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ABSTRACT 

To assess the effects of leg vasculature on cardio

vascular dynamics during submaximal arm exercise, 

metabolic, cardiovascular, and hemodynamic responses were 

measured during and calculated after arm-crank ergometry 

(ACE) at 210 kpm'min"^ (~45% peak ACE VC^) in 5 able-bodied 

subjects (ABS), 5 wheelchair-dependent paraplegics (WDP), 

and 5 wheelchair-dependent amputees (WDA). Oxygen uptake, 

cardiac output and arteriovenous oxygen difference showed 

no significant differences among the three groups. 

However, WDP exhibited higher heart rate (p<.05) at 

210 kpm'min"^ compared to both WDA and ABS. In addition, 

WDP displayed a significantly larger leg blood pooling 

(p<.05) compared to ABS, even though no differences in LBF 

were observed. These data suggest a significant role of 

venous muscle pump activity in the lower extremities on the 

subsequent central cardiovascular adaptations to regulate 

mean arterial pressure during ACE at levels below 50% peak 

oxygen uptake. 

ix 



CHAPTER 1 

INTRODUCTION 

Numerous studies (3,8,11,18,19,44,50,51) have 

demonstrated that submaximal arm exercise elicits a greater 

cardiovascular stress, due to smaller musculature, than leg 

exercise at equal absolute work rates. Therefore, daily 

activity and ambulation of the wheelchair-dependent 

community would appear to be more stressful on the cardio

vascular system than daily leg ambulation (walking) of the 

able-bodied population. Several investigations 

(16,23,36,38,54) further suggest that limitations of 

wheelchair-dependent individuals to perform arm exercise 

may stem from the effects of their sustained injury (and 

its level) on the capacity of the circulatory system to 

distribute and regulate blood flow. Conflicting studies, 

however, have shown that wheelchair-dependent paraplegics 

exhibit similar cardiovascular responses to those of able-

bodied subjects during arm exercise at equal work rates 

(12,21,43). 

In wheelchair-dependent paraplegics, evidence of 

diminished or altered cardiovascular and peripheral 

reflexes, that fail to augment stroke volume, are also 

responsible for reduced mean arterial pressure during arm 

1 
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exercise (23,46,54). The primary hypothesis for cardiovas

cular limitations in wheelchair-dependent paraplegics is 

that this group of individuals tends to sustain a larger 

blood volume re-distribution to the abdominal and leg vas

culature during arm exercise. Rationale for this blood 

distribution is two-fold. First, the wheelchair-dependent 

paraplegics may or may not have sympathetic adrenergic 

vasomotor control for peripheral resistance and constric

tion, relative to the level of spinal lesion. Second, the 

wheelchair-dependent paraplegics have lost the neurologic 

ability to stimulate, via somatic nervous system,leg and/or 

abdominothoracic muscle pump activity responsible for 

facilitating venous return. These physiologic responses 

apparently contribute to decreased venous return, 

subsequent to venous pooling, that result in a diminished 

pre-load to the heart and reduced end diastolic filling and 

pressure, that culminates in a reduced stroke volume 

(7,8,13,48,49). 

Cardiovascular responses to arm exercise in 

wheelchair-dependent amputees have not been thoroughly 

examined. This subject group represents a unique and 

valuable population for further examination of leg vascula

ture pooling and its cardiovascular effects during arm 

exercise. Since the wheelchair-dependent amputees should 

be exempt from lower extremity venous pooling because of 
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missing leg vasculature and the sympathetic drive is 

intact, they should exhibit similar cardiovascular 

responses during arm exercise to those of able-bodied indi

viduals. Thus, facilitated venous return and peripheral 

resistance should result in an augmented stroke volume and 

equal cardiac output relative to the able-bodied subjects 

with mean arterial pressure regulated. 

Statement of the Problem 

It was hypothesized that any differences in leg 

blood flow redistribution may be associated with primary 

mechanisms for central cardiovascular regulation and the 

potential limitation of perfusion to upper extremities 

during sustained arm work. 

This study was designed to examine and compare 

differences in cardiovascular dynamics during submaximal 

arm exercise among subjects with active leg vasculature, 

passive leg vasculature, and subjects with no leg vascula

ture. Specifically, the effects of non-active or absence 

of muscle pump activation on blood flow and pooling in the 

legs were examined. 



CHAPTER 2 

REVIEW OF LITERATURE 

Several investigations (3,8,10,18,19,44,50,51) have 

examined and compared cardiovascular responses between leg 

exercise and arm exercise in able-bodied subjects. In 

addition, other studies (12,21,22,23,43,55) have compared 

cardiovascular responses to submaximal arm exercise in both 

able-bodied subjects and wheelchair-dependent paraplegics. 

It appears, however, that these responses have not been 

examined in wheelchair-dependent amputees. 

Heart Rate 

Studies (22,23,55) have found heart rate to be 

higher in wheelchair-dependent paraplegics when compared to 

able-bodied subjects during submaximal arm-crank ergometry 

at equal absolute work rates. The work rates at which 

these comparisons were made ranged from 150 kpm'min"^ 

through maximal exercise. deBruin and Binkhorst (12) also 

report that at a similar oxygen uptake, wheelchair-

dependent individuals display higher heart rates than able-

bodied subjects. Zwiren and Bar-or (55) reported results 

that compared wheelchair athletes (WA), normal athletes 

(NA), wheelchair sedentary subjects (WS), and normal 

4 
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sedentary subjects (NS) during submaximal arm-crank 

ergometry. They found heart rates to be higher in the WA 

and WS than the NA and NS, respectively, at a work rate of 

225 kpm*min~^. They discovered however that heart rates 

for WA were significantly lower than those of the NS. 

These results suggest that general comparisons of 

submaximal heart rate at equal absolute work rates between 

wheelchair-dependent paraplegics and able-bodied subjects 

should not be made. On the basis of their findings, it 

would appear that these two groups have a wide range of 

fitness levels and should only be compared based on equal 

(relative) group peak oxygen uptakes as they had attempted 

to do. 

In contrast to the previous reported findings, 

Sawka et al. (43) found no difference in heart rate between 

wheelchair-dependent paraplegics and able-bodied subjects 

in an effort to compare submaximal wheelchair and arm-crank 

ergometry modes and their physiological efficiency at equal 

work rates. These findings may, however, be due to a 

failure to match the groups for peak oxygen uptake. As 

suggested above, differences in existing fitness levels can 

account for variability in submaximal responses when groups 

are compared on a general basis. Nonetheless, the findings 

by Sawka et al. (43) may in fact be an accurate comparison 

between the two subject groups. 
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deBruin and Binkhorst (12) compared wheelchair-

dependent paraplegics and able-bodied subjects at three 

similar absolute and relative submaximal levels of oxygen 

uptake during arm-crank ergometry. They found signifi

cantly higher heart rates in the wheelchair-dependent para

plegics than the able-bodied subjects. These results were 

contrary to previous findings (43) of similar submaximal 

heart rates between wheelchair-dependent paraplegics and 

able-bodied subjects, since Sawka et al.'s findings also 

showed equal submaximal oxygen uptake responses in both 

wheelchair-dependent paraplegics and able-bodied subjects. 

Wolf and Magora (54) and Johnson and Park (24) 

observed that heart rate responses to postural changes are 

reflected by specific spinal lesions. They reported that 

subjects with cervical and high thoracic (Tg and above) 

lesions sustained higher heart rate responses when moved 

from supine to upright positions when compared to subjects 

with lumbar and low thoracic (Ty and below) lesions. These 

responses occurred during time intervals ranging from 8 to 

30 min, corresponding to an additional parallel decrease in 

diastolic blood pressure. 

In addition, Wolfe and Magora (54) compared these 

two groups during upright arm-crank ergometry and found 

lower heart rate responses in high-lesion subjects than 

low-lesion subjects at equal work rates. This may suggest 
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that high-lesion subjects were deprived of complete sym

pathetic drive to the heart and were unable to properly 

compensate during arm-crank ergometry. 

Several investigators (12,23,55) who reported 

higher heart rates in wheelchair-dependent paraplegics 

compared to able-bodied subjects hypothesized that this re

sponse was a compensatory adaptation to a lower stroke 

volume in the wheelchair-dependent paraplegics. Additional 

investigators (8,51) who observed high heart rate responses 

in able-bodied subjects during arm exercise compared to leg 

exercise stated similar conclusions. The data from these 

studies are in agreement that the responsive increase in 

heart rate during arm exercise- is necessary to maintain 

cardiac output and insure proper perfusion to the contract

ing musculature of the exercising arms. 

Stroke Volume 

In studies that measured cardiac output in both 

wheelchair-dependent paraplegics and able-bodied subjects 

during arm-crank ergometry, several (12,22,23) have 

reported lower stroke volume response in wheelchair-

dependent. paraplegics. Sawka et al. (43), however, found 

no difference in stroke volume between wheelchair-dependent 

paraplegics and able-bodied subjects during both arm-crank 

and wheelchair ergometry at equal work rates when oxygen 

uptake levels were similar. It should be noted that in the 
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comparison of wheelchair-dependent paraplegics and able-

bodied subjects, Hjeltnes (23) tested wheelchair-dependent 

paraplegics only and then compared their results to those 

of able-bodied subjects from another (outside laboratory) 

study. Even though this comparison was made at presumably 

equal work rates and oxygen uptake levels, a greater margin 

for comparative error may have existed in between-studies 

comparison versus the usual within-study comparison of 

groups. 

Hjeltnes (23), subsequent to finding lower stroke 

volume responses in wheelchair-dependent paraplegics, 

postulated that a "hypokinetic" circulation and venous 

pooling in the lower extremities were potentially re

sponsible for the low stroke volume response. He proposed 

that hypokinetic circulation occurred consequent to loss of 

central sympathetic vasomotor regulation below the level of 

injury. This in turn caused mean circulatory pressure to 

diminish and reduced blood perfusion to the exercising 

arms. His theory is supported, in part, by observations of 

an elevated arterio-venous oxygen difference in the 

exercising arms. Contrary to Hjeltnes' hypothesis was the 

fact that he used wheelchair-dependent paraplegics with 

spinal lesions between and T^» indicative of intact 

sympathetic adrenergic vasomotor drive. This was inconsis

tent with Hjeltnes1 theory that vasomotor responses were 
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non-functional, causing "hypokinetic circulation." None

theless, circulation may be reduced on the venous side due 

to the absence of venous muscle pump activity. This 

emphasizes the need to evaluate the wheelchair-dependent 

paraplegics according to disability type and/or to spinal 

lesion level and its corresponding ability to send sympa

thetic adrenergic stimulation to the lower periphery for 

arterio- and venoconstriction. Furthermore, the intra

thoracic and intra-abdominal pressures during breathing may 

respond differently in augmenting venous return subsequent 

to spinal lesion level (4). 

In addition, certain studies (8,50,51) comparing 

cardiovascular responses between submaximal arm-crank 

ergometry and leg-cycle ergometry exercise at equal work 

rates in able-bodied subjects have reported a lower stroke 

volume response during arm exercise. From these findings, 

Beveg&rd et al. (8) and Stenberg et al. (50) suggested that 

venous pooling in the lower extremities may be responsible 

for the lower stroke volume responses during submaximal 

arm-crank ergometry in able-bodied subjects. 

