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ABSTRACf 

Aging has been associated with alterations in the physiological responses to 

physical stressors. This study investigated the regional and systemic hemodynamic 

responses and venous plasma catecholamine responses to three commonly 

encountered physical stressors (dynamic exercise, isometric exercise, and orthostasis) 

in groups of young (25.9±0.7 yr, mean±SE, range 21 to 29) and older (65.0±0.8 yr, 

mean±SE, range 60 to 72) healthy males. In separate experimental sessions, 

subjects performed supine leg cycling at three submaximallevels (-45%, -65%, and 

-85% of peak oxygen uptake), isometric handgrip to exhaustion (30% of maximal 

force), and two types of orthostatic stress (lower body negative pressure [LBNP] and 

standing). In general, there were no differences between the young and older 

subjects in any baseline hemodynamic variable or baseline plasma catecholamine 

concentrations. In response to all levels of leg cyding, the young and older subjects 

had similar arterial blood pressure responses. However, the older subjects did 

demonstrate an augmented forearm vasoconstriction, mediated, at least in part, by 

greater sympathetic vasoconstriction in the skeletal muscle circulation, perhaps 

necessary to help offset a lower cardiac output response. In response to isometric 

handgrip, there was a lesser heart rate response in the older subjects, but there were 

no age-related changes in the selected regional hemodynamic responses, arterial 

blood pressure response or the plasma norepinephrine responses. Likewise, in 

response to both types of orthostatic stress, the older subjects demonstrated a lesser 

tachycardic response, but there was no decline in their ability to maintain arterial 
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pressure. Therefore, the main conclusion of these studies is that, although aging may 

alter the regulatory scheme, the arterial pressure response to these forms of acute 

physical stress iu!Q1 impaired in older humans. 
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CHAPTER 1 

INTRODUCTION AND AIMS 

Introduction 

It has been suggested that older humans respond less favorably than younger 

humans to physical stressors, such as dynamic exercise and orthostasis. This 

maladaptive responsiveness has been attributed to the decline in physiological 

function that is associated with aging. It is widely assumed that altered sympatho

circulatory control of arterial blood pressure during acute stress is a common feature 

of this age-related reduction in physiological reserve. However, the lack of well

controlled studies on normally active, healthy, older humans brings into question th.e 

true effect of aging per se on sympathetic nervous system and cardiovascular function 

during stress. 

Large-muscle, dynamic exercise, a frequently encountered physical stress, 

induces large increases in heart rate, cardiac output, and sympathetic-vasoconstrictor 

outflow to selected regions to augment oxygen transport to contracting muscle. The 

capacity for submaximal and maximal dynamic exercise significantly decreases with 

age from the third decade of life (Fleg, 1986; Raven and Mitchell, 1980). A 

probable cause for the decline in exercise capacity IS the decrease in the heart rate 

response which, coupled with a possible reduction in stroke volume, reduces the 

capacity to augment cardiac output (i.e., oxygen delivery) (Raven and Mitchell, 
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1980). To elevate systemic arterial (perfusion) pressure properly in the face of this 

decreased cardiac output capacity, peripheral resistance during exercise would have 

to be maintained at a higher level in the elderly (Conway, 1971). Since the 

magnitude of the increase in plasma norepinephrine levels (the primary 

neurotransmitter released from post-ganglionic sympathetic nerve endings) during 

dynamic exercise has been reported to be greater in the elderly (Fleg et ai., 1985), 

one might postulate that sympathetic outflow to resistance vessels is also augmented 

in older humans. That is, greater sympathetically mediated peripheral 

vasoconstriction could serve as a compensatory mechanism to generate the necessary 

increase in arterial pressure, and, therefore, offset any decline in cardiac output. 

However, currently there is no information available to either support or refute the 

hypothesis that peripheral vasoconstriction during large-muscle, dynamic exercise is 

greater in older humans. 

In addition to dynamic exercise, isometric exercise (static muscle contractions) 

is also performed frequently in everyday life. As with dynamic work, isometric 

contraction results in a significant increase in arterial blood pressure. However, the 

increase in cardiac output required to generate this pressor response is small relative 

to dynamic, large-muscle exercise. Does this common physical stress also necessitate 

exaggerated sympathetic-vasoconstrictor adjustments in older humans to properly 

regulate arterial blood pressure? There is little conclusive information on the 

neurocirculatory responses to isometric exercise in the elderly, but there do seem to 

be a few consistent observations. The heart rate response is less and the arterial 
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pressure response is similar or may even be greater in older versus young humans 

during submaximal isometric contractions (Sachs et al., 1985; Yin et al., 1978), 

whereas reports on plasma norepinephrine responsiveness are equivocal (Sachs et 

al., 1985; Sowers et al., 1983). However, there is no information on the effect of age 

on the regional or systemic vasoconstrictor adjustments to this stress. Therefore, 

like dynamic exercise, there is little conclusive data to support or refute any 

hypothesis on the effect of aging on the sympathetic-vasoconstrictor responses to 

isometric exercise. 

