rate was increased by a further 3 w for older or 6 w for younger subjects every 2 

minutes. Increases to work rate were achieved by the addition of weights (with 3 w 

corresponding to the addition of 0.1 kg) to the basket suspended above the ergometer 
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fieewheel. The test ended when subjects were no longer able to maintain the required rate 

of 30 extensions per minute. 

3.5 Constant Load Knee mension Ekercise 

Subjects were required to perform a number of repeats of constant load knee 

extension exercise. Each repeat consisted of 6 minutes of unloaded effort foilowed by a step 

increase in work rate to an intensity equal to approximately 60% of ?02,,. This was 

maintained for a period of 6 minutes and was followed by a final 6 minutes of unloaded 

recovery. Two square wave transitions were perfonned in sequence followed by a rest penod 

of approximately 3 0-40 minutes, foUowed by a repeat of t he two square waves. AU 6 old and 

2 young subjects completed a total of 6 exercise transitions across 2 separate visits to the 

laboratory, performing two sets of successive square wave transitions the first day and one 

set the following day. The remaining 4 young completed a total of 4 exercise transitions 

during one visit to the laboratory, performed as two sets of successive square waves. 

3.6 Cidibrution, Equiument. and Data Acquisition 

Calibration of equipment was completed pnor to each testing session. Inspired and 

expired flow rates were measured using a low dead space (90 ml) bidirectional turbine (Alpha 

Technologies VMM 1 IO), which was calibrated daily using a syringe of known volume 

(0.990 liter). Respired gases were sarnpled continuously (every 20 ms) at the mouth and 

analyzed for concentrations of O, CO, and N, by a mass spectrometer (Perkin E h e r  MGA- 

1 100) calibrated daily against precision-analyzed gas mixtures. Changes in gas concentration 
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were aligned with gas volumes by measuring the t h e  delay for a square wave bolus of gas 

passing the turbine to the resulting changes in fiactional gas concentrations as measured by 

the mass spectrometer. Coiiected data were converted fiom analog to digital format and 

stored on a computer for later processing and analysis. Breath-by-breath alveofar gas 

exchange data were calculated using the algorithrns of Beaver et al. (198 1). 

Femord artery MBV data were detennined by using pulsed Doppler ultrasound 

velocimetry (Multigon Industries, Mode1 500M). A flat probe with an operating eequency 

of 4 M H ~  and a fixed angle of insonation of 45" was pIaced on the skin over the conunon 

femoral artery, approximately 2 - 3 cm distal to the inguinal Ligament. The ultrasound gate 

was maintained at fùll width to ensure cornplete insonation of the entire vesse1 cross section 

with approximately constant intensity (Gill, 1985). Beat-by-beat MBV was calculated by 

integrating the total area under the MBV profile with the marked QRS complex of the ECG 

tracing to indicate the end of one heartbeat. MBV and ECG data were all recorded at a 

fiequency of 200 Hz and stored on a computer for later analysis. 

Blood samples were collected at exercise onset as well as at minute 3, 4.5, and 6 

during one of the six square wave repeats. A final sarnple was drawn at the end of 6 minutes 

of unloaded recovery (i.e., 12 minutes after work onset). Blood was sarnpled using a 

percutaneous Teflon catheter (Angiocath, 21 gauge) inserted h to  a dorsal vein of the hand. 

The hand and forearm were wrapped in a warm heating pad which was worn for the duration 

of the exercise protocol. Artenalized venous samples (McLoughlin et al., 1992) were 

coilected using hepa-ed syringes (3 cc) and immediately stored in an ice bath. 

Concentrations of plasma lactate were determined using a blood gas-electrolyte analyzer 
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(Nova Stat Prohle 9 Plus gas-electrolyte analyzer, Nuva Biomedical Canada) or a glucose- 

lactate analyzer (YS1 2300, Yeliow S p ~ g s  Instments Company, Inc.), both of which were 

calibrated at regular intervals during sample analysis. 

3.7 Data Analvsis 

Breath-by-breath data were interpolated to 1-s intervals. m v  data were interpolated 

to 2-s intervals (1 contraction cycle). Square wave repeats were time aligned and ensemble 

averaged to yield a single data set for each subject. Averaged response data were fit using 

a monoexponential model in the generai form: 

where Y represents CO, or M ~ V  at any tirne (t), A, is the model estimate of baseline, A is the 

amplitude of the increase in Y above the baseiine value, and rr> and rrepresent the t h e  delay 

and t h e  constant of the response, respectively. The .r: value reflects the time to reach 63% 

of the amplitude of the steady state response as denved nom the exponential model. The 

total lag time (TLT) was calculated as the sum of r and m. The CO, response was quantified 

with a monoexponential curve fit from 20 seconds after exercise onset, to exclude thephase 