Another means by which stroke volume may be reduced 

during arm-crank ergometry in both wheelchair-dependent 

paraplegics and able-bodied subjects is plasma volume 

shifts from the intravascular space to the extravascular 

(interstitial) space in the exercising arms. Miles et al. 



10 

reported greater net plasma efflux during arm-crank 

ergometry when compared to leg-cycle ergometry at equal 

oxygen uptake levels, especially at higher work rates. 

They suggested that these data reflect net capillary 

exchange dynamics in the arms supported by a greater mean 

arterial pressure. Even though there was no comparison 

between able-bodied subjects and wheelchair-dependent para

plegics, differences in mean arterial pressure regulation, 

i.e., potentially higher responses in able-bodied subjects, 

may suggest that able-bodied subjects exhibit greater 

plasma efflux from the interstitial space than wheelchair-

dependent paraplegics. 

It therefore appears that low stroke volume re

sponses, relative to leg exercise in able-bodied subjects 

at equal work rates, occur during submaximal arm-crank 

ergometry in both able-bodied subjects and wheelchair-

dependent paraplegics, but each to a different extent. 

Variations of response in these two groups may be explained 

by certain differences in the control of vascular 

resistance, venous tone, and certain vascular fluid shifts. 

Possible responses such as sympathetic vasomotor activity 

and venous tone, mediated either by sympathetic stimulation 

or muscle pump action, may vary in the wheelchair-dependent 

paraplegics and able-bodied subjects capacity to return 

venous blood to the heart. By the Frank-Starling 
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relationship, this diminished venous return to the right 

atrium would be associated with reductions in end diastolic 

filling, degree of ventricular muscle stretch, force of 

ventricular contraction and ejected blood volume. Since 

the heart is a force-fed pump designed to discharge 

whatever volume it receives (7), the reduced end diastolic 

filling and ventricular stretch substantiates reduced con

tractility and stroke volume. 

Cardiac Output 

Conflicting evidence is reported showing both lower 

(23) and equal (12,43) cardiac outputs in wheelchair-

dependent paraplegics compared to able-bodied subjects 

during submaximal arm-crank ergometry. Sawka et al. (43) 

and deBruin and Binkhorst (12) found no significant 

difference in cardiac output between wheelchair-dependent 

paraplegics and able-bodied subjects during arm-crank 

ergometry at equal oxygen uptake levels. As previously 

discussed, the stroke volume and heart rate relationship 

varies between the two studies. Sawka et al. (43) reported 

similar heart rate-stroke volume responses between 

wheelchair-dependent paraplegics and able-bodied subjects, 

yet deBruin and Binkhorst (12) concluded that wheelchair-

dependent paraplegics, compared to able-bodied subjects, 

maintained equal cardiac output with higher heart rate 

subsequent to lower stroke volume. 
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Hjeltnes (23) found that cardiac output was lower 

in six of nine wheelchair-dependent paraplegics when 

compared to the cardiac output of able-bodied subjects at 

equal work rates and oxygen uptake levels obtained from 

another investigation. He stated that even though cardiac 

output was lower in wheelchair-dependent paraplegics during 

arm-crank ergometry, the mode of increase from low work 

levels to higher work levels was the same as in able-bodied 

subjects, i.e., one-third and two-thirds increased in 

stroke volume and heart rate, respectively. Hjeltnes 

suggested that low cardiac output in wheelchair-dependent 

paraplegics relative to able-bodied subjects was due to low 

stroke volume response consequent to "hypokinetic" circula

tion and a resultant venous pooling, as previously 

discussed. 

Systemic Oxygen Uptake and Arteriovenous 
Oxygen Difference 

During submaximal arm-crank ergometry at various 

work rates, no difference in oxygen uptake has been 

observed between able-bodied subjects and wheelchair-

dependent paraplegics (12,23,43,55). On the other hand, 

these studies are not in agreement on the specific circula

tory processes that sustain the submaximal demands of 

systemic oxygen uptake. 
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Sawka et al. (43) have reported equal systemic 

arterio-venous oxygen difference in both wheelchair-

dependent paraplegics and able-bodied subjects subsequent 

to equal cardiac output and oxygen uptake responses during 

submaximal arm-crank ergometry at work rates of 30, 90, 150 

and 210 kpm*min~^. An additional investigation from 

deBruin and Binkhorst (12) did not report arterio-venous 

oxygen difference; however, they did report equal cardiac 

output associated with similar oxygen uptake levels for 

arm-crank ergometry in both wheelchair-dependent para

plegics and able-bodied subjects. Therefore, calculated 

arterio-venous oxygen difference would be equal between 

both subject groups during arm-crank ergometry at equal 

submaximal work rates as calculated by the regression 

equation for oxygen uptake and watts. These two studies 

suggest equal energy utilization between both able-bodied 

subjects and wheelchair-dependent paraplegics. 

Hjeltnes' (23) findings, contrary to Sawka et al. 

(43) and deBruin and Binkhorst (12), suggest another rela

tionship for submaximal systemic uptake of oxygen between 

wheelchair-dependent paraplegics and able-bodied subjects. 

He reported that arterio-venous oxygen difference was 

unusually high, even at low work rates, in wheelchair-

dependent paraplegics compared to responses found in able-

bodied subjects from other studies. His investigation also 
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suggested that low regional blood flow through the 

exercising arms may be responsible for the elevated 

arterio-venous oxygen difference. Low cardiac output in 

wheelchair-dependent paraplegics compared to able-bodied 

subjects at both equal work rates and oxygen uptake levels 

lends itself as support for Hjeltnes' postulation. 

Autonomic Control of Vascular Resistance 

Several investigations (3,5,6,8,19,44,50,51) found 

total peripheral resistance in able-bodied subjects to be 

greater during arm-crank ergometry than during leg-cycle 

ergometry. In contrast, little is reported specifically 

discussing total peripheral resistance in wheelchair-

dependent paraplegics during submaximal arm-crank ergometry 

and in comparison to able-bodied subjects. It is possible, 

however, to indirectly assess and deduce peripheral 

resistance capabilities in wheelchair-dependent paraplegics 

by examination of previous arm-crank ergometry studies with 

reference to their reported mean arterial pressure and 

cardiac output responses. In addition, understanding of 

this regulation in wheelchair-dependent paraplegics may 

also be achieved by examination of the mechanisms that 

control total peripheral resistance and various spinal 

injuries and their specific limitations. 

Arterial and venous tone serve as primary controls 

in the regulation of total peripheral resistance, which in 
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turn and in harmony with cardiac output, serve to regulate 

mean arterial pressure. This process is mediated primarily 

by sympathetic adrenergic arterioconstriction and 

venoconstriction. These responses play key roles in vaso

constriction of inactive smooth muscle, specifically 

arteries in the legs, and to increase venous tone with 

assistance from muscle pump activity (7,13,45,48,49) during 

submaximal arm-crank ergometry. This matrix of responses 

then promotes the reduction of venous pooling and enhances 

venous return which corresponds to the regulatory main

tenance of mean arterial pressure. 

With the understanding that able-bodied subjects 

regulate mean arterial pressure higher during submaximal 

arm-crank ergometry than at rest through total peripheral 

resistance adaptations, it is also understood that these 

subjects have complete sympathetic adrenergic drive intact. 

However, the wheelchair-dependent paraplegics capacity to 

regulate total peripheral resistance during submaximal arm-

crank ergometry lies in each individual's specific 

abilities or inabilities to vasoactively stimulate the 

passive vasculature. Several references (1,25,24,29,36, 

46,54) state that sympathetic mediated vaso- and venoaction 

to certain body parts is dependent upon the level of spinal 

lesion. Specifically, subjects with spinal cord injuries 

have only sympathetic intervention to the lateral cord 
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(which maintains full integrity) above their individual 

level of lesion (1,24,25,29,36,46,54). 

Sympathetic adrenergic innervation to peripheral 

smooth muscle is received via preganglionic transmission to 

the intermediolateral column to synapse with post

ganglionic branches that serve the viscera (1,25,46). This 

pathway is located at cord levels between the first 

thoracic (T^) and second lumbar (L^) levels (Figure 1). 

Once sympathetic preganglionic stimulation reaches the 

intermediolateral column, the phenomenon of "spread" may 

occur in which the transmission travels up or down the 

lateral cord. The ratio of sympathetic autonomic outflow 

of pre- to post-ganglionic branches may be as high as 1 to 

32 respectively (25,49). 

The literature (1,25,49) shows that at approximate 

lesion levels of T^ and lower, complete or substantial sym

pathetic adrenergic vasomotor control of both resistance 

and capacitance vessels below the level of injury is 

intact. This has been observed in orthostatic hypotension 

studies with high and low level spinal cord injured 

subjects (20,24,36,45,54). Wolf and Magora (54) compared 

heart rate and systolic blood pressure responses during 

supine position, upright position and submaximal exercise 

in subject groups consisting of spinal injuries at levels 

C^-C^, T^-Tg, T^-T.j2 and L^-L^. They discovered normal 
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Fig. 1. The Peripheral Autonomic Nervous System (25). 
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heart rate increases and systolic blood pressure increases 

in the low thoracic and lumbar lesion groups versus lower 

heart rate and systolic blood pressure responses in the 

cervical and high thoracic lesion groups during exercise. 

These findings are strongly supported by Johnson and Park 

(24) in a similar study. In addition, Wolf and Magora (54) 

found the cervical and high thoracic lesion level groups 

exhibited significantly elevated heart rate responses, 

nearly equal to their exercise heart rate responses, when 

changed from supine to upright positions, with a drop in 

systolic blood pressure. These data suggest, as the inves

tigators indicate, that in lesions above Tg (splanchnic 

plexus) the lower part of the vasculature is deprived of 

normal sympathetic vasomotor control. 

Therefore, wheelchair-dependent paraplegics with 

only low level spinal lesions (approximately T^ and below) 

most likely regulate total peripheral resistance through 

sympathetic-mediated arterial tone. 

Leg Blood Flow and Pooling 

Several studies (5,6,9,10,17,41) have investigated 

non-exercising arm blood flow and pooling responses during 

submaximal leg exercise in able-bodied subjects. Unfortu

nately, few studies (5,44) report any type of specific leg 

blood flow and leg blood pooling data during arm exercise 
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in able-bodied subjects, and no data on these responses in 

wheelchair-dependent paraplegics have been found. 

Secher et al. (44) examined leg blood flow (using 

albumin tracer) and leg vascular resistance in seven able-

bodied subjects during leg exercise and combined leg and 

arm exercise (arm and leg ergometry), both in upright 

positions. Additional cardiovascular data during these two 

modes of testing, at rest and isolated arm-cranking were 

collected. Unfortunately, they failed to examine leg blood 

flow and leg vascular resistance during isolated arm 

cranking. Secher found that when arm exercise (approxi

mately 40% VC>2 max) was imposed during leg exercise, leg 

blood flow decreased by an average of 1.9 l*min~^ with no 

change in mean arterial pressure. These two responses (leg 

blood flow and mean arterial pressure) produced a leg 

vascular resistance increase from 9.1 to 10.9. He 

concluded that reinforced sympathetic vasoconstriction in 

non-exercising tissues occurred as well as in exercising 

legs, indicated by decreased leg oxygen uptake and 

increased leg arterio-venous oxygen difference. 