Clinical observations of orthostatic intolerance in older individuals have led 

researchers to investigate the elderly's response to postural stress. A change in 

position from supine to standing requires reflex increases in heart rate and 

peripheral vascular resistance to maintain arterial blood pressure at the proper level 

(Rowell, 1986). In the elderly, the increase in heart rate from supine to standing or 

with simulated orthostasis (e.g., tilt or lower body negative pressure) is less (Collins, 

1980; Ebert et al., 1982; Morris et al., 1983; Smith, 1987; Shiraki,1987; Young, 1980) 

but has been reported to be associated with an augmented plasma norepinephrine 

response (Young, 1980; Saar, 1979), suggesting greater sympathetic nervous system 

activation. Since recent laboratory investigations suggest that arterial pressure may 

be maintained during orthostasis in older healthy humans (Ebert et al., 1982; Shiraki 

et al., 1987), the above would suggest that a more marked systemic vasoconstrictor 

response may be an important mechanism. However, since there is little data on the 

sympathetic-circulatory control of arterial blood pressure during orthostatic stress in 
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the healthy older humans, no conclusions on the mechanism of the maintenance of 

arterial blood pressure can be made at the present time. 

Thus, our understanding of the influence of aging on sympathetic-vasomotor 

control of arterial pressure during these frequently encountered forms of physical 

stress are incomplete and inconclusive. In addition, in many cases, data on possible 

age-related changes in the autonomic-cardiovascular responses to stress are difficult 

to interpret because of inadequate subject screening. This has resulted in the 

inclusion of elderly subjects who have cardiovascular disease, are obese and have 

lower levels of physical activity (poorer fitness) than their younger counterparts. 

Therefore, these previous investigations often have not adequately isolated the 

effects of biological aging per se. 

To determine if sympathetic-vasoconstrictor regulation of arterial blood 

pressure is altered by human aging, this study investigated the possible age-related 

changes in the systemic and regional hemodynamic, and sympathetic nervous system 

adjustments to three common stresses - dynamic exercise, isometric exercise and 

orthostasis, in groups of young and older healthy men. Also, to better isolate the 

effects of aging per se, the subject population was rigorously screened for 

cardiovascular disease and obesity, and the two groups were matched for chronic 

physical activity levels. 
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Aims 

The present study had three primary aims and three secondary aims. These 

aims were directed towards providing a more complete understanding of the age

associated changes in the sympatho-cardiovascular adjustments to acute physical 

stress. 

The primary aims were as follows: 

1. To determine if arterial blood pressure is regulated at the same level in 

response to dynamic exercise, isometric exercise, and orthostasis in young and older 

men. 

2. To determine whether the magnitude of the regional vasoconstrictor 

responses to these stressors are augmented in older versus younger men as evidenced 

by greater increases in whole limb, skeletal muscle, and/or skin vascular resistance. 

3. To determine whether the altered vasoconstrictor responses to these three 

stressors in older men (if observed) are associated with greater sympathetic nervous 

system activation as indicated by greater increases in plasma catecholamines. 

The secondary aims were as follows: 

1. To determine if the whole body (i.e., systemic) vasoconstrictor adjustments 

to isometric exercise and orthostasis differ in young and older men. 

2. To determine if sympathetic nervous system stimulation of epinephrine 

release from the adrenal medulla is augmented in older humans as indicated by the 

magnitudes of the plasma epinephrine responses to these stressors. 
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3. To determine whether the tachycardic response to dynamic exercise, 

isometric exercise, and orthostasis is reduced in healthy older men. 

To achieve these aims we recruited 16 young and 16 older healthy men to 

participate in these studies. The systemic and regional hemodynamic and plasma 

catecholamine responses to these three commonly encountered physical stressors 

were assessed in both groups. A preliminary account of this work has appeared in 

abstract form (Taylor, Hand, Reiling, Seals, 1990). 
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CHAPTER 2 

LITERATURE REVIEW 

Historical Background 

Cross-sectional and longitudinal studies have demonstrated several age-associated 

changes in the cardiovascular system at rest. A brief discussion of these changes is 

necessary since the circulatory adjustments to physical stress may be influenced by these 

'baseline' alterations, and by the underlying autonomic and non-autonomic mechanisms. 