I response, until the end of exercise. MBV data were fit using a rnonoexponentiai model 

encompassing the last two minutes of unloaded work through to end-exercise. Ail 

mathematical curve fitting was performed using a Ieast squares non-linear regression where 

model fit was determined by the regression tine that yielded the lowest residual sum of 

squares (RSS). In certain cases where noise or variation in the data created difficulty in model 
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fitting and achieving a minimized RSS, the mode1 fit of the data was attempted for fitting 

windows of 3,4, or 5 minutes into exercise as opposed to attempting to f i t  the fÙil6 minute 

exercise penod. The optimal fit for each case determined by the observed goodness of fit 

through the on-transient phase of interest @hase 2) .  In cases where the ira, response 

evidenced a slow component, the fitting window was reduced to avoid the inclusion of this 

delayed onset component into the regression, ensuring that the mode1 fit was constrained to 

inchde oniy the prhary @hase 2) component. 

3.8 Sfatistical Analvses 

Cornparisons of physiological responses were evaluated using a one-way andysis of 

variance (ANOVA) with between-group measures for age. DEerences in on-transient kinetic 

responses of Co2 and M B ~  (t and TLT) across the two groups were assessed using a two-way 

ANOVA. Pairwise multiple comparisons arnong the mean values of the factor levels within age 

(old vs. young) and response parameter ( t  and for Co2 and MBV) were perforrned using 

a Student-Newman-Keuls post hoc analysis. The level of si@cance was set at P<O.OS. The 

relationship between NO, and ZMBV was examined with a Pearson product-moment 

coefEcient of correlation. 



4.1 Sub ject ChnractmtFtis and Tests @Peak h, 

Six older men and six younger men participated in this shidy. The mean (*SD) ages 

of the subjects were 77(*6) and 27(*3) years for the older and younger groups, respectively 

(Table 1). The two groups were similar in terrns of height and body mass. Peak Coz 

detennined from the two leg ramp cycle ergorneter test (Cook& in the older group (2.02 

0.8 1 1*mhf1) was signi£ïcantly lower than in the young (3 -97 * 0.60 l*min'l)(Table 1). The 

older subjects also demonstrated a significantly lower peak Go2 ( Y o , , ~  during the 

incremental knee extension exercise test (1 -00 * 0.19 lemin-') compared to the younger men 

(1 -5 1 0.32 I*min")(Table 1). Peak work rates for the incremental one leg test were 2 1 -5 and 

46 w for old and Young, respectively. The peak O, uptakes during KE represented 38% in 

young and 50% in old of the mean peak Co2 elicited during two leg cycling ( Y O , ~ .  The 

highest HR observed during the KE test averaged 11 1 beatsmrnin-' in old and 117 beatsvnin-l 

in young, corresponding to 64% in young and 74% in old of the of the peak HR achieved in 

the cycling test. 

4.2 Fo, and HR Responses 

For the constant load one Ieg exercise test7 the mean GO, response measured during 

unloaded knee extension exercise was significantly lower in the old compared to the young 
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group (403.6 * 19.5 vs. 523.3 * 38.6 ml*&-'). During the constant square wave exercise, 

the CO, was sigdicantly lower in old compared to young at the midpoint (minute 3) ofthe 

constant load (668.7 * 22.1 vs 870.6 I 58.8 mI*min-'), and at the end of exercise (725.1 * 
13.9 vs 880.1 * 52.9 ml-min-'), reflecting the lower WR in the old (15 W) versus young (2 1 

w). Evaluating the difference in 0, uptake detemiined at minute 3 and end exercise illustrated 

a small increase in CO, (slow component) present in the older men which tended to be greater 

than that observed in the younger subjects (ACoXG3, = 56.4 * 18.3 vs. 9.6 * 12.3 ml*rnin", 

P = 0.059). This magnitude of the Aire,,,, in the older subject group, determined through 

liiear regression of the 3 to 6 minute intend, averaged 22 ml*minl each minute. 

Mean heart rate responses during both loadless (old 8 1.4 * 3 -7, young 70.8 7- 1 

beatsmid) and throughout the steady state exercise transition (6 min, old 98.5 + 5.1, young 

84.2 * 7.9 beatsmmin-') were not signifïcantly different between the two age groups. The 

unloaded to end-exercise HR increase averaged 17 beatsmmin-' in old and 13 beats-min-' in 

young. End exercise ER averaged 7 1 (young) and 8 8% (old) of q,. 