In addition, Beveg&rd and Shephard (5) reported an 

increase in sympathetic venoconstriction relative to rest 

in an isolated calf during arm exercise in able-bodied 

subjects. They also found that venous capacity decreased 

in the calf during this state, even though the other leg 
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exercised. This response supported the finding that veno-

constriction occurs in the calf, because otherwise, calf 

blood flow would have been reduced subsequent to hemodynam

ics in the supine position. The investigators noted that 

calf blood flow, measured via strain-gauge and water-filled 

plethysmographs, was difficult to measure due to movement 

artifacts. 

Further knowledge of the cardiovascular adaptations 

that mediate leg blod flow and leg blood pooling and their 

effect on central and peripheral regulation may be gained 

through examination of the existing studies 

(5,6,9,10,17,41) on arm blood flow and pooling during 

exercise in the legs. These investigations showed that 

sympathetic adrenergic drive plays a mandatory role in the 

vaso- and venoconstriction of the non-exercising arms. 

Beveg&rd (5) and Blair et al. (10) exhibited the 

importance of sympathetic drive for vasoaction by examining 

forearm blood flow and volume in sympathectomized arm 

during leg-cycle ergometry in able-bodied subjects. 

BevegSrd found an increase in venous volume in the nerve-

blocked arm, suggesting the importance of sympathetic 

mediated venoconstriction for the prevention of venous 

pooling. He also stated that increased venous volume was 

not associated with decreased rate of inflow to the non

exercising arm. Blair, however, found that during leg 
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exercise, arm blood flow increased in the nerve-blocked 

arm. He postulated that the primary adaptation prevented 

an increase in arm blood flow via sympathetic adrenergic 

drive, as opposed to causing a decrease in arm blood flow. 

These two studies suggest that, during leg exercise, the 

prevention of blood pooling in the non-exercising arms 

occurs due to prevention of an increase in arterial blood 

flow and an increase in venous return subsequent to 

increased vaso- and venoconstriction respectively. 

Shephard (45) and others (7,48,13,49) have additionally 

pointed out the importance of skeletal muscle pump activity 

in the augmenting of venous return. 

Several studies (9,17,30,41) have also stated the 

importance of the thermoregulatory adaptations on blood 

flow in non-exercising arms. These investigations reported 

that redistribution of arm blood flow from the deep muscle 

to the periphery occurs in response to increased body tem

perature and serves its regulation. This happens, however, 

without an increase in blood flow or pooling in which 

cardiac output is unaltered at moderate work levels. In 

addition, Rowell et al. (41) suggested that venoconstric

tion was reduced in the forearm during relative leg 

exercise intensity in thermoneutral environments. He 

stated that increased skin temperature abolished venous 

tone with a corresponding peripheral blood volume shift. 
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Cooling the skin for heat dissipation subsequently 

increased venous tone again. 

Mean Arterial Pressure Regulation 

The final and primary homeostatic regulation, 

produced by the previously discussed cardiovascular 

responses, is mean arterial pressure. Earlier discussions 

in this chapter have focused on heart rate, stroke volume, 

cardiac output, and total peripheral resistance, however, 

these responses cannot truly be isolated since their adap

tations are integrated to provide mean arterial pressure 

regulation. This regulation, which is dependent upon the 

product of cardiac output and total peripheral resistance, 

maintains the necessary perfusion pressure of blood to the 

brain and working tissues. 

Several investigators (3,5,6,8,19,50,51) reported 

that mean arterial pressure was higher in able-bodied 

subjects during arm-crank ergometry when compared to leg-

cycle ergometry at equal work rates. These data suggested 

that low or equal cardiac output and corresponding increase 

in total peripheral resistance during arm-crank ergometry 

are primarily responsible for the high mean arterial 

pressure. Other postulations (3,8,31) point to increases 

in systolic and diastolic blood pressure (measured in a 

contralateral arm while the other arm cranks with monitored 

assistance), associated with smaller arm vasculature, that 
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occur because of a static work component dictated by arm-

cranking. These findings suggest that a sympathetic-

mediated increase in systemic vascular resistance dictates 

higher perfusion pressure to the active arm muscles during 

arm exercise. 

Earlier discussions in this chapter state conflict

ing cardiac output and systolic blood pressure findings 

between able-bodied subjects and wheelchair-dependent para

plegics. Sawka et al. (43) reported no difference between 

the two subject groups' cardiac output and systolic blood 

pressure responses, thus implying similar mean arterial 

pressure regulation at equal work rates. However, the 

finding of Hjeltnes (23) show lower cardiac output 

responses in wheelchair-dependent paraplegics subsequent to 

a hypothesized "hypokinetic" circulation, which in turn 

point to a lower mean arterial pressure in wheelchair-

dependent paraplegics compared to able-bodied subjects. 

Other investigators (24,10,13,54) showed that the 

level of spinal lesion in wheelchair-dependent paraplegics 

plays a significant role in their mean arterial pressure 

regulation. These studies clearly exhibited a significant 

drop in systolic blood pressure upon postural change from 

the supine position to the upright position in subjects 

with spinal lesions above Tg. In addition, Wolf and Magora 

(54) also reported a systolic blood pressure drop in the 
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same spinal lesion group during submaximal arm-crank 

ergometry compared to wheelchair-dependent paraplegics with 

lesions at or below T-,. The systolic blood pressure 

differences between subjects with high (T^ and above) and 

low (Tg and below) spinal lesions suggest that wheelchair-

dependent paraplegics with low-level spinal lesions exhibit 

sympathetic adrenergic vasomotor control below the level of 

injury, supporting total peripheral resistance maintenance 

for mean arterial pressure regulation. It is therefore 

apparent that able-bodied subjects and wheelchair-dependent 

paraplegics may regulate mean arterial pressure equally or 

differently during submaximal arm-crank ergometry at equal 

work rates subsequent to differences in the wheelchair-

dependent paraplegics injury levels and the presence or 

absence of sympathetic vaso-activity below the level of 

injury. 



CHAPTER 3 

METHODOLOGY 

Subjects 

Five wheelchair-dependent paraplegics (WDP), 5 

wheelchair-dependent amputees (WDA) and 5 able-bodied 

control subjects (ABS) were recruited from the local 

University of Arizona and Tucson communities to participate 

in this study on a volunteer basis. The following criteria 

were used to select subjects: 

1) Subjects were male, within an age range of 20-40 years. 

2) The spinal lesions of the WDP subjects were at or below 

the sixth thoracic (Tg) vertebra and above the first 

lumbar (L^) vertebra. 

3) The WDA subjects had bilateral amputations at or above 

the knee. 

4) Both WDP and WDA subjects had sustained their injury at 

least two years prior to the testing. 

5) The subjects (WDP, WDA and ABS) were physically healthy 

(aside from confined injury) and had no indication of 

cardiovascular disease. 

6) The subject groups were matched for age, weight and 

peak arm crank ergometry (ACE) oxygen uptake (peak VO2) 

(Table 1). 
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Table 1 

Physical Characteristics of the Subject Groups 

Mean SE Range 

Weight (kg) 

ABS 68.7 5.2 57.4-88.2 

WDP 73.0 4.1 64.2-88.2 

WDA 64.4 4.5 51.1-77.9 

Age (yrs) 

ABS 28.4 2.1 24-36 

WDP 29.6 2.9 23-38 

WDA 30.8 2.9 23-39 

Peak V(>2 (1-min" !) 

ABS 1.82 0.11 1.57-2.20 

WDP 1.78 0.17 1.32-2.20 

WDA 1.77 0.13 1.34-2.09 

Peak HR (b-min" l)*t 

ABS 168 4 159-180 

WDP 182 3 176-192 

WDA 167 6 153-186 

Vc 
Statistical difference (p<.05) between WDP and ABS 

J. 

Statistical difference (p<.05) between WDP and WDA 
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WDP subjects, representing a subject group with 

passive leg vasculature, with spinal lesions at T-6 or 

lower were used in this study because such lesions ensure a 

high probability that central sympathetic control of the 

heart will be intact and most of the sympathetic adrenergic 

vasomotor drive, below the level of the lesion, will be 

functional (1,23,29,38,49) (Figure 1). The WDA subjects 

(two of which had amputations slightly below the knee), 

representing a subject group with no leg vasculature, were 

selected with amputations at or above the knees in order to 

minimize lower extremity venous pooling. The ABS, repre

senting a subject group with active leg vasculature, were 

selected to serve as a non-disabled or wheelchair-dependent 

control group. 

Following a detailed verbal explanation of all 

experimental procedures, the subjects were asked to fill 

out a health questionnaire (Appendix B) and sign a written 

consent form (Appendix C) stating their understanding of 

the study and the risks involved. 

Procedures and Protocols 

The subjects each completed four separate arm-crank 

ergometry (ACE) tests; all tests were performed at the 

University of Arizona Exercise and Sport Sciences 

Laboratory. All ACE tests were performed in the sitting 

position utilizing an arm-crank ergometer (modified Monark 
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cycle ergometer with handgrips in place of the pedals) at a 

pedalling frequency of 70 rpm (42). The crank shaft was 

located horizontal to the height of the sternum and at a 

(individually) measured distance from the chair so that 

during ACE the extended arm was in slight elbow flexion 

(42). Room temperature for all ACE exercise tests averaged 

25°C, creating a thermoneutral environment. 

The first and second ACE tests, performed on 

separate days, represented the orientation ACE tests in 

which the subjects arm cranked simulating the peak ACE test 

that was to follow on another test day. The third ACE test 

represented the actual peak ACE test. 

The peak ACE test protocol used was similar to 

those described by Sawka et al. (42,43). The test protocol 

consisted of a 2-min warm-up period of unloaded pedalling 

followed by continuous pedalling with incremental increases 

in work rate of approximately 105 kpm*min"^ every 

2 minutes, as opposed to Sawka's (42) 3-min increments, 

until volitional fatigue was obtained or the subject was 

unable to maintain the 70 rpm pedalling frequency. The 

initial protocol resistance differed from that of Sawka et 

al. (43) by the use of a standard resistance of 

105 kpm*min~^ as opposed to using a percentage of age 

predicted maximal heart rate to determine the initial work 

rate. 
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During the peak ACE test oxygen uptake (VC^) values 

were collected at 1-min intervals, and heart rate (HR) 

values were collected every 2 minutes while both variables 

were also collected at the immediate time when the test was 

terminated due to volutional fatigue. The highest V02 

collected during the test was designated as the peak VC^. 