Age-Related Changes in Circulatory Control at Rest 

Cardiac output determined in the supine position declines with age in humans. 

Studies have consistently shown no difference in the resting heart rate of young and 

old subjects and attribute the decline in cardiac output to a low.ered stroke volume 

(Granath et al., 1964; Julius et al., 1967). Interestingly, some studies have found 

that the lower stroke volume is not as apparent in the elderly when measured in the 

upright position (Granath et al. 1961; Kenney, 1988). The available data suggest' 

that the reduction in stroke volume is not due to an age-associated change in the 

intrinsic contractility of the heart (GerstinbIith, 1976). Rather, stroke volume 

appears to be lower in the elderly because of some peripheral factor affecting the 
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loading conditions on the heart (Gerstinblith, 1976). A lower preload (i.e., filling 

pressure or volume) could account for the difference in stroke volume, since mean 

pulmonary artery pressure has been shown to be lower in the elderly (Granath and 

Strandell, 1964). It is also possible that a greater afterload resulting from an 

elevated aortic impedance and arterial blood pressure in the elderly contributes to 

the decline in stroke volume (Y~ 1980). 

However, there is some controversy over the decline in stroke volume with 

age. Some investigators have found no decrease in stroke volume at rest with age, 

and, thus, no decrement in cardiac output (Port et al., 1980; Rodeheffer et at, 1984). 

These investigators attributed the discrepancy between their data and previous data 

to their more rigorous subject screening procedures. They estimated that traditional 

screening procedures underestimate the incidence of cardiovascular disease by as 

much as 50% (F1eg, 1986; Rodeheffer et al., 1984). It is also possible that 

differences in measurement techniques may be partly responsible for these 

conflicting findings (Fleg, 1986) . 

. Arterial blood pressure increases progressively with increasing age in the 

general population. The increase in arterial blood pressure observed by most 

investigators has been reported to occur in both systolic and diastolic pressures 

(Conway et at, 1979; Goldstraw and Warren, 1985; Petrofsky and Lind, 1975; Smith 

et at, 1987; Smith and Fasler, 1983). The diastolic pressure tends to increase until 

the fifth decade of life and thereafter remains unchanged, whereas systolic blood 

pressure tends to increase throughout life (Lakatta, 1979). However, some 
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investigators have pointed out that this increase may not be a cause of aging per se 

but related to factors associated with industrialized society (Sowers, 1987; Timio et 

al., 1988). Therefore, although there is evidence of an age-associated increase in 

mean arterial blood pressure its etiology may be more closely associated with factors 

endemic to westernized society rather than to true biological aging per se. 

With an age-associated decrease in cardiac output and an increase in mean 

arterial blood pressure, there must be an increase in the systemic vascular resistance 

with aging. Surprisingly, there is little data on systemic resistance at rest in the 

elderly. Two early studies utilizing direct measurement techniques for cardiac output 

found greater systemic resistance in their elderly subjects (Granath and Strandell, 

1964; Julius et al., 1967). This greater vascular resistance in the elderly could be due 

to increases in arterial wall thickness and wall thickness/lumen ratio resulting in a 

loss of arterial compliance (Lakatta, 1979). It is also possible that a greater basal 

sympathetic nervous system vasoconstrictor tone associated with higher plasma 

norepinephrine levels and high resting muscle sympathetic nerve activity could 

mediate the increased resistance (Sundlof and Wallin, 1978)(see below). These are 

two possible mechanisms, but the definitive causes for the increased systemic 

vascular resistance and, therefore, arterial pressure with age are not known. 

In light of these systemic alterations, regional changes in blood flow and 

vascular resistance could also occur with advancing age. However, the data are 

sparse on differences between young and old in regional hemodynamics at rest. 

There is some evidence of a decrease in skeletal muscle blood flow in the elderly 
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(Allwood, 1982), but it is not known if this was due to greater skeletal muscle 

vascular resistance in these subjects. Blood flow to the kidney has also been shown 

to be lower with age in rodents and humans (Rowe et al., 1976; Tuma et al., 1985). 

Thus, there may be some alterations with age in the resting hemodynamics of 

vascular beds that make a significant contribution to systemic resistance and arterial 

blood pressure. 

In sum, there are significant changes in the resting hemodynamic profile with 

advancing age. Cardiac output declines due to a lowered stroke volume, arterial 

blood pressure may increase, and systemic vascular resistance appears to be greater. 

The greater systemic resistance may be mediated by morphometric changes, 

physiologic changes, or both. Although the underlying mechanisms are not clear, 

these age-related hemodynamic changes are known to be associated with a number 

of alterations in the autonomic nervous system. 