4.3 PO, Rinetics 

Three of the old and ali six of the young men were observed to reach a steady state 

in Co2 at the end of the 6 minute square wave bout. The slower on-transient +O, response 

in one leg exercise of an older subject compared to a younger subject is shown in Figure 4.1. 

Basehe Co2 (A, fiom the mode1 fit, at approxhately 20 s) in young (669.7 * 45 -5 ml-min-') 

was significantly greater than in older men (485.7 * 16.7 mlmin-'). However, the total 

amplitude in CO, (A) was similar between the two groups (234.4 f 24.9 and 205.2 * 22.8 
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ml*min-' for oid and young, respectively)(Table 4.2). To account for these dserences, the 

GO, response of an older and younger subject are depicted as nomalized for the total 

amplitude representing 100% and the old and young response compared in Figure 4.2. 

nie non-linear least squares regression model fit a signincantly slower mean t*o2 of 

91 -2 (h 13.4) s in the older group when compared to the 36.6 (* 6.0) s t h e  constant in the 

young (Table 4.2). The length of the TD component of fit was not signincantly different 

between the two groups. With the relatively similar residual sum of squares of the h e  ofbest 

fit to the data, the monoexponential model (constrained to begin 20 s f i e r  work onset) 

provided an appropriate and equaiiy good description of the response in both subject groups 

(Fig 4.3 and 4.4). 

4.4 MB Y Rinetics 

Baseline MBV for loadless exercise (Table 4.3) was similar in old (2 1 -2 * 1.8 c m 4 )  

and young groups (18.1 * 2.7 crn*s-'). Comparable values were also apparent in the steady 

state of exercise, where MBV averaged 39.8 (* 3 -5) cm-s-' in the old and 33.3 (* 3 .O) crn.s-l 

in the young men. The rate of adaptation in MEN foliowing the onset of work was not 

dEerent between the two age groups (Table 4.3, Figures 4.5 and 4.6), with group mean 

r m v  values averaging 25.3 (* 2.9) s in old and 20.2 (* 2.5) s in young. There were no 

significant dflerences in parameter estirnates (r, TD, TLT) of the MBv response in either of the 

two groups. On average, in the young subjects the MBV response produced a signal with 

more noise and variability, as evidenced by a greater scattenng of residuals about the non- 

linear regression line (Table 4.3, Figure 4.7). 
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Cornparison of the tirne constants of the two response parameters showed that TMBV 

responded much more quickly than tYo2 in both groups. Pearson product-moment coefficient 

of correlation revealed no significant relationship between TMBV and T~O, in either the old 

(r = 0.10; P = 0.85) or the young (r = -0.66; P = 0.15), or for all subjects combined (r = 0.23; 

P = 0.47). 

4- 5 Plasma Lactate 

Blood sarnples were obtained fkom four of the six subjects in both the older and 

younger group. The mean concentration of plasma lactate ([kt-]) taken at exercise onset 

(minute 6) was sigdcantly higher in the old (2.2 * 0.3 mmol*L-') compared to the young 

men (1 .O * O. 1 rnmo1.L-'). However, at ail other sampling times throughout exercise and 

following recovery, plasma lactate concentration was found to not diffier significantly between 

the two groups. Duruig exercise, [h-] rose to 3.3 (* 0.3) and 2.3 (* 0.8) mmol*L-' in old and 

young, respectively, and reached concentrations of 3 -6 (* 0.4) mmol*L-' (old) and 2.4 * 1.2 

mrnobL-' in boung) by end exercise. Foliowing 6 minutes of recovery, mean [LC] hcreased 

slightly in the old (4.0 * 0.4 mmol*L-') and decreased in the young (2.0 * 1.0 mrnol-L-'), but 

overaii there were no diierences in final concentration between the two groups. 



Table 4.1. Subject physical characteristics and measures of gas exchange for peak cychg 
and knee extension exercise tests. 

- -. . . . . . . - - - -- 

Mean 27 179 86.4 3 -97 1.51 

(Sm (3 (7) (14.1) (O. 60) (0.32) 

Old (n=6) 

1239 74 181 82.0 2.29 1.24 

3704 83 175 69.0 1.60 0.99 

1721 78 181 89.7 2.08 1 .O5 

3 892 66 166 88.0 2.06 0.8 1 

1933 79 176 90.3 2.03 0.76 

0520 83 176 74.5 2.06 1.15 

peak Co2 for cycle ergometer ramp exercise test;  GO^^-, peak Co2 
for incremental singie leg knee extension exercise test. 

* Signincant dzerence between age groups (P<0.05) 



Table 4.2. Summary of parameter estimates of the model fit for oxygen uptake (Cod 
response during moderate intensity knee extension exercise in young and old 
men. 