The fourth and primary test was the submaximal ACE 

test. Its protocol (Appendix E) began with a 5-min rest 

stage followed by a 1-min warm-up stage with the subjects 

arm-cranking at 70 rpm while the work rate was gradually 

increased to its designated rate of 210 kpm*min~^. The 

submaximal work rate of 210 kpm'min"^ was determined by 

calculating 40% of the lowest group mean peak VC>2 (Table 1) 

modified from the data of Astrand (4): 

Peak V02 (ml) (40%) - 300 
— = WR (kpm'min" ) 

The subjects arm-cranked at the 210 kpm'min"^ work rate 

continuously for approximately 10 min. 

During the last minute of the 5-min rest stage, 

indices of leg blood volume (LBV) and leg pulse volume 

(LPV) were measured for both legs in the WDP and ABS. 

was collected during the first 7.5 minutes and also used to 

monitor the steady state level of the exercise bout. 

Cardiac output (Q) and HR were measured at 10 min during 
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the submaximal arm cranking. Systolic (SBP) and diastolic 

(DBP) blood pressures and indices of LBV and LPV were 

measured immediately post-0 determination and immediately 

after the subject had stopped pedalling. This was done in 

order to: (1) measure SBP and DBP in the left arm without 

interruption of the ACE bout, and (2) eliminate the leg 

movement that occurs during the exercise bout and avoid any 

unnecessary distortion caused by this leg movement in order 

that a clear and readable leg blood flow index could be 

taken. 

Instrumentation and Measurements 

Oxygen Uptake 

During all ACE tests, oxygen uptake (VC^) was 

measured from expired air collected and analyzed by an 

automated metabolic measurement system (Beckman MMC) as 

described by Wilmore et al. (52). The Beckman MMC's and 

C(>2 analyzers were calibrated against a known (Sholandered) 

C>2 and CC^ gas mixture of proper metabolic proportions. 

The subjects breathed through a Hans-Rudolf three-way 

stopcock that was attached to a Daniels two-way breathing 

valve. The two-way valve was connected to the gas-

collection hose that lead to the Beckman MMC. The 

"clinical exercise testing program" was used to program the 

Beckman MMC and VC^ values were obtained on a printout in 

ml'min"^ during the program's auto 1 stage. 
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Heart Rate 

During all ACE tests, heart rate (HR) was measured 

on a Gilson recorder, paper speed 25 mm/sec, using CM-5 

electrode placement on the subjects. 

Systolic and Diastolic Blood Pressures 

During the submaximal ACE test systolic (SBP) and 

diastolic (DBP) blood pressures were measured in the left 

arm by a sphygmomanometer (mmHg) using a brachial arm cuff. 

A standard stethoscope was used to detect the Karotkoff 

sounds. 

Cardiac Output 

During the submaximal ACE test cardiac output (Q) 

was measured via the CC^-rebreathing technique as described 

by Jones et al. (27) and Jones (26). The CO2 rebreathing 

method estimates CC>2 contents and flow from expired meas

urements through solving for the equation: 

<5 = fo02 

CvC02 - CaC02 

where: 

Q = pulmonary blood flow 

$CC>2 = metabolic CC>2 production 

CvCC>2 = content of CC^ in mixed venous blood 



32 

CaC02 = content of CC^ in arterial blood 

Proper procedure also requires that these measurements be 

taken under steady-state exercise conditions. 

Cardiac output data was obtained utilizing the CO2 

rebreathing method in conjunction with the automated 

Beckman metabolic measurement cart programmed with the 

"clinical exercise testing program." VCO2 values were 

obtained in the auto 1 stage every 30-s for minutes 0-7 and 

the values collected in the last 3 minutes of the stage 

were averaged with their mean value representing the VCO2 

value for the Q calculation. CaC02 was represented by the 

end tidal CO2 pressure (PET CO2) and obtained every 30-s in 

the auto 2 stage during minutes 8.0-9.5 and the values were 

averaged as their mean value represented PET CO2 for calcu

lation. CvC02 was represented by the equilibration of the 

C(>2 pressure in the rebreathing bag (P BAG CC^) during the 

auto 3 stage at minute 10. These mean values were then re

entered into the MMC computer and computed for the 

resultant Q. 

For the rebreathing phase, a 5-liter anaesthesia 

bag was connected to the Hans-Rudolf three-way stopcock and 

was filled with a gas mixture of approximately 13-14% CO2 

with the balance oxygen and filled to approximately 1.5 

times the subject's exercising tidal volume. Following the 

final PET CO2 measurement, the subjects were instructed to 
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close their eyes at the end of a near complete exhalation, 

to signal to the research assistant to "turn-in" to the 

anaesthesia bag. The subjects, continuing to arm-crank at 

70 rpm, breathed the gas mixture until an equilibration was 

achieved as observed on a Beckman strip chart recorder that 

was interfaced with the Beckman MMC. During this equili

bration phase, numerous P BAG CO^ values were collected by 

the MMC and averaged to obtain a mean value to represent 

the P BAG CO2 for calculation. 

Pilot work prior to the study's actual Q data 

collection showed significant reproducibility (r = .937) of 

the described technique at various submaximal workloads in 

6 ABS (Appendix F). 

Leg Blood and Pulse Volume 

Leg blood volume (LBV) and leg pulse volume (LPV) 

were measured during rest and at approximately 10 min imme

diately post the ACE test using impedance rheography. 

Impedance rheography (electrical bioimpedance) is a 

technique that enables non-invasive estimation of limb 

blood flow. Nyboer (35) and Montgomery (33) explained that 

impedance rheography measures changes in the flow of an 

electrical current through a limb segment that occur with 

changing blood content of the segment. Since blood is more 

electrically conductive than tissue, the impedance (or 

electrical resistance) of the limb segment decreases when a 
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pulse of blood enters the limb segment. When the pulse of 

blood flows out of the limb segment, the impedance 

increases. 

A tetrapolar electrical impedance system (Figure 2) 

was used to obtain quantitative hemodynamic indices of the 

WDP and ABS legs in parallel (both legs measured as one). 

A set of disposable "outer" electrodes was placed on each 

subject's instep of both feet, and slightly above the waist 

on both left and right sides. These electrodes, designated 

as the injecting electrodes 1^ and Iintroduced a high 

frequency (-v-50 KHz) low amperage ("v-1 mA R.M.S.) constant 

current into the body segment (33,35). An "inner" set of 

electrodes, designated and E2, was.placed on the 

subjects 10 cm above the left and right lateral malalous 

and 10 cm below the left and right greater trochanter. All 

electrodes were connected (wired) right leg-to-left leg to 

form a parallel limb segment (two limbs measured as one). 

These electrodes defined the leg length used for measure, 

and were used primarily to detect changes in the legs' 

electrical activity with each heart beat (33,35). In 

addition, the legs' position for all subjects was standard

ized with each subject in the sitting position and the 

thighs parallel to the ground and knees flexed 90°. The 

lower portion of the legs was padded and strapped to 
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Fig. 2. Tetrapolar Electrode System (35). 
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reinforce standardization of leg position and minimize 

potential leg movement during ACE. 

Baseline geometric leg volumes (V ) were measured 
8 

and calculated following placement of the limb electrodes. 

Leg length was measured for both legs as previously 

discussed. Leg circumferences were measured every 3 cm 

between and E£ and then averaged for mean circumference 

in each leg. Thus, a cylindrical model was created for leg 

fluid volume and pulse volume (flow) changes. Leg 

geometric volume for both legs combined was calculated from 

the following equation: 

LC2 o V 
6 4 it 

where: 

V = geometric baseline volume of 
° both legs in parallel. 

L = mean leg length of both legs 
in cm (E-| to E2) • 

C = mean circumference of both legs 
averaged circumference 

* = 3.14 

2 = represents Vg for both legs 
combined as one. 

A Minnesota impedance cardiograph with the 

assistance of a 3.5 digit digital voltmeter was used to 

obtain the baseline resistance value RQ for the combined 

legs. Resting and immediate post submaximal ACE LBV values 
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were obtained by the following equation: 

VQ (ml) = PLi 
R 
o 

where: 

VQ = baseline leg(s) blood volume in ml 

p = electrical resistivity of the legs, 
using the value 150 ohm-cm 

L = leg length (as previously described) 

RQ = baseline resistance 

An estimation of LPV was obtained, also during rest 

and immediate post submaximal ACE, through the following 

equation: 

2 
LPV (ml) = ^—— • K 

Ro2 

where: 

P,L,Rq = previously described 

K = Factor determined by Gilson 
polygraph calibration against the 
Minnesota impedance cardiograph 

AR = R0 (baseline resistance) - R^ 
(Peak Resistance) in ohms, determined 
from impedance index 

For the segmental perfusion of the legs, the value 

AR was obtained from the "back extrapolation" of the 

tetrapolar impedance index traces (Figures 3 and 4), 
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Fig. 3. Example of Impedance Rheographic Traces (33). 
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recorded on a Gilson four-channel polygraph. A robust mean 

of seven extrapolated values (throw out high and low values 

and average five remaining values) was used to determine 

the final AR value for calculation. 

Additional Calculations 

Stroke volume (SV) = —— = ml 
(HR) 

Mean Arterial Pressure (MAP) = SBP x (2 DBP) 

Total Peripheral Resistance (TPR) = 

Q 

V°2 
Arterio-venous Difference (a-v0o) = 

2 q 100 ml 

Leg Blood Pooling (LBP) = Voex> - Vorest = ml 

Vo - Vo t 
Relative Leg blood pooling = * 100 

Vg 

Leg blood flow (LBF) = LPV'HR = ml*min~^ 

Leg tissue perfusion (LTP) = LBF/V /100 = ml 
(relative LBF) s 

A Value = Valueex - Valuerest 

Value - Value ex rest 
% A in Value = 

Valuerest 
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Statistical Methodology 

Mean values and standard errors were calculated on 

a Casio scientific calculator, Model fx-82. 

A one way ANOVA and a Duncan's Multiple Range Post 

Hoc Test was used to determine statistical differences 

between the WDP, WDA, and ABS for each variable measured 

among all three subject groups. Non-paired "t" tests were 

used to determine differences between WDP and ABS groups 

for the leg blood volume and flow variables measured and 

calculated. A Hewlett Packard statistical computer was 

used to compute each "F" ratio and "t" test in which sta

tistical significance was rejected below the p<.05 level. 



CHAPTER 4 

MANUSCRIPT: 
THE ROLE OF LEG VASCULATURE IN THE CARDIOVASCULAR 

RESPONSES TO SUBMAXIMAL ARM-CRANK ERGOMETRY 

Abstract 

To assess the effects of leg vasculature on cardio

vascular dynamics during submaximal arm crank exercise, 

oxygen uptake (VO2), cardiac output (Q), heart rate (HR), 

systolic (SBP) and diastolic (DBP) blood pressures were 

measured during arm crank ergometry (ACE) at 210 kpm'min"^ 

(~45% peak ACE VO2) in 5 able-bodied subjects (ABS) with 

active leg muscle vasculature, 5 wheelchair-dependent 

paraplegics (WDP) with passive leg vasculature, and 5 

wheelchair-dependent amputees (WDA) with no leg vascula

ture. Additional leg blood pooling (LBP) and leg blood 

flow (LBF) indices were measured in the ABS and WDP during 

rest and ACE. Arteriovenous oxygen difference (a-v02), 

stroke volume (SV), mean arterial pressure (MAP), and total 

peripheral resistance (TPR) were calculated. VO2, Q, and 

&-VO2 showed no significant differences among the three 

groups. However, WDP exhibited higher HR (p<.05) at 

210 kpm'min"^ compared to both WDA and ABS. In addition, 

WDP displayed a significantly larger LBP (p<.05) compared 
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to ABS, even though no differences in LBF were observed. 