To a large extent, control of systemic hemodynamics is exerted by the 

autonomic nervous system through its efferent and afferent neural pathways. The 

baroreflexes constitute an important control loop in modulating autonomic neural 

outflow to maintain systemic blood pressure through changes in cardiac output and 

vascular resistance. It is possible that the age-related changes in hemodynamics at 

rest are due in part to an altered baroreflex sensitivity. 

It has been demonstrated consistently that the arterial baroreceptors decrease 

heart rate less in the elderly in response to an increase in arterial pressure 

(Lindblad, 1977; Randall et al., 1978; Shimado et al., 1985). In addition, there are 
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some data which suggest that there is a decrease in baroreflex control of systemic 

resistance with aging. Carotid distension to simulate increased arterial pressure 

results in less slowing of the heart rate and less reduction in systemic vascular 

resistance in middle-aged versus young subjects (Lindblad, 1977). The altered 

control of heart rate and vascular resistance could result from the arterial stiffening 

that occurs with aging such that an increase in pressure would cause less deformation 

of the stretch-sensitive baroreceptors and, hence, less afferent feedback. The 

decrement in overall reflex responsiveness could also be the result of altered central 

integration, efferent neural activation, or target organ responsiveness. However, the 

exact mechanism or the site of the impairment in baroreflex responsiveness with age 

is not known. 

Characterization of cardiopulmonary baroreceptor sensitivity in the elderly 

might also provide some insight into the changes in cardiovascular function observed 

with aging. The cardiopulmonary baroreceptors have no effect on heart rate in 

humans but control systemic pressure through sympathetically mediated changes in 

vascular resistance (Mark and Mancia, 1983). The only investigations to date have 

shown both no change with age (Ebert et al., 1982) and a decrease with age 

(Cleroux et aI., 1989) in cardiopulmonary baroreceptor control of forearm vascular 

resistance. 

It is possible that decreases in peripheral vasculature sensitivity to adrenergic 

stimulation plays a role in these age-related cardiovascular changes. Beta receptor

mediated vasodilation in skeletal muscle has been shown to decline with age 
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(Brummelen et al., 1981), most likely due to changes in receptor number, affinity, 

or post-receptor regulation (Fleisch, 1981; Nielson and Vestal, 1989; Simpkins et aI., 

1983). However, the age-associated impairment in beta receptor function in the 

vasculature is not accompanied by any alterations in alpha receptor function. There 

are no changes in alpha receptor affinity, density, or second messenger activity with 

age (Davis and Silski, 1987; Scarpace, 1986). The increase in forearm blood flow 

in response to the alpha receptor antagonist phentolamine is unchanged with age 

(Kiowski et al., 1981) and norepinephrine induced constriction in isolated human 

arteries is not altered with age (Scott and Reid, 1982; Stevens et aI., 1982). Thus, 

although beta receptor mediated responsiveness declines with age, the alpha 

adrenergic system appears to maintain its ability to effectively produce 

vasoconstriction throughout life. 

Many investigations have observed an age-related increase in total plasma 

catecholamines at rest (Hilsted et aI., 1985; Hill et aI., 1986; Morrow et aI., 1987). 

Most of these data indicate that norepinephrine accounts for the majority of this 

increase and that plasma epinephrine levels show little change with age (Hill et aI., 

1986; Hoeldtke and Cilmi, 1985; Morrow et al., 1987). The plasma concentration 

of the post-ganglionic sympathetic neurotransmitter norepinephrine has been used 

as an index of overall sympathetic nervous system activity (Esler et aI., 1981). Thus, 

the increased plasma norepinephrine concentration could be interpreted as indicating 

that central sympathetic neural outflow increases with age (Hilsted et al., 1985; 

Morrow et aI., 1987). This greater baseline sympathetic tone may be a compensatory 
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mechanism for the reduced beta adrenergic responsiveness in various tissues (Vestal et 

al., 1979) and could be the underlying mechanism for the greater resting systemic 

resistance in the elderly. It is also possible that the reduction in baroreceptor sensitivity 

with increasing age results in less inhibition of sympathetic outflow and, hence, greater 

plasma norepinephrine levels (Sundlof and Wallin, 1978). 

In summary, the autonomic nervous system appears to be altered by the aging 

process. Arterial baroreceptor control of the circulation is impaired. The beta

adrenergic vasodilation in the peripheral vasculature is reduced while vascular alpha 

receptor mediated vasoconstriction remains intact with age. Perhaps as a result of altered 

beta receptor function and perhaps due to the decreased baroreceptor inhibition, 

sympathetic neural outflow at rest, as evidenced by the greater plasma norepinephrine 

concentration, increases with age. However, it is not certain to what extent these 

changes in autonomic nervous system function contribute to the systemic or regional 

hemodynamic changes observed with aging. 