- -- 

Parameter Young OId 

A, (ml-min-') 669.7 485-7* 
(45 - 5 )  (16.7) 

RSS (x IO5) 2.9 2.9 
(O, 6) (O. 8) 

Data are means (SE). A,,, \io, at 20 s post-exercise onset; sco, tirne constant; TLT, total 
lag turie; A, amplitude; RSS, residual sum of squares of model fit. 

* SigniGcantly different than young (PCO-05). 



Table 4.3. Sumrnary o f  parameter estirnates ofthe model fit for mean blood velocity (M~v) 
response during moderate intensity knee extension exercise in young and old 
men. 

Parameter Young Old 

A, (cm&) 18.1 2 1.2 
(2-7) (1 -8) 

TMBV (s) 

RSS (x IO') 4.9 2.8 
(1 .O) (O. 6 )  

Data are means (SE). &, MBV during unloaded knee extension exercise; tMBV, time 
constant; TLT, total lag t h e ;  4 amplitude; RSS, residuai sum of squares o f  model fit. 
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Figure 4.1. Individual rnean oxygen uptake response to square wave knee extension 
exercise in a single young (A) and old (B) subject, Data are 1 s averages and 
represent the ensemble average of six repeats. Exercise onset is at minute 6. 



Time (min) 

Figure 4.2. Norrnalized plots of oxygen uptake response to square wave knee 
extension exercise in a single young (solid circles) and old (open circles) subject. 
Data represent the ensemble average of six repeats. Exercise onset is at minute 6. 
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Figure 4.3. Oxygen uptake response to square wave knee extension exercise 
in a single young subject. Panel A shows breath-by-breath data (open circles) 
and least squares rearession (solid Iine). Panel B shows do t  of residuals. 
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Figure 4.4. Oxygen uptake response to square wave knee extension exercise 
in a single old subject. Panel A shows breath-by-breath data (open cirdes) 
and least squares regression (solid Iine). Panel B shows plot of residuals. 
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Figure 4.5. Individual mean blood velocity response to square wave knee extension 
exercise in a single young (A) and old (B) subject. Data are 2 s means (1 contraction 
cycle) and represent the ensemble average of six repeats. Exercise onset is at 
minute 6. 
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Figure 4.6. Nomalized plots of mean blood veIocity response to square wave 
knee extension exercise in a single young (solid circles) and old (open circles) 
subject. Data are 2 s means and represent the ensemble average of six repeats. 
Exercise onset is at minute 6. 
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Figure 4.7. Mean blood velocity response to square wave knee extension exercise 
in a single young subject. Panel A shows beat-by-beat data (open circles) and least 
squares regression (solid line). Panel B shows plot of residuals. 
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I 
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Figure 4.8. Mean blood velocity response to square wave knee extension exercise 
in a single old subject. Panel A shows beat-by-beat data (open circles) and least 
squares regression (solid Me). Panel B shows plot of residuals. 



The present study was undertaken to examine the kinetics of GO, and of mean blood 

velocity (MBV) during single leg knee extension exercise. Older men were compared with 

young to discern whether slow CO, kinetics at the exercise on-transient in the old reflected 

a slowed kinetics of MEW. For the constant load knee extension exercise, signi6icantly slower 

CO, kinetics were observed in older compared to younger men. However, old and young 

exhibited similar rates of adjustment of M ~ V  at the exercise on-transient and a similar 

magnitude of increase for the steady state m v .  The r m v  was significantly faster than r+o2 

in both old and young. These data suggest that transport of blood to the exercising muscle 

was not the lùniting factor slowing the t h e  course of adaptation in ?O, in older subjects 

during KE exercise. 

The use of a knee extension exercise mode1 was chosen to allow for study of a 

relatively isolated muscle group (quadriceps) during exercise, dong with measures of MBV 

in the femoral artery. Furthemore, use of the relatively large muscle mass of the upper 1eg 

(compared to arm or Iower leg exercise) provided a greater amplitude of response, perrnitting 

curve fit analysis of the gas exchange response during exercise. The observed CO, response 

in the steady state of the constant load, one-legged knee extension exercise approxirnated 725 

mlmin" in old and 880 mlmin-' in young, representing 73% (old) and 58% (young) of the 
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peak one-legged Go2. Sunilar proportions of the peak cychg  responses were witnessed to 

occur in both groups and [~a-] was well below that described for critical power in young and 

old (Overend et al-, 1992), suggesting that the exercise was weil within sustainable limits, 

At the onset of square wave exercise (i-e., after 6 minutes of loadless work), the [~a-3 was 

significantly higher in the old compared to young. This rnay be related to a greater early 

lactate accumulation in the older men during the transition fiom rest to exercise at the onset 

of ioadless KE work. Mternatively, a reduced muscle mass in the old may have rendered the 

task of loadless extensions (lifting of the lower leg) to be of greater relative htensity for these 

individuals compared to the young group. 