These data suggest a significant role of venous muscle pump 

activity in the lower extremities on the subsequent central 

cardiovascular adaptations to regulate MAP during ACE at 

levels below 50% peak VC^. 

Introduction 

Regulation of the cardiovascular system, subsequent 

to central and peripheral vascular adaptations, is 

essential to effectively meeting the metabolic energy needs 

during exercise. During arm exercise, redistribution of 

unnecessary blood flow in the non-exercising legs and an 

increased or maintained venous return from the legs con

tributes substantially to a prevention in leg blood pooling 

and efficient cardiovascular regulation. Blood flow 

dynamics in non-exercising limbs are primarily mediated by 

sympathetic adrenergic vasomotor responses in both 

resistance and capacitance vessels (5,6,9,10,17,41), and 

venous muscle pump activity (7,13,48,49). The arm-work-

ambulated wheelchair-dependent population's energy require

ments during ambulation may therefore be restricted if 

peripheral adaptations in the non-exercising legs do not 

augment central regulation. An intriguing hypothesis is 

that differences in leg vasculature, i.e., active, passive 

and absent, and their specific adaptations may limit, alter 
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or sustain central cardiovascular regulation during 

submaximal arm exercise. 

Investigators (12,21,22,23,28,33,34,54,55) have 

examined various cardiovacular responses to arm-crank 

ergometry in wheelchair-dependent paraplegics. In 

addition, several of these studies compared the wheelchair-

dependent paraplegics and able-bodied subjects' cardiovas

cular responses during equal arm-crank ergometry work 

rates. A majority of the studies (12,23,28,34,54,55) 

report significantly higher heart rates in the wheelchair-

dependent paraplegics compared to the able-bodied subjects 

at similar oxygen uptakes. Several conflicting reports, 

however, found that wheelchair-dependent paraplegics 

exhibit equal (12,43) or lower (23) cardiac output 

responses compared to able-bodied subjects at equal arm-

crank ergometry work rates. Further comparison of these 

investigations shows that there are discrepancies on how 

cardiac output was achieved, i.e., high heart rate-low 

stroke volume responses (12,23) or equal heart rate-equal 

stroke volume responses (43) in wheelchair-dependent para

plegics compared to able-bodied subjects. Certain reports 

(16,23) suggest that the high heart rate-low stroke volume 

responses in the wheelchair-dependent paraplegics are 

consequent to venous pooling mediated by diminished venous 

return responses. Inconsistencies between the previous 
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investigations suggest certain points of question regarding 

the comparison of their wheelchair-dependent paraplegics 

and able-bodied subjects. First, the subjects should be 

matched for initial arm-crank ergometry fitness level (peak 

arm oxygen uptake) and, second, the cardiovascular and 

postulated lower peripheral responses should be considered 

with respect to specific wheelchair-confining injuries and 

specific level of injury. 

No study has systematically examined cardiovascular 

regulation during arm-crank ergometry in wheelchair 

dependent amputees, and in wheelchair-dependent paraplegics 

focusing on the central responses consequent to peripheral 

vascular dynamics in the non-exercising legs. The absence 

of such data indicates the need to quantify leg blood 

volume and flow changes during arm work concomitant with 

central cardiovascular adaptations. Therefore, the purpose 

of this study was to examine lower extremity blood flow and 

volume responses, in subjects with different leg vascula

tures, i.e., active, passive, and absent, and the 

subsequent effect(s) on the central cardiovascular 

responses to regulate perfusion pressure to the exercising 

arms during submaximal arm-crank ergometry. 



Methods 

Subj ects 

Five wheelchair-dependent paraplegics (WDP) 

(thoracic-thoracic^ lesion levels) , 5 wheelchair-

dependent amputees (WDA) (bilaterally amputated at or above 

the knees), and 5 able-bodied control subjects (ABS) volun

tarily participated in this study. The ABS, WDP, and WDA 

subjects were representative of populations with active, 

passive and absence of leg vasculature, respectively. The 

specific spinal cord injured group was functionally repre

sentative of a paraplegic group that had sympathetic 

adrenergic vasomotor activity below the level of injury, 

with sympathetic drive to the heart fully intact 

(1,25,29,46). The subjects were all male and each subject 

group was matched for age, weight, and peak arm crank 

oxygen consumption (peak VC^)(Table 1). Informed consent 

was obtained from all subjects following detailed verbal 

and written explanation of all experimental procedures and 

associated risks. 

Procedures and Protocols 

The subjects initially performed three peak arm 

crank ergometry (ACE) exercise tests from which the first 

two served as orientation-practice tests, and the third 

test represented the peak oxygen uptake (peak VC^) test. 
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The fourth and primary test was a submaximal ACE test 

performed at approximately 45% of each subject's peak VC^. 

During all ACE tests, the subjects exercised in the 

sitting position (with buckled seatbelt), utilizing an arm-

crank ergometer (modified Monark cycle ergometer) at a 

pedalling frequency of 70 rpm. The crankshaft was located 

horizontally to the height of the sternum and at a measured 

distance from the chair position so that the extended arm 

was in slight elbow flexion during ACE. In addition, the 

ABS and WDP legs were padded and strapped together in an 

attempt to standardize leg position and prevent leg 

movement in such a manner to avoid restriction of venous 

return. 

The peak ACE test's protocol consisted of a 2-min 

warm-up period of unloaded pedalling followed by incremen

tal increases in work rate of approximately 105 kpm*min~^ 

every 2 min until volitional fatigue or failure of the 

subject to maintain the specified pedalling frequency 

occurred. VC>2 was measured at 1-min intervals while heart 

rate was measured at 2-min intervals and immediately prior 

to when the subjects indicated test termination. The 

highest fa>2 value obtained during the third peak ACE test 

represented the subject's peak VC^. 

The protocol for the submaximal ACE test began with 

a 5-min rest period in the sitting position, followed by a 
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1-min warm-up stage with the work-rate gradually increased 

to 210 kpm*min"^. The subjects then arm-cranked at the 

specified absolute work rate for approximately 10 min. The 

210 kpm*min~^ work rate was calculated and established from 

estimating 40% of the lowest group mean peak VC^- Heart 

rate, systolic (SBP) and diastolic (DBP) blood pressures, 

and leg blood volume (LBV) and leg pulse volume (LPV) 

indices were measured during the last minute of the rest 

period. VC>2 was measured every 30 s throughout the test, 

with the values measured between minutes 4 and 7 averaged 

to represent the steady state VC^. Cardiac output (Q) and 

HR were measured at 9-10 min, followed by ACE termination. 

Immediately post-ACE termination, SBP and DBP, and LBV and 

LPV indices were measured with "running starts." These 

values were measured at this point in order to obtain clear 

and readable data without interruption of the ACE test. 

The measured values were used to calculate arterio

venous oxygen difference (a-vC^)» stroke volume (SV), 

"immediate post-exercise" mean arterial pressure (MAP), and 

total peripheral resistance (TPR), leg blood pooling (LBP), 

leg blood flow (LBP) and leg tissue perfusion (LTP). 

Instrumentation and Measurements 

During all ACE tests, VC>2 was measured from expired 

air collected and analyzed by an automated Beckman 

metabolic measurement cart (MMC), described by Wilmore et 
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al. (52). The subjects breathed through a Hans-Rudolf 

three-way stopcock, attached to a Daniels two-way breathing 

valve that was connected to the MMC expired gas hose. 

Heart rate was measured on a Gilson four-channel polygraph 

using CM-5 electrode placement. SBP and DBP were measured 

in the left arm by a sphygmomanometer using a brachial arm 

cuff and a stethoscope for detection of Karotkoff sounds. 

During submaximal ACE, Q was measured via the CC^ 

rebreathing technique as described by Jones et al. (27). 

This technique was used in conjunction with the MMC as 

described by Wilmore et al. (53), in which the MMC measured 

end tidal CC^ pressure (PET CC^) and equilibration of CC>2 

bag pressure (P-BAG CC^) were measured and substituted for 

CaC02 and CvCC^, respectively. Steady state VCO2 values 

were obtained every 30s during minutes 4-7 and averaged. 

PET CC>2 values were collected every 30s during minutes 

8-9.5 and also averaged. Equilibration of P-BAG CC^ was 

determined during the last 15-20s of the 10-min ACE test, 

utilizing a 5-liter anesthesia bag (connected to the three-

way stopcock) filled (1.5 times exercise tidal volume) with 

approximately 13-14% CC^/balance C^. At the end of the ACE 

test, the calculated mean VCO2, PET CC^, and mean P-BAG CC>2 

were re-entered into the MMC computer for the computation 

of the 10 min Prior pilot work for Q test-retest 

reliability (N == 6) utilizing this procedure showed 
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significant correlation (r = 0.937) and no statistical 

difference (p<0.01) in a paired "t"-test (t = -0.155). 

Indices of leg blood volume accumulation and leg 

pulse volume (LPV) were measured in ABS and WDP during rest 

and submaximal ACE with impedance rheography (electrical 

bioimpedance) (33,35). This technique enables non-invasive 

measurements of limb blood volume and flow dynamics by 

measurement of changes in the electrical conductivity of 

the segments that occur with the changing blood content. 

Disposible EC.G electrodes were attached at designated 

locations on both right and left instep, ankle area, thigh 

area and hip* Measurements of baseline geometric leg 

volume (V ) for both legs were determined utilizing the 

ankle to thigh electrode placement as leg length, and 

averaging circumferences measured every 3 cm between the 

ankle and thigh locations, thus representing a cylindrical 

volume model. A tetrapolar electrical impedance system 

(Figure 2) was used with the legs hooked up in parallel 

(wired right electrode to left electrode), combining the 

impedance readings of both legs as one. The tetrapolar 

system, utilizing a Minnesota impedance cardiograph, 

introduces a high frequency (^50 KHz) low amperage (*1 mA 

R.M.S.) constant current into the body segment, 1^(instep) 

- ^(hip) (33,35). The "inner" set of electrodes, 



(ankle) - E2(thigh) then detect changes in the leg's 

electrical activity with each pulse beat. 

Relative leg blood volume (LBV/V ) was determined 
6 

by obtaining baseline electrical resistance (Rq) in the 

legs, and calculated, LBV = L^*(p=150)/RQ. LPV was 

calculated from the previous measured variables and from 

the change in electrical resistance in the legs (AR) as 

- 1  2  follows: LPV (ml*beat ) = pL AR/R0 where AR was measured 

via back extrapolation (33,35) (Figures 3 and 4) from 

indices recorded on a Gilson four-channel polygraph, and a 

robust mean of seven extrapolations was used to represent 

AR. Other variables calculated were LBF = HR*LPV, LTP = 

LPV/V /100, and absolute and relative changes from rest to 
§ 

10 min ACE. 