Age-Related Changes in the Cardiovascular Adjustments to Physical Stress 

As described above, several important changes in cardiovascular-autonomic 

control occur at rest with advancing age. From the nature of these changes one might 

predict that the circulatory adjustments to the increased demands imposed by acute 

physical stress may also be altered with aging. If so, this could place older humans, 

especially those with sub-clinical cardiovascular disease, at greater risk than 
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younger humans. The following sections are a discussion of the available 

information on cardiovascular-autonomic regulation of arterial blood pressure in 

young and older humans during three commonly encountered forms of acute physical 

stress: large-muscle rhythmic exercise, isometric exercise, and orthostasis. For each 

of these stressors, the circulatory adjustments observed in young subjects (i.e. 

'control' responses) will be described first followed by a discussion of the available 

data on age-related changes. 

Dynamic Exercise 

Dynamic exercise in young healthy subjects produces marked cardiovascular 

adjustments that are characterized by specific changes in cardiac output, regional and 

systemic vascular resistances, and arterial pressure. These adjustments promote an 

increased oxygen delivery to the exercising muscles which must closely match energy 

expenditure. Both autonomic and non-autonomic mechanisms are responsible for 

mediating the cardiovascular adjustments to dynamic exercise. 

Large-muscle rhythmic exercise (running, walking, cycling, etc.) evokes an 

increase in cardiac output which is proportional to the increase in energy 

expenditure [(oxygen consumption) (Astrand et al., 1964; Bevegard and Shephard, 

1967; Clausen, 1976; Hermansen et al., 1986)]. The increase in cardiac output 

results from increases in both heart rate and stroke volume (Astrand et al., 1964; 

Bevegard and Shephard, 1967; Clausen, 1976; Hermansen et aI., 1986). Heart rate 

increases linearly with exercise intensity up to maximal exercise, but, in contrast, the 
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increase in stroke volume with upright dynamic exercise reaches its maximum by 

approximately 50% of maximal oxygen consumption (Astrand et al., 1964; Bevegard 

and Shephard, 1967; Clausen, 1976; Hermansen et al., 1970; Higginbotham et al., 

1986). The increase in cardiac output occurring from 50% of maximum to maximal 

exercise is, then, solely due to the further increase in heart rate. In contrast to 

upright exercise, supine exercise elicits little increase in stroke volume since stroke 

volume is nearly maximal at rest in this position (Bevegard and Shephard, 1967). 

However, with this exception, the direction and magnitude of the cardiovascular 

adjustments are similar during both supine and upright exercise (Bevegard and 

Shephard, 1967). 

Arterial blood pressure increases linearly with increasing relative (percent of 

maximum) exercise intensity (Bezucha et al., 1982; Lewis et al., 1983). This is 

primarily due to increases in systolic blood pressure, although diastolic blood 

pressure may also increase during some types of dynamic exercise (e.g., during arm 

or leg cycling) (Bevegard and Shephard, 1967; Hermansen et al., 1970; Higginbotham 

et al., 1986). Systolic blood pressure increases due to the increase in stroke volume 

and cardiac output. 

Dynamic exercise induces progressively greater decreases in systemic vascular 

resistance with increasing exercise intensity; systemic resistance reaches its nadir at 

peak exercise (Hermansen et al., 1970). The primary mechanism of the decrease is 

the metabolically induced vasodilation in the active skeletal muscles (Hermansen et 

al., 1970; Rowell, 1974). As exercise intensity increases, there is more vasodilation 
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due to activation of a greater number of muscle fibers and greater production of 

vasodilatory metabolites (Hermansen et al., 1970; Rowell, 1974). Net systemic 

resistance decreases despite significant vasoconstriction in non-active tissues, 

including the non-active skeletal muscle, the skin (initially, prior to any increase in 

core temperature) and the mesentery (Bevegard and Shephard, 1967; Blair et al., 

1982; Clausen, 1976; Rowell, 1974). The local vasodilation in the contracting muscle 

circulation may be somewhat offset at heavy submaximal and maximal exercise due 

to augmented efferent sympathetic vasoconstrictor activity (Rowell, 1986). 