The design was for a sirnilar relative work rate in old and young and a ?O, response 

in the moderate intensity domain, to facilitate mode1 fitting of the CO, data. In fact, the 

relative work rates were higher in the old due to a limitation of the minimum work rate which 

could be set on the ergometer. Thus, in the old, the ?O, response showed a slight "slow 

component" and the post-exercise blood lactate showed a A [ ~ a ]  of 1.8 mrnol*L" in the old 

compared with 1.4 mmo1.L-' in young. The larger A[h-] in old may be the consequence of 

a greater contribution hom early h- accumulation related to the slower rise in Co2 at the start 

of exercise. Thus, the old would be categorïzed as exercising at slightly above anaerobic 

threshold, on the verge ofthe heavy intensity domain, but certady well below severe exercise 

or critical power, wherein blood lactate would increase throughout exercise and there would 

be a large "slow component" of CO,. Despite this difference in relative exercise intensity of 

old and young, it is unlikely to affect the analysis of kinetics. In the current study, responses 

that displayed a delayed onset slow component were analyzed with a reduced fitting window 
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(to exclude the slow component), such that the regression was fit to describe only the prÎmary 

@hase 2) component of the response. In fitting the prirnary component of the Co2 response 

@hase 2), Barstow and colleagues (1991; 1993) observed z to be constant across both 

moderate and heavy intensity exercise. Paterson and Whipp (199 1) found slowerphase 2 

kinetics with heavy work, however the dserence in z f?om moderate exercise was only 8.9 

seconds, and their exercise was at A ~ O  (a CO, midway between 0, and ?O&, close to the 

"severe" exercise domain. Thus, in the present study, the d e t e d a t i o n  of rqo, and the 

kinetics of MBV related to the exercise demand should not be appreciably affected by the 

slightly dïerent relative work rates of oId and Young. 

The slowed ?O, kinetics observed in oider subjects is consistent with most previous 

reports for oIder adults for studies of cycling (Cunningham et al., 1993; Babcock et al., 

1994b) or treadmiU (Chilibeck et al., 1996) exercise. Chilibeck et ai. (1 996; 1997) found CO, 

kinetics not to be slowed in older adults during the s m d  muscIe mass exercise of plantar 

flexion. They suggested this couid be consequent to the minimal cardiovascular requirement 

of a s m d  muscle mass. Altematively, it was suggested that plantar flexor muscles 

experiencing daiIy acti* rnay have preserved muscle metabolic responses. In the present 

study, the quadriceps, as used in cycling, are unlikely to be as "trained" as the plantar flexors. 

Thus the slowed kinetics may reflect responses in muscle metabolism. 

The limitations or mechanisms of the slowed Co2 kinetics with age remain unclear. 

Some investigators have hypothesized that the slowhg of GO, kinetics in older adults may be 

related to an hpaired central delivery of o2 (or kinetics of Q increase at the exercise on- 

transient), infemed through slowed HR kinetics (Cunningham et al., 1993; ChiIibeck et al- > 
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1996). In addition, these investigators reported a sianificant correlation between rco, and 

THR. Further support for a centraliy limited 0, delivery has been presented by Petrella et al. 

(1 999). Their study demonstrated that sedentary older adults wit h impaired diastolic fùnction 

showed slow CO, khetics. However, pharmacological intervention using a calcium channel 

blocker was shown to improve diastolic fùnction and cardiac filhg at rest, and to speed the 

GO, kùietics of the exercise response. Aithough ER kinetics were not changed, it was 

suggested improved diastolic fbnction would yield an improved stroke volume and centrai 

blood flow at exercise onset, overcoming a limitation of blood fiow delivery to the exercising 

muscles. Whereas these studies may suggest a central circulatory Sitation, there were no 

direct measures of the Q kinetics, and no consideration of the factor of distribution of the 

available blood flow to exercising muscle. 

In the present study, the uncertainty attributed to indirect estimates of circulatory 

adequacy at the onset of exercise was circumvented by using Doppler ultrasound to gain an 

index of peripherd blood flow in the artery supplying the exercising muscle group. The 

Doppler MBV measures provided an indication of local circulatory adjustment. If cardiac 

output or blood flow distribution at exercise onset was related to the slowed Go2 on-kinetics 

in the old men, it would be expected that MBV would adapt more slowly in this group 

compareci to the young. MBV showed a similar tirne constant response in both old (25.3 2.9 

cmms-') and young (20.2 * 2.5 c m d ) .  Furthermore, the two groups were not difEerent in 

terrns of steady state MBV at baseline or during exercise. The time course of adaptation in 

MBV response observed in the current study was similar to, or slightly slower than that of 
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other reports employing a knee extension exercise model, with values O ~ M B V  within 16 to 

18 crnes-' (Shoemaker et al., 1 996b; MacDonald et ai., 1998). 