Statistics 

Mean values and standard errors were calculated on 

a Casio scientific calculator, model fx-82. One-way ANOVA 

and Duncans Multiple Range Post Hoc Tests, and non-paired 

"t"-tests were used to determine statistical differences 

among ABS, WDP, and WDA and between ABS and WDP, respec

tively, on a Hewlett Packard statistical computer. 

Results 

No significant difference in mean (±SE) VO2, Q» and 

a-v02 responses was observed among the ABS, WDP, and WDA 
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subject groups for the 10-min ACE bout at 210 kpm*min~^ 

(Figure 5). In addition, the ABS, WDP, and WDA arm cranked 

at 40 ± 3, 48 ± 4, and 47 ± 3% (Appendix G, NS among all 

groups) of their peak VC^. respectively, displaying that 

the subject groups worked at both similar absolute and 

relative work rates. 

Although 0 was similar among all three subject 

groups, ABS and WDA obtained Q in a different manner than 

WDP. Figure 6 shows that the WDP exhibited lower SV (NS) 

with a significantly higher HR (p<.05) than the WDA. In 

addition, the WDP also exhibited significantly higher HR 

response (p<.05) with both higher LBP response (p<.05) 

(Figure 6) and higher LBP relative to geometric leg volumes 

(V ) than the ABS. 
g 

No significant difference was observed in percent 

change from rest to 10 min exercise, for LPV, LBF, and LTP 

between ABS and WDP (Figure 7). LBF, which is the product 

of LPV and HR, was similar even though HR was significantly 

higher in the WDP. LTP, which is LBF relative to V , was 
S 

similar while no significant difference in V existed 
© 

between ABS and WDP. 

Mean ± SE "immediate post exercise" TPR and MAP 

responses are shown in Figure 8. No statistical difference 

was observed in TPR among all three groups. Mean arterial 

pressure, however, was significantly different between ABS 
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and WDA. Where no difference was observed between the WDP 

group and both the WDA and ABS groups, WDA regulated MAP 

higher than the ABS (p<.05). This occurred even though no 

statistical difference was found in Q or TPR between ABS 

and WDA. The WDA did exhibit, however, higher TPR, 

although not significant at p<.05. 

Discussion 

The present investigation showed that consumption 

(VC^), delivery (Q), and utilization (a-vC^) of oxygen 

during ACE at 210 kpm*min~^, was equal among ABS, WDP, and 

WDA (Figure 5). These findings support previous results 

comparing ABS and WDP (12,43), yet are contradictory to 

Hjeltnes' (23) results comparing the two subject groups. 

Hjeltnes reported significantly higher a-vC^ in the WDP 

compensatory to their low Q responses relative to ABS at 

similar VO2 levels. 

The current Q values of 6.3 ± .07, 5.6 ± 0.3, and 

5.0 ± 0.41*min~^ obtained for ABS, WDP and WDA respec

tively, appeared lower than other reported Q values 

(8,43,50) at similar work rates and/or VC>2 levels. This 

discrepancy of approximately 2 l*min"^ may be due to 

failure to use the appropriate CC^ concentration in the 

rebreathing bag during Q assessment, even though prior 

pilot work showed good test-retest reliability (Appendix 

F). This investigation used a 13-14% CC^/balanced O2 gas 
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mixture opposed to an approximate 10-11% CC^/balanced C>2 

gas mixture recommended for the current work rate and VO2, 

as described by Jones (26). It appears that high CO2 may 

affect the measurement of § by increasing the P BAG CO2 

equilibration value, which in turn lowers the final Q value 

obtained from the computer calculation. Nevertheless, this 

error was constant among all three subject groups and 

should present no significant affect on the comparisons 

among subject groups and subsequent comparisons of the 

associated calculated results. 

The central cardiovascular responses (SV and HR) 

responsible for the delivery of oxygen (Q) to the 

exercising arms consequently differed in the WDP relative 

to the ABS and WDA. Since Q is the product of SV and HR in 

which SV is an indirect outcome of systemic return from the 

venous side, it then follows that LBP, SV and HR adapta

tions play key roles in the Q response. Figure 6 illus

trates the peripheral venous response, leg pooling (LBP), 

and consequent central cardiovascular adaptations (SV and 

HR). This figure elucidates that WDP, during moderate ACE, 

exhibited an increased venous pooling in the legs, 

paralleled by a low SV and concomitant high HR compared to 

their ABS and WDA counterparts. Although the present HR 

and SV differences between ABS and WDP disagree with the 

findings of Sawka et al. (43), our results are consistent 
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with previous investigations (12,23) that reported 

different HR-SV relationships between ABS and WDP. 

Hjeltnes (23) suggested that low SV and high HR 

responses in WDP are reflective of decreased venous return, 

subsequent to a "hypokinetic circulation." He proposed 

that lack of vasomotor drive below the WDP level of injury 

diminishes vaso- and venoconstriction in the passive leg 

vasculature. This postulation is subject to question for 

two reasons. First, Hjeltnes (23) used WDP subjects with 

spinal injuries between Tg and ^ representing a condition 

in which sympathetic adrenergic vasomotor drive below 

injury level via pre- and postganglionic branches exists 

(1,25,46). Thus, his subjects should have sustained the 

drive to vaso- and venoconstrict the inactive leg vascula

ture during arm exercise, preventing LBF and assisting 

venous return, respectively. Second, the present LPV, LBF 

and LTP data (Figure 7) support similar vasomotor responses 

in the non-exercising legs for both ABS and WDP. 

These responses, contrary to the venous pooling re

sponse, suggest that WDP exhibit sympathetic adrenergic 

vasomotor drive below their specified, T^ or lower, level 

of injury as previously discussed (1,25,46). Figure 7 

illustrates that LPV decreased during submaximal ACE in the 

WDP, suggesting vasoconstriction in the non-exercising 

legs. This phenomenon was also observed in the ABS group. 



Similar LBF and LTP responses in both ABS and WDP (Figure 

7) clearly suggest that increased blood flow to the non

exercising legs during ACE is not the primary response 

accountable for increased LBP in the WDP. The current 

data, therefore, suggest that the specified WDP group 

govern LBF similar to ABS on the arterial side subsequent 

to spinal lesion levels at or below. Since the current 

findings suggest that both ABS and WDP regulate arterial 

blood flow in the non-exercising legs with parallel 

responses via sympathetic vasoconstriction, it then follows 

that sympathetic drive serving venotone should also exist 

in both groups. 

The existing peripheral circulatory responses in 

the WDP non-exercising legs and corresponding central adap

tations point to diminished muscle pump activity. This 

occurs because somatic drive responsible for leg muscle 

pump activity in WDP is non-functional (25,46,49). This 

missing peripheral response in WDP is apparently re

sponsible for the central low SV and high HR responses that 

occur. Since ABS probably sustain an active leg muscle 

pump response, even though the legs are strapped and non

exercising, they tend to assist venous return more 

favorably as evidenced by Figure 6. Even though LBF and 

LBP were not measured in the WDA, it was assumed that 

minimal venous pooling occurred during ACE compared to WDP 
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and ABS. An absence of leg vasculature below the knees and 

intact venotone and muscle pump action in the existing 

upper legs supports this postulation. 

The observed LPV reduction in both ABS and WDP, 

indicative of arterioconstriction, was consistent with 

similar TPR observed in these subject groups along with the 

WDA group (Figure 8). Similar TPR in conjunction with 

similar Q in all three groups should produce equal MAP 

regulation in the ABS, WDP, and WDA. The current findings, 

however, find MAP higher in the WDA compared to the ABS, 

where no difference was observed between WDP and both ABS 

and WDA (Figure 8). It should be reinforced that the SBP 

and DBP values used to calculate MAP were "immediate post" 

exercise and thus MAP and TPR should be examined as such. 

This may suggest a post-exercise blood pressure kinetics 

problem, as in the following discussion. The WDA group's 
• 

higher MAP regulation relative to ABS occured even though Q 

and TPR were similar. But as Figure 8 illustrates, the WDA 

group's TPR and MAP responses shadow one another similar to 

the ABS. It may then follow that WDA show a tendency for 

MAP to respond higher immediately following submaximal ACE 

through an elevated TPR. The loss of lower leg vascula

ture, that creates a smaller vascular volume for slow post 

exercise blood pressure kinetics, may suggest a feasible 
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explanation for the high TPR and increased perfusion 

pressure in WDA compared to ABS. 

In summary, the present investigation exhibited the 

role of active versus passive peripheral leg vasculature 

and its importance on central cardiovascular responses 

during sustained ACE. At moderate work levels, i.e., 

approximately 45% peak VC^, subjects with active leg vascu

lature (ABS), passive leg vasculature (WDP) and absent leg 

vasculature (WDA) equally meet the uptake, delivery, and 

utilization of the arm-exercise oxygen demands. The 

current data showed, however, that WDP meet central 

delivery of oxygen (Q) through a greater cardiovascular 

demand evidenced by higher HR subsequent to lower SV 

compared with the ABS and WDA. The current data also 

suggest that these responses ensue consequent to lower 

extremity (leg) blood pooling and diminished venous return 

to augment SV via reduced Frank-Starling forces. The 

limiting physiological response, responsible for increased 

cardiac stress in WDP, appears to be loss of somatic 

nervous drive for muscle pump action below the level of 

injury. WDP (T^ and below) exhibit, however, normal 

vasomotor responses to the lower periphery that assists 

prevention of unnecessary LBF to the non-exercising, 

inactive vasculature. Figure 9 summarizes the peripheral 

and central cardiovascular responses that regulate MAP and 
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assist in meeting the oxygen demands during moderate arm 

exercise in WDP. This figure illustrates that MAP is 

maintained in WDP equal to ABS and WDA through central and 

peripheral compensatory responses, subsequent to the degree 

of passive leg vasculature. 



CHAPTER 5 

CONCLUSIONS 

1) ABS, WDP, and WDA equally meet the energy demands, 

delivery, and utilization of moderate (40-50% peak 

arm exercise despite differences in leg vasculature. 

2) ABS and WDP decrease leg pulse volume during arm 

exercise, indicative of sympathetic adrenergic vasocon

striction preventing unnecessary leg blood flow to the 

non-exercising leg vasculature. 

3) WDP sustain lower extremity venous pooling, even though 

prevention of leg blood flow occurs, reflective of the 

loss of leg and/or abdominothoracic muscle pump 

activity, consequent to the absence of the specific 

sympathetic outflow below the level of injury. 

4) Subsequent to elevated leg blood pooling, WDP maintain 

equal cardiac output compared to ABS and WDA through 

increased HR, compensatory to a lower stroke volume, 

where ABS and WDA exhibit similar heart rate and stroke 

volume responses. 

5) WDP regulate mean arterial pressure similar to ABS via 

equal cardiac output and total peripheral responses, 

where WDA exhibit higher mean arterial pressure 

65 
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regulation compared to ABS possibly due to decreased 

vasculature volume and increased TPR consequent to limb 

amputation. 