The sympathetic nervous system plays a primary role in the hemodynamic 

response to exercise. Sympathetic output to the heart partially mediates the 

increased chronotropic and inotropic states seen during exercise, and outflow to the 

vasculature mediates vasoconstriction to redirect blood flow to the active skeletal 

muscle. The sympathetic response to exercise has been estimated by measuring 

changes in plasma norepinephrine levels. Generally, significant increases are seen 

only at work rates above 40% of maximum oxygen consumption (Christensen and 

Galbo, 1983; Galbo, 1983). Above this threshold, plasma norepinephrine levels 

increase linearly with increasing exercise intensity (Christensen and Galbo, 1983; 

Galbo 1983). Maximal plasma norepinephrine levels in response to a brief exercise 

bout are generally observed after the cessation of exercise presumably due to the lag 

time involved in release and diffusion into the bloodstream (Christensen and Galbo, 

1983; Galbo 1983). Plasma epinephrine levels also increase during dynamic exercise, 

but the intensity threshold for the increase is greater than that for norepinephrine 
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(60-70% of maximal exercise; Galbo, 1983). Like norepinephrine, the peak plasma 

levels are usually seen after cessation of exercise. 

The available information on the response to dynamic exercise in the elderly 

indicates that there is a decreased functional capacity with advancing age. Maximal 

work capacity is significantly reduced and specific submaximal workloads (levels of 

absolute energy expenditure) therefore represent a greater relative exercise stress. 

The exercise hemodynamic profile appears to be altered with advancing age and may 

limit maximal performance. 

Maximal cardiac output as well as the cardiac output during submaximal 

exercise intensities have been reported to decrease with advancing age (Granath et 

al., 1964; Julius et al., 1967; Port et al., 1980). One primary contributor to the age

associated reduction in cardiac output is the reduced heart rate response. Maximal 

heart rate is reduced and the heart rate response to sub maximal exercise is 

unchanged or attenuated with advancing age (deVries and Adams, 1972; Innes et al., 

1988; Lehmann and Keul, 1986; Sachs et al., 1985). Also contributing to the 

reduction in cardiac output is a possible reduction in stroke volume. Most studies 

have shown that with advancing age the stroke volume during exercise is reduced 

(Granath et al., 1961; Kusiak and Pitha, 1983; Port et al., 1980), although, as with 

the data on declines in resting stroke volume with age, there are some conflicting 

results (Innes et al., 1988; Rodeheffer et al., 1984). It is not clear whether the lower 
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cardiac output in older subjects is due to a lesser increase with exercise or a similar 

increase from a lower baseline level. 

It has been reported that elderly subjects attain a higher level of mean arterial 

blood pressure during submaximal and maximal exercise than do younger subjects 

(Conway et al., 1971; Innes et al., 1988; Julius et al., 1967). Apparently this is 

primarily due to a greater increase in systolic blood pressure in the elderly since the 

data on diastolic blood pressure are equivocal (Julius et al., 1967; Mann et aI., 1986; 

Sachs et a!., 1985). However, some studies have found that the change in blood 

pressure from rest to exercise is similar in the young and old (deVries and Adams, 

1972; Fleg et aI., 1985; Sachs et al., 1985), therefore, a greater arterial pressure at 

rest may be responsible for the higher exercise levels observed by some investigators 

(deVries and Adams, 1972). Thus, the mechanisms for the higher absolute level of 

arterial blood pressure in the elderly may be the same at rest and during exercise. 

Accordingly, possible mechanisms include greater stiffness of the vascular system and 

greater systemic resistance in the elderly (Conway et al., 1971; deVries and Adams, 

1972). 

If there is a lower cardiac output during large-muscle rhythmic exercise in the 

elderly, this would necessitate a higher level of systemic vascular resistance to attain 

the same or a higher arterial pressure compared to younger subjects. Early studies 

measuring cardiac output and arterial pressure during exercise did find a greater 

vascular resistance in elderly versus young subjects (Conway et al., 1971; Granath et 

al., 1964; Julius et al., 1967). Although the absolute level of systemic resistance 



29 

appears to be greater, it is not clear whether this is due to a higher resting systemic 

resistance in the elderly or the result of a lesser decrease during exercise compared 

to the young subjects (Conway et al., 1971; Granath et al., 1964; Julius et aI., 1967). 

Greater systemic resistance could be due to lesser (locally mediated) vasodilation in 

exercising muscle and/or greater regional or systemic sympathetic vasoconstriction. 

A lower flow to the active skeletal muscle has been reported in middle-aged versus 

younger athletes (Wahren et al., 1974), but to date there are no data on the 

direction or magnitude of the vasomotor response of inactive skeletal muscle, skin, 

or other regions during dynamic exercise in young and old subjects. Therefore, 

whether or not the magnitude of the vasoconstrictor response in non-contracting 

tissue contributes to a higher systemic resistance observed during exercise in older 

subjects is uncertain. 