The Doppler instrumentation used in the current study did not provide a means to 

determine arterial diameter. The only assessrnent of hemodynamic adjustment obtained was 

of the change in femoral artery bIood velocity. Nevertheless, several recent reports have 

indicated that femoral artery diameter remains the sarne throughout the rest-to-exercise 

transition (Shoemaker et al., 1996b; Radegran, 1997; MacDonald et al., 1998), averaging 

about 10.2 mm. Ethis diameter estimate holds tme for older individuals, estimates of the 

magnitude of leg blood flow (LBF) can be made in the current investigation (LBF = M B V * ~ ) .  

With an observed steady state exercise blood velocity of 4 0  and 33 cm& for old and young, 

blood flow would have approximated 1960 rn1d.n-' in old and 1632 rnl*miri1 in young for an 

exercise +O= of 725 and 880 ml*min-l, respectively. In studying young uidividuals, 

MacDonald et al. (1998) reported a comparable KE exercise LBF of 2043 mlvnin-l for a CO, 

of 907 rnl*min". The blood flow calculations fiom the present study yield a LBF/~O, of 1-85 

to 2.70, which is in close agreement to the ratio of 2.25 calculated fiom the data of 

MacDonald et al. (1998). However, the extent to which the presently calculated flow can be 

compared is Iimited, particularly given that exercise in the current study involved only the 

quadriceps, whereas MacDonald et al. (1998) employed a protocoi requiring both quadriceps 

extension and harnstrings flexion. 

1s the LBF adequate to support the increased O, demand of the exercising muscles? 

The relationship between blood flow and oxygen uptake has been established for cycling and 

treadmiil exercise as the Q-+O~ regession. For older adults, Thomas et al. (1993) found Q 
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= 4.64 Co2 t 4-21. Accordiig to this relationship, for the amplitude of CO, response of 234 

mf~m.irïL in ira, observed in the older men between unloaded and steady state exercise, the 

required increase in Q would be 1.09 L*min-'. Doppler measures showed MBV in the old to 

increase by about 19 cm*s-', corresponding to a 0.93 L*min-' increase in leg blood flow 

(assumùig constant arterial diameter - 10.2 mm). This estirnate of LBF suggests that of the 

totai increase in Q required to support the exercise GO, approximately 85% was distributed 

to the femoral artery of the exercising leg. This figure agrees with the estimates discussed by 

Rowell (1 974), whereby following the redistribution of Q away fiom splanchnic and non- 

exercising regions an 85% distribution of Q to working muscle would be expected as 

adequate to support exercise demands (Rowell, 1974). Additionally, Eriksen et al. (1990) 

have shown that, consequent to its redistribution, blood flow to the exercising lirnbs increases 

to a greater extent than predicted fiom the Q alone. That is, a greater peripheral than central 

flow increase upon exercise, even in moderate work, was evident. Thus, it appears in the 

present study that the calculated LBF is appropriate for the exercise taslc, indicating that 

central blood flow c m  adequately supply the quadriceps during moderate one leg KE exercise. 

The current data indicate that the rate of increase in -V was considerably faster than 

that of CO, and the kinetics of MBV appeared not to be lirniting for the Co2 kinetics in the old, 

or for that matter in the Young. Somewhat contrasting evidence has been provided by 

Hughson et al. (1996), who demonstrated slower CO, kinetics concomitant with slower 

adjustrnent of limb blood flow during supine foreann exercise above versus below the 

horizontal body position. In a similar regard, GO, and leg blood flow were shown to increase 

at a greater rate during upright cornpared to supine knee extension exercise (MacDonald ef 
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al., 1998). In both ofthese studies, a dependence of +oz on blood flow was inferred fiom the 

results of a manipulation of muscle perfusion pressure. Ilifferences in exercise protocol may 

be important in explainhg the unsupportive findings of the current investigation. The one- 

Iegged exercise of MacDonald et al. (1998) required contractions on knee extension and on 

flexion, compared to the present protoc01 of muscle contraction on extension and relaxation 

on flexion. The more continuous contractions of their protocol may have impeded blood 

flow, whereas the current design may be more analogous to the rhythmic dynamic 

contractions of aerobic exercise such as cycling or walking and running. In the current 

investigation, where such hindrances to blood flow were not expected to occur, MBV kinetics 

were consistently faster than c+02. Nevertheless, slowed CO, kinetics were observed in the 

older subjects. As has been suggested by Segal(1992), the conduit arteries (e-g.  femoral 

artery) do not represent active sites of flow control to the exercising muscle. 