6) Central cardiovascular responses accountable for mean 

arterial pressure regulation and oxygen delivery are 

partially dependent upon peripheral non-working vascu

lature adaptations that occur due to specific differ

ences in leg vascular dynamics, i.e., active, passive, 

and no leg vasculature. 

Suggested Further Investigation 

1) Examine and compare central and peripheral cardiovascu

lar responses in WDP by specific spinal lesion levels, 

i.e., T1, T2, T3, etc. 

2) Examine cardiovascular responses during arm exercise at 

a spectrum of submaximal workrates. 

3) Examine blood and plasma volume differences to arm 

exercise and training. 

4) Examine wheelchair-dependent subjects in their specific 

chair of ambulation. 
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APPENDIX B 

SUBJECT HEALTH QUESTIONNAIRE 

SUBJECT CONSENT FORM 

PRE-EXERCISE PERSONAL INVENTORY 

NAME DATE ID# 

Please answer the following questions by responding as follows: 
^ YES 
) NO 
?) UNKNOWN 

HAVE YOU EVER HAD 
Rheumatic Fever 
Heart Murmur 
High Blood Pressure 
Any Heart Trouble 
Disease of the Arteries 
Varicose Veins 
Lung Disease 
Epilepsy 
Arthritis 
Rheumatism 
Migraine Headaches 
Operations (Bone, Joint, Other, if yes 
describe: 

( ) Injuries (Fracture, Tom Cartilage, Etc. 
describe): 

HAVE YOU RECENTLY HAD... 
( ) 
( ) 
( ) 
( ) 
( ) 
( ) 
( ) 

Chest Pain 
Shortness of Breath 
Heart Palpitations 
Cough on Exertion 
Coughing of Blood 
Back Pain 
Swollen, Stiff, or Painful Joints 
(explain): 

1 oz.) 

( ) Foot Problems 
( ) Muscle Cramps 

HAVE ANY OF YOUR RELATIVES HAD.... 
( ) Heart Attacks (Under age 55) 
( ) High Blood Pressure 
( ) Cholesterol (260 or higher) 
( ) Diabetes 
( ) Congenital Heart Disease 
( ) Heart Operations 

Fill in the numerical value 
where appropriate 

DO YOU NOW 
•' Drink Coffee 

cups/day 

Drink Tea 
cups/day 

Drink Cola, Tabs, Etc. 
cans/day 

Drink Beer 
cans/week (12 oz.) 

Drink Wine 
oz/week 

Drink Alcohol 
oz/week (1 shot 

Smoke Cigarettes 
cigarettes/day 

Smoke a Pipe 
Bowls Tobacco/day 

Smoke Cigars 
cigars/day 

Take prescription medication, if 
yes, list drug and dosage: 

HAVE YOU EVER... 
( ) Smoked Cigarettes 
( ) Smoked a Pipe 
( ) Smoked Cigars 

If yes, how long ago did you quit? 

Months 

Years 
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DIRECTIONS: Please answer the following questions as accurately as possible. Place 
a circle around the appropriate letter or number for each question. 

1. Which of these exercises are you doing on a 
a. None 
b. Walk for exercise 
c. Ride a bicyle 
d. Swim 
e. Do Calisthenics 

regular basis? 
f. Jogging 
g. Lift weights 
h. Taekwondo, karate, or judo 
i. Competitive sports (List ) 
J. Other (List ) 

2. How many days per week do 
a. None 
b. One 
c. Two 
d. Three 

you exercise? 
e. Four 
f. Five 
g. Six 
h. Seven 

How much time do you spend on exercise each day? 
a. None e. 45 to 60 minutes 
b. Less than IS minutes f. 60 to 75 minutes 
c. 15 to 30 minutes g. 75 to 90 minutes 
d. 30 to 45 minutes h. 90 minutes or more 

4. If you exercise select the odd or even number which best describes the intensity 
(how hard) of your work outs. 
6 14 
7 Very, very light 15 Hard 
8 16 
9 Very light 17 Very hard 
10 18 
11 Fairly light 19 Very, very 
12 20 
13 Somewhat hard 

5. Indicate the MAJOR or MAIN reason why you exercise (Select one answer). 
a. I do not exercise 
b. It makes me feel good 
c. I am trying to lose weight 
d. It is good for your health 
e. I am required to exercise 
f. My doctor told me to exercise 
g. Other (Explain ) 

6. Have you ever had a physical injury as a result of participating in sports or an 
exercise program? 
a. Yes (Explain ; ) 
b. No 

7. Have you ever had any back, hip, knee, ankle, or foot problems while participating 
in an exercise program? 
a. Yes (Explain ) 
b. No 

8. Have you ever been advised by a physician not to exercise because of a medical 
problem? 
a. Yes (Explain ) 
b. No 

11A.ME 



APPENDIX C 

HUMAN SUBJECT CONSENT FORM 

SUBJECTS CONSENT FORM 
University of Arizona 

Cardiovascular Response to Arm hrgomctry in Wheelchair 
Dependent Paraplegics and Amputees 

I understand that 1 am being asked to voluntarily participate in the study 
entitled "Cardiovascular Responses to Arm Ergometry in Wheelchair Dependent 
Paraplegics and Amputees". I have received an oral explanation of the study and 
its procedure and understand the following: 

Purpose: The study is designed to investigate the possible physiological mechanisms 
that may limit arm work performance in these two groups of designated subjects. 

Objectives: To test the subjects for maxima] oxygen uptake (consumption) and heart 
rate; submaximal cardiac output (volume of blood pumped by the heart per minute), 
heart rate, leg blood flow and leg blood pooling (amount of blood that remains in 
the legs). From these measurements calculations will be make for stroke volume 
(amount of blood pumped from the heart per heart beat), total peripheral resistance 
(resistance to the blood flow through the arteries), and mean arterial pressure 
(the pressure in the arteries). 

Location of Study: All testing will take place in the Exercise and Sport Sciences 
Laboratory, Room 228, McKale Center, located on University of Arizona campus. 

Population: The population involved is wheelchair dependent amputees and parapledgic 
in which the amputees are amputated bilaterally above the knees and the paraplegics 
have sustained spinal lesions at the thoracic six vertebra or lower. Able-bodied 
subjects are a third group to the study population and all subjects comprising the 
study population should be free of any pulmonary or cardiovascular disability. Any 
subject that answers postive to the major risk factors on the pre-exercise inventory 
will be eliminated from the study. 

Procedure: Testing will consist of one maximal arm crank test, (approximately 10-
16 minutes in duration) followed by three randomized submaximal arm crank tests 
(10 minutes in duration) at three different workloads determined from the maximal 
test. The submaximal tests will occur with at least two days between them. During 
all tests the subjects will breath through a mouth piece in order for expired air 
to be measured, and electrodes will be worn so heart rate can be measured. During 
the submaximal tests, there will be two 10-15 second intervals of breathing a carbon 
dure. Leg measurements will be made and certain points on the leg need ink .markings 
to designate specific points to place electrodes for the leg blood flow and blood 
pooling measurements. All procedures will be non-invasive. 

Subjects Risks and Discomforts: The risks involved are considered minimal. Subjects 
may experience minor discomfort from the tests, including slight nausea, arm 
fatigue and shortness of breath. There will also be a sensation of dizziness 
associated with the carbon dioxide rebreathing during the submaximal test. 

Benefits: Subjects will be exposed to scientific data that will enable them to 
gain a better understanding"of exercise physiology, expecially as it relates to 
their physiological limitations. The subjects will benefit from having free fitness 
tests evaluations that will indicate their level of fitness during arm work. 
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Coroensa ; i on :  I  unders tand  tha t  I  am no t  be ing  pa id  o r  compensa ted  f o r  t rave l  t o  
the  t es t i ng  s i t e ,  los -s  o f  wages  f rom work  and  med ica l  cos ts  i n  the  even t  o f  i n ju ry  
i ncu r red  du r ing  tes t i ng .  I  unders tand  I  may  con tac t  Sco t t  M .  K inze r  f o r  any  
consultation related to the testing procedure (work 621-6.979, home 32S-?'1 ̂ 5) upon 
rcqucs  t .  

I  h o v e  r e a d  t h e  a b o v e  s u b j e c t ' s  c o n s e n t .  T h e  n a t u r e ,  d e m a n d s ,  r i s k s ,  a n d  
b e n e f i t s  o f  t h e  s t u d y  h a v e  b e e n  e x p l a i n e d  t o  m e .  I  u n d e r s t a n d  t h a t  I  m a y  a s k  
q u e s t i o n s  a n d  t h a t  I  a m  f r e e  t o  w i t h d r a w  f r o m  t h e  s t u d y  a t  a n y  t i m e  w i t h o u t  i n c u r r i n g  
i l l  w i l l .  I  u n d e r s t a n d  t h a t  t h i s  c o n s c n t  f o r m  w i l l  b e  f i l e d  i n  a n  u r e a  
d e s i g n a t e d  b y  t h e  H u m a n  S u b j e c t s  C o m m i t t e e  a n d  t h a t  m y  d a t a  w i l l  b e  k e p  i n  s t r i c t  
c o n f i d e n c e  w i t h  a c c e s s  r e s t r i c t e d  t o  t h e  p r i n c i p l e  i n v e s t i g a t o r s  o r  a u t h o r i z e d  
r e p r e s e n t a t i v e s  o f  t h e  p a r t i c u l a r  d e p a r t m e n t ;  I  w i l l  r e m a i n  a n o n y m o u s  i n  t h e  r e 

s u l t s  o f  a l l  p u b l i c a t i o n s  o f  t h i s  s t t i d v .  

S u b j c c t ' s  S i g n « i t u r c  D o t e  

P a r e n t  o r  G u a r d i a n  ( i f  a p p r o p r i a t e )  D a  l e  

W i t n e s s 1  S i g n a t u r e  D a t e  

I  h a v e  c a r e f u l l y  e x p l a i n e d  t o  t h e  s u b j e c t  t h e  n a t u r e  o f  t h e  a b o v e  s t u d y ,  1  
h e r e b y  c e r t i f y  t h a t ,  t o  t h e  b e s t  o f  m y  k n o w l e d g e ,  t h e  s u b j e c t  s i g n i n g  t h i s  c o n s e n t  
f o r m  u n d e r s t a n d s  c l e a r l y  t h e  n a t u r e ,  d e m a n d s ,  b e n e f i t s ,  a n d  r i s k s  i n v o l v e d  i n  
p a r t i c i p a t i n g  i n  t h i s  s t u d y .  A  m e d i c a l  p r o b l e m  o r  l a n g u a g e  o r  e d u c a t i o n a l  b a r r i e r  
h a s  n o t  p r e c l u d e d  a  c l e a r  u n d e r s t a n d i n g  o f  h i s  i n v o l v e m e n t  i n  t h i s  s t u d y .  