If greater vasoconstriction in non-contracting tissues contributes to a higher 

systemic resistance, one might postulate that the response of the sympathetic nervous 

system to exercise might be exaggerated in the elderly. A higher sympathetic 

outflow has been inferred from observations of greater plasma norepinephrine levels 

during graded exercise in the elderly (Fleg et al., 1985). However, although plasma 

norepinephrine levels have been reported to be higher at the same submaximal 

exercise intensity in the elderly (Fleg et al., 1985; Lehmann and Keul, 1986), a recent 

study has reported a lesser increase in older subjects when the same relative (percent 

of maximum) level of exercise is performed (Hagberg et aI., 1988). Thus, more 
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information is needed to determine whether sympathetic nervous system activation 

is greater during submaximal dynamic exercise in the older human. 

Isometric Exercise 

Isometric exercise is performed frequently in everyday life yet it is unique 

from dynamic exercise in that it represents a much different physiological challenge 

to the human. The direction and magnitude of the systemic hemodynamic 

adjustments to isometrric exercise are somewhat different than those seen during 

dynamic exercise. The changes in cardiac output, arterial pressure, and systemic and 

regional resistances differ both quantitatively and qualitatively. 

In young healthy adults, cardiac output does increase slightly (2-3 ljmin) in 

response to isometric exercise. However, even during very strenuous isometric 

contractions, the magnitude of the increase is not as great as seen during dynamic 

exercise (.?olD-IS ljmin). The small increase in cardiac output is due solely to a 

moderate increase in heart rate, since stroke volume does not change or decreases 

slightly from levels at rest during isometric exercise (Donald et aI., 1967; Freyschuss, 

1970; Lind 1983; MacDonald et al., 1966; Martin et aI., 1974). Even during mild 

isometric exercise there are dramatic increases in both systolic and diastolic 

pressures (Asmussen, 1981; Donald et aI., 1967; Lind 1983; Petrofsky, 1982). The 

increases in arterial pressure are both time- and contraction intensity-dependent. 

Above intensities of 15% of maximal contraction, blood pressure will increase 
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linearly throughout the duration of the isometric exercise bout (Asmussen, 1981; 

Donald et al., 1967; Lind 1983; Petrofsky, 1982). Furthermore, the peak level of 

blood pressure achieved at any finite time point is greater with increasing contraction 

intensities above 15% of maximal (Asmussen, 1981; Donald et al., 1967; lind 1983; 

Petrofsky, 1982). The increase in arterial blood pressure during isometric exercise 

of moderate duration (e.g., 2-3 min) is mediated primarily through the small increase 

in cardiac output although systemic vascular resistance increases somewhat toward 

the end of the contraction, and therefore also contributes to the pressor response 

(Lind, 1983; Perez-Gonzales, 1981). 

It is thought that the sustained nature of the isometric contraction 

mechanically restricts exercising muscle blood flow, resulting in reflex 

vasoconstriction (Lind, 1983; Lind and McNicol, 1967). This heightened 

vasoconstrictor activity acts to augment arterial perfusion pressure, and, therefore, 

contracting muscle blood flow. Thus, during isometric exercise the mesentery, 

inactive muscle, and skin undergo reflex vasoconstriction while metabolic 

vasodilation and mechanical compression oppose one another in modifying flow to 

the active muscle. The increased sympathetic vasoconstrictor activity to non-active 

tissues results in an increased plasma norepinephrine concentration which usually 

peaks after the cessation of exercise (Galbo, 1983). Epinephrine concentrations 

may also increase in response to isometric exercise but the increase, when observed, 

is smaller in magnitude than the increase in norepinephrine (Galbo, 1983). 
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There is some evidence to suggest that the neurocirculatory responses to 

isometric exercise are altered in the elderly. however, the data are sparse and often 

contradicting. One of the most commonly noted differences between young and old 

is the heart rate response. Elderly subjects consistently demonstrate a lesser 

tachycardia during isometric contractions performed at the same percent of peak 

force than do younger subjects (Kino et al., 1975; Sachs et al., 1985; Yin et al., 

1978). Age-related changes in the stroke volume response to isometric exercise may 

also occur, but to date there are no published data on the stroke volume or cardiac 

output responses in young and old subjects. 

The elderly appear to attain a higher absolute level of arterial blood pressure 

during isometric exercise compared to young subjects, but whether this is due to a 

greater increase from resting levels or to a normal increase superimposed on a 

higher baseline pressure (see above) is unclear. Previous investigations have 

reported both equal and greater increases in systolic pressure during isometric 

handgrip in older subjects (Goldstraw and Warre~ 1985; Petrofsky and Lind, 1975; 

Sachs et al., 1985; Yin et al., 1978). Similarly, the change in diastolic pressure has 

been reported to be both less and equal in older versus younger subjects (Kaijser 

and Sachs, 1985; Ordway and Wekstein, 1979; Petrofsky and Lind, 1975). Thus, it 

has not been determined whether the magnitude of the pressor response evoked by 

isometric exercise is exaggerated in older humans. 