During constant load cycle ergometry at an intensity engende~g  a slow component 

of CO, Poole et al. (1 99 1) observed that leg blood flow increased graduaily during exercise. 

In the present study, where the older adults evidenced a CO, slow component, a gradua1 

increase in blood flow might be expected, similar to that seen in young adults by Pool et al. 

(1991). However, blood velocity in the older subjects demonstrated a rapid increase and 

attainrnent of steady state which persisted until the end of exercise. The inconsistency 

between the current findings and those of Poole et al. (1991) may related to dEerences in 

blood flow distribution within the active muscle, It has been demonstrated that both vascuiar 

conductance @inenno et al., 2999) and the ability to redistribute blood flow away fiom 

splanchnic and rend circulations (Ho et al., 1997) are reduced in older men. Taken together, 
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these data would imply that aithough similar blood flow responses were observed at the level 

of the femoral artery in older and younger men, distribution to and within the muscle may be 

comprornised in older adults, and may not be apparent in Doppler measures of "bulk" flow. 

A different point of control (other than blood flow supply gleaned fiom measures of 

femoral artery MBV) may be exerting a regulatory d u e n c e  on the rate of increase in CO, 

Whereas gross delivery of blood fiow (and presumably 03 to the working muscles does not 

appear related to the slowed +O, response observed in older subjects, we c m o t  exclude the 

possibility that increases in Co2 at the start of exercise may be Lirnited through the transit of 

O, fkom artery to mitochondria. Coggan et al. (1992a) have shown lower ievels of 

capillarkation in sedentary older compared to younger adults, which may impose a limitation 

on the rate of O, d i s i o n .  Recent work (CMibeck et al., 1997) has dernonstrated that 

moderately active older men and women, who exhibit equally fast ?O, on-kinetics during 

plantar flexion exercise compared to younger subjects, also showed sirnilar levels of muscle 

capiliarïzation and O, diflksion distances fkom cap i l lq  to muscle fiber. These data would 

imply that slower CO, kinetics in the unfit old may have been limited by the rate of O* diffusion 

f?om capillary to muscle fiber. However, in the isolated dog gastrocnemius preparation of 

Grassi et al. (1998b), the enhancement of peripheral O, diffùsion was not shown to irnprove 

@ kinetics. This has recently been corroborated in work with older adults (Bell et al., 

1999), where increases to the "driving pressure" of O, from hyperoxic gas breathing has also 

shown no effect on the time constant of the Co, response. These findings, taken together 

with the results of the present study, would imply that neither peripheral 0, diffusion nor buik 
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blood flow delivery to exercising muscle appear to cause the slowing of kinetics obsenred in 

the old, 

In summary, single leg KE exercise was used to examine the kinetics of in both 

older and younger men whiie simultaneously measuring the rate of adaptation in fernoral 

artery MBV during moderate intensity square wave exercise. Consistent wit h the literature, 

the results demonstrated a significantly slower rco, in the older compared to younger 

subjects. Analysis of the MEW response showed similar rates of adaptation and a faster TMBV 

versus tc0, in both old and young. These findings extrapolate to suggest that during 

exercise, blood flow delivery (and O, transport) does not appear to limit +O, kinetics in either 

old or young populations. In consideration of the reported age-related reductions in both 

mitochondnal content and oxidative capacity (Beyer et al., 1984; Coggan et al., 1992a), the 

slowed rate of CO, adaptation present in older adults may be controlled by muscle O, 

utilization (Whipp & Mahler, 1980; Grassi et al., 1996). Under this paradigm, slowed Co2 

kinetics in the old would be related to factors governing the inertia of muscle oxidative 

metabolism. 



6.1 Conclusions 

The present study was undertaken to investigate the relationship between the kinetics 

of CO, and femoral artery mean blood velocity ( m v )  d u ~ g  the on-transient of square wave 

knee extension (KE) exercise in both older and younger men. It was hypothesized that older 

subjects would demonstrate a slower rate of adaptation in ?oz relative to the young. Ifboth 

old and young demonstrated simiiar rates of adjustment in MBV (and thus presurnably femorat 

blood flow), then the slower kinetics of CO, in the older group would not be due to a blood 

(and 09 delivery limitation. Should older men evidence a slower time course of adaptation 

in MBV compared to young, it would suggest that the slower Co2 kinetics observed in the old 

may be limited by O, transport. 