I n v e s t i g a t o r ' s  S i g n a t u r e  D o  t c  



APPENDIX D 

INDIVIDUAL PHYSICAL CHARACTERISTICS 

Subject Injury Level WT (kg) Age Peak VC^ Peak HR 

Abie-Bodied Subjects 

O.H. 88.20 27 1.72 166 

M.Y. 64.50 25 1.85 165 

A. V. 57.35 30 1.57 160 

P.A. 66.85 36 2.20 159 

M.W. 66.50 24 1.74 172 

X ± SE 68.68±5.20NS 28±3NS 1.81±0.11NS 168±4 



APPENDIX D, Continued 

Subject Injury Level WT (kg) Age Peak VO2 Peak HR 

Wheelchair-Dependent Paraplegics 

D.K. T-12 88.15 23 2.10 180 

G.K. T-ll 68.03 31 1.80 180 

J.S. T-7 72.50 38 2.20 192 

C.A. T-6 64.23 33 1.49 183 

R.R. T-6 71.97 23 1.32 176 

X ± SE 72.98±4.1NS 30±3NS 1.78±0.17NS 182+3 



APPENDIX D, Continued 

Subject Injury Level WT (kg) Age Peak VC>2 Peak HR 

Wheelchair-Dependent Amputees 

D.C. AK/T-6 68.80 25 1.60 162 

S.R. AK 58.95 39 1.86 186 

B.H. BK 65.25 33 2.09 174 

R.G. AK 77.88 34 1.94 153 

M.C. BK 51.10 23 1.34 160 

X±SE 64.40±4.50NS 31±3NS 1.77±0.13NS 167±6+ 

NS -

* _ 

t -

t non-significant (p<.05) between all subject groups, 

t significant (p<.05); ABS vs. WDP. 

t significant (p<.05); WDA vs. WDP. 



APPENDIX E 

SUBMAXIMAL EXERCISE PROTOCOL AND DATA TIME TABLE 

Time (min) Activity Data Collection 

-6.0 - -5.0 Rest (sitting position) 

-5.0 - -4.0 Rest 

-4.0 - -3.0 Rest 

-3.0 - -2.0 Rest 

-2.0 - -1.0 Rest LBV&LPV, SBP/DBP, 

-1.0 - 0 Warm-up (gradual) 

0 - 1.0 Armcrank @ 210 kpm*min vo2, VC02 

1.0 - 2.0 Armcrank V02> VC02 

2.0 - 3.0 Armcrank vo2, VC02 

3.0 - 3.5 Armcrank vo2> VC02 

3.5 - 4.0 Armcrank vo2, VC02 

4.0 - 4.5 Armcrank V09, vco9 



APPENDIX E, Continued 

Time (min) Activity Data Collection 

4.5 - 5.0 Armcrank C
M

 
o
 

•
>
 

vco2 

5.0 - 5.5 Armcrank C
M

 
O
 

•
>

 

vco2 

5.5 - 6.0 Armcrank V02, vco2 

6.0 - 6.5 Armcrank V02> VC02 

6.5 - 7.0 Armcrank vo2, VC02 

7.0 - 7.5 Armcrank VC02 

7.5 - 8.0 Armcrank vco2 

8.0 - 8.5 Armcrank PET co2 

8.5 - 9.0 Armcrank PET co2 

9.0 - 9.5 Armcrank PET CO 2 

9.5 - 10.0 Armcrank P-BAG C02:Q, HR 

10.0 - 10.25 Stop LBV&LPV, SBP/DBP 



APPENDIX F 

ARM-CRANK ERGOMETRY CARDIAC OUTPUT TEST-RETEST RELIABILITY: PILOT WORK 

Subject W°rk R.at_ei b~Tr±all Q-Trial 2 * 
J kpm *111111 1-mm L 1-min •L 

CK 525 12.2 12.7 

VC 525 14.3 12.9 

JK 210 8.8 8.4 

AK 315 13.3 13.8 

KE 315 9.9 10.0 

CT 420 11.8 11.3 

X 11.7 11.5 

± SE 0.9 0.9 

-0.155 0.937 

Paired t-test was non-significant (p < .01). 



APPENDIX G 

INDIVIDUAL SUBJECT CARDIOVASCULAR DATA 

Subject VO2 %Peak HR SV § a-v02 MAP TPR 
(l-min-1) (V09) (b'min"1) (ml) (l*min ) (ml- (mmHg) (mmHg«min 

z 100 ml-1) -l-1) 

Abie-Bodied Subjects 

O.H. 0.92 53% 119 58 6.9 13.3 98 14.2 

M.Y. 0.74 40% 114 47 5.4 13.7 87 16.1 

A.V. 0.74 47% 94 52 4.9 15.1 103 21.0 

P.A. 0.83 38% 113 76 8.6 9.7 93 10.8 

M.W. 

X+SE 

0.70 

0.79±.04NS 

40% 

44%±3%NS 

112 
:k 

111±4 

52 

57±^ 

5.8 

6.3+0.7^ 

12.1 

12.8±0.^S 

83 
** 

93±4 

14.3 

15.3±1.^S 



APPENDIX G, Continued 

Subjects V02 %Peak HR SV Q a-v02 MAP TPR 
(l'min-*-) (V00) (b*min~ ) (ml) (l-min-1) (ml* , (mmHg) (mmHg-min 

L 100 ml"1) .I"1) 

Wheelchair-Dependent Paraplegics 

D.K. 0.92 44% 130 51 6.7 13.7 102 15.2 

G.K. 0.76 42% 124 44 5.5 13.8 92 16.7 

J.S. 0.96 447o 122 43 5.3 18.1 105 19.8 

C.A. 0.72 4870 121 45 5.5 13.1 121 22.0 

R.R. 0.84 647c 120 42 5.1 16.5 92 18.0 

X±SE 0.84±0.4NS 487O±47,NS 123±2 
f 

45±2 5.6±0. 3^15^1.0^ 
IB 

102 ±5 18.3±1.2: 



APPENDIX G, Continued 

Subjects tf02 , %Peak HR SV Q a-v02 MAP TPR 
(1-min ) (VOo) (b«min ) (ml) (l*min~l) (ml. .. (mmHg) (mmHg*min 

100 ml-1) -l-i) 

Wheelchair-Dependent Amputees 

D.C. 0.84 53% 100 57 5.7 14.7 113 19.8 

S.R. 0.69 37% 104 54 5.6 12.3 101 18.0 

B.H. 1.09 52% 108 68 7.3 14.9 108 14.8 

R.G. 0.82 42% 93 60 5.6 14.6 117 20.9 

M.C. 0.66 49% 110 46 5.1 12.9 117 22.9 

X+SE 0.8240.08^ 47%±3%NS 103±3 57±4 5.9±0.4NS 13.9±0.5NS 111±3** 19.3±1.4NS 

NS - t non-significant (p < .05) between all subject groups. 

* - t significant (p < .05); ABS vs. WDP. 

t - t significant (p < .05); WDA vs. I<JDP. 

** - t significant (p < .05); ABS vs. WDA. 



APPENDIX H 

INDIVIDUAL LEG PULSE VOLUME RESPONSES 

Subject LPV(rest) LPV(ex) ALPV %ALPV 

(ml.beafl) (ml *beat~l) (ml•beat-^) (%++) 

Abie-Bodied Subjects 

O.H. 9.0 6.9 -2.1 -23.0 

M.Y. 5.6 4.2 -1.4 -25.0 

A. V. 6.8 7.8 1.0 14.7 

P.A. 9.0 8.5 -0.5 - 5.6 

M.W. 7.1 6.8 -0.3 - 4.2 

X 7.5 6.8 -0.7 - 8.6 • 

±SE 0.7 0.7 0.5 7.2 

Wheelchair-Dependent Paraplegics 

D.K. 8.7 7.8 -0.9 -10.3 

G.K. 6.6 5.8 -0.8 -12.1 

J.S. 9.1 6.5 -2.6 -28.6 

C. A. 6.4 5.8 -0.6 - 9.4 

R.R. 7.9 6.1 -1.8 -22.8 

X 7.7 6.4 -1.3 -16.6 

±SE 0.5 0.4 0.4 3.8 

t 0.28 0.54 1.05 0.98 
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APPENDIX I 

INDIVIDUAL LEG BLOOD FLOW RESPONSES 

Subject LBF(rest) LBF(ex) ALBF 7oALBF 

(ml -min— ) (ml-min"!) (ml-min-^) (%+ + ) 

Abie-Bodied Subjects 

O.H. 690 827 137 19.9 

M.Y. 365 479 114 31.2 

A. V. 342 740 398 116.4 

P.A. 613 959 346 56.4 

M.W. 524 757 233 44.5 

X 507 752 246 53.7 

±SE 68 78 56 16.9 

Wheelchair-Dependent Paraplegics 

D.K. 795 1020 225 28.3 

G.K. 354 716 362 102.3 

J.S. 528 800 272 51.5 

C. A. 583 696 113 19.4 

R.R. 527 737 210 39.8 

X 557 794 236 43.3 

±SE 71 59 41 14.5 

t 0.52 0.42 0.13 0.24 
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APPENDIX J 

INDIVIDUAL LEG TISSUE PERFUSION 
(LBF/V /100 ml) RESPONSES 

O 

Subject LTP . LTP ALTP %ALTP 
rest ex 

(ml•100ml"1) (ml-100ml"1)(ml-100ml"1) (%++) 

Abie-Bodied Subjects 

O.H. 3.6 4.3 0.7 19.4 

M.Y. 3.1 4.1 1.0 32.3 

A.M. 2.8 6.2 3.4 121.4 

P.A. 4.4 6.9 2.5 56.8 

M.W. 3.6 5.2 1.6 44.4 

X 3.5 5.3 1.8 54.9 

±SE 0.3 0.5 0.5 17.7 

Wheelchair-Dependent Paraplegics 

D.K. 5.1 6.5 1.4 27.4 

G.K. 3.0 6.1 3.1 103.3 

J.S. 4.2 6.4 2.2 52.4 

C.A. 4.6 5.6 1.0 21.7 

R.R. 3.9 5.5 1.6 41.0 

X 4.2 6.0 1.9 49.2 

±SE 0.4 0.2 0.4 14.5 

t 1.48 1.18 0.03 0.25 



APPENDIX K 

INDIVIDUAL LEG BLOOD VOLUME AND POOLING RESPONSES 

Subject LBV LBV (rest) LBV (ex) ALBV ALBV g  e v / e  e  e  

(ml) (ml) (ml) (ml) (pooling) 

Abie-Bodied Subjects 

O.H. 19409 10796 10753 - 43 -0.22 

M.Y. 11635 7266 6988 -278 -2.39 

A.V. 11982 8152 8124 - 28 -0.23 

P.A. 13833 8139 8061 - 78 -0.57 

M.W. 14432 9465 9429 - 36 -0.25 

X 14258 8764 8671 - 93 -0.73 

±SE 1393 618 648 47 0.42 

Wheelchair-Dependent Paraplegics 

D.K. 15728 6907 7020 113 0.71 

G.K. 11781 6345 6306 - 39 -0.33 

J.S. 12501 8253 8335 82 0.65 

C.A. 12527 7121 7158 37 0.30 

R.R. 13486 7176 7508 232 1.72 

X 13205 7180 7265 85 0.61 

±SE 686 311 331 45 0.33 

t 0.68 2.29 1.93 2 . 7 3 *  2 . 5 0 '  

* 
t significant at p<.05. 
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