Since there is no information on possible age-related changes in the cardiac 

output response to isometric exercise, there is no corresponding data on systemic 



33 

vascular resistance. With a greater (or even equivalent) blood pressure response and 

a possibly attenuated cardiac output response, one might postulate that during 

isometric exercise systemic resistance must be higher in older subjects. Systemic 

vascular resistance in response to isometric exercise is greater in individuals whose 

increase in cardiac output is compromised due to cardiac insufficiency (Ehsani et aI., 

1981). A greater systemic resistance would likely be the result of greater 

vasoconstriction of non-active tissue. However, there is no information on the 

regional hemodynamic responses to isometric exercise in the elderly. There are 

some data indicating a greater increase in sympathetic outflow in older subjects as 

evidenced by higher plasma norepinephrine levels at the end of ;sometric exercise 

(McDermott et aI., 1974). However, since plasma norepinephrine concentration is 

increased at rest in (at least some) older humans, it is not known whether the higher 

absolute levels of plasma norepinephrine during isometric exercise represent an 

augmented sympathetic neural response (i.e., greater increase from baseline 

norepinephrine levels) or a normal degree of sympathetic activation (equivalent 

~hanges in norepinephrine) superimposed on a higher baseline. 

Orthostasis 

With the assumption of the upright posture the cardiovascular system must 

evoke several reflex circulatory adjustments mediated by the autonomic nervous 

system. The stress of a sudden caudal shift of blood volume from the thorax 

(orthostasis) is one that is encountered daily and may be influenced by human aging. 
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In the laboratory, tilt, standing, and the application of suction to the lower body 

(simulated orthostasis) have been used to study the cardiovascular-autonomic 

nervous system adjustments to this physical stress. 

In young healthy adults. the hemodynamic adjustments to standing, tilt, and 

the physiologically equivalent levels of lower body suction (40 to 50 mmHg) include 

an increase in heart rate and a decrease in stroke volume (RoweR 1986). Stroke 

volume decreases because of a decrease in left ventricular preload due to a reduced 

venous return (Rowell, 1986). The increased heart rate is an arterial baroreflex

mediated response to maintain cardiac output. However, in spite of this adjustment 

cardiac output decreases approximately 20% from supine rest levels. Systolic 

pressure decreases due to the reduction in cardiac output and diastolic pressure is 

reflexly increased by systemic vasoconstriction. Thus, despite the decrease in cardiac 

output mean arterial pressure is generally well maintained by a reflex increase in 

systemic vascular resistance. This reflex systemic vasoconstrictor response is, in tum, 

due to a decrease in cardiopulmonary and/or arterial baroreceptor 

sympathoinhibition ('unloading') as a result of orthostasis-induced reductions in 

cardiac filling pressure and arterial pulse pressure, respectively. This results in a 

significant reduction in blood flow (increased vascular resistance) to the splanchnic 

organs, the kidneys, skeletal muscle, and, possibly, skin (Rowell, 1986). This 

increased sympathetic vasoconstrictor activity is associated with increases in plasma 

norepinephrine concentrations (Rowell, 1986). 
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There are some data to suggest that older individuals have an altered 

autonomic-circulatory regulation of arterial blood pressure in response to orthostatic 

stress. For example, there are numerous clinical reports of increases in the 

prevalence of orthostatic hypotension with advancing age (Caird et aI., 1973; Lennox 

and Williams, 1980; Lipsitz, 1989). Some observations suggest that as many as 20% 

of older adults manifest such symptoms (Lipsitz, 1989). However, recent data 

indicate that the regulation of arterial pressure during orthostatic stress may not be 

impaired in healthy older individuals (Ebert et al., 1982; Sachs et al., 1985; Shiraki 

et aI., 1987). 

Heart rate has been shown to increase less in older humans in response to 

both standing and lower body suction (Collins et al., 1980; Ebert et aI., 1982; Smith 

et al., 1987). However, the information on stroke volume is meager and conflicting. 

An investigation utilizing lower body suction reported that the fall in stroke volume 

was actually more marked in young than old men at a specific level of negative 

pressure (Ebert et al., 1982). In contrast, a study of the hemodynamic adjustments 

to tilt reported equivalent stroke volume decreases in both young and old men 

(Smith et al., 1987). The magnitude of the orthostasis-induced reduction in cardiac 

output '~Jas shown to be lesser in older subjects in one study (Ebert et aI., 1982) and 

no different in the other study (Smith et al., 1987). 

In the face of an attenuated heart rate