Based on the findings of the present study, it can be concluded that: 

1. During submaximal single leg KE exercise, the kinetics of $0, were observed to be 

significantly slower in older reIative to younger men. 

2. The response profile of MBV was simiiar in both old and Young, with no sigdicant 

differences apparent in either the tirne constant (TMEN) or in the amplitude of the 

steady state response. 
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3. In both older and younger adults, the time constant for MBV (TM~V) was signincantly 

faster than that for CO, (xC0.J. Furthemore, rMBV and sYo2 were not sigdicantly 

correlated in either the oId or the young, or across ail subjects pooled together. 

Thus, circulatory adaptations in blood flow to the exercising muscle did not impose the Iimit 

to the rate of oxygen uptake kinetics of knee extension exercise, and do not explain the 

slowed kinetics in old. 

6.2 Limitafions 

Due to limitations in the abilîty to adjust the minimum resistance on the KE ergorneter, 

the relative work rates were higher in the old compared to young, resulting in the emergence 

of a s m d  "slow component" in the older subjects. It has been demonstrated in young 

individuals that a prior bout of supra-@, exercise induces faster +O* kinetics during 

subsequent supra- 6& exercise (Gerbino et aL, 1996). With the older men working slightly 

above the anaerobic threshold (@a7 the sequential design of the exercise protocol (requiMg 

the performance of two consecutive square wave bouts, each foiiowed by 6 minutes of 

loadless exercise) may have brought about metabolic changes causing a speeding of the @ 

kinetics during the second square wave on-transient. As the young subjects were working 

at a rnoderate intensity, it is not expected that their results were afEected in this manner. 

In the current study, metabolically driven increases in vasodilation and muscle blood 

£low at the start of the second square wave, coupied with a iower muscle pH and thus 

potentiai rightward shift of the oxygen dissociation curve may have accelerated the observed 

kinetics of both m v  and Co2 in the older group (Gerbino et al., 1996). As ali square wave 
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repeats were incorporated into a single averaged response, inclusion of the second of the two 

consecutive bouts into the average may have accelerated the overail response kinetics. Ifthe 

rnechanism proposed by Gerbino et al. (1996) was present in the older men during exercise, 

a different interpretation of the observed results may be necessary. In the assumption that 

kinetics were speeded in the second exercise transition, Go2 kinetics in the old may have 

actually been slower than that suggested by modelling the averaged response. This would 

provide fùrther support for the concIusion that the rate of adaptation of CO, is slowed with 

increasing age. However, if the fïrst square wave induced a residual vasodilation which 

persisted through to the onset of the second on-transient, then the measured rate of 

adaptation in blood flow (and presumably MBV), may have also been accelerated relative to 

the first exercise bout in the old. With the potential for a faster MBV response in the old, the 

conclusion of similarïty in MEN responses may be questioned. Nevertheless, the warm-up 

effect of hastening the MEW response in the old is uniïkely to be of a magnitude sufficient to 

account for the degree of slowing in CO, kinetics in the old, or to suggest any Limitation in 

blood flow delivery. 
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Table hl.1 Response parmeters in older men (n=6). 

Subject A, AI TD T TLT TA RSS MSSE 

1721 461.25 311.90 2-40 122.29 124-70 773.15 23 1844.77 690.01 

Mean 485.74 235.21 8.21 91.17 99.3 9 720.95 290380.47 936.60 
(SE) (16.70) (24.98) (5.74) (L3-99) (13.46) (22.82) (8367 1.22) (229.45) 

Table A.1.2 Response parameters in younger men (n=6). 

Subject A,, AI TD 1: TLT TA RSS MSSE 

3722 545.95 195.47 -18.16 49.42 3 1.25 741.42 205032.90 1340.80 

2541 696.38 137.65 5.69 14.8 1 20.50 834.03 165002.50 49 1-10 

Mean 669.69 205.20 -1.39 36.60 35.2 1 874.88 2983 84-58 1020.43 
(SE) (45.51) (22.82) (3.92) (6.03) (4.22) (6 1.39) (66604.58) (156.77) 



APp~nioLY2 
P ! T '  OF MODEA FIT FOR MBV &?~~WNSE 

Table A.2.1. Response parameters in older men (n=6). 

Subject 41 AI TD 7 TLT TA RSS MSSE 

172 1 15.08 30.40 -2.41 23.30 20.89 45.47 1080.26 7.50 

Table k2.2.  Response parameters in younger men (n=6). 

- - 

Subject & AI TD 7 TLT TA RSS MSSE 

3 722 10.93 21.09 -14.13 3 1-50 17.37 32.01 27 10.93 15.67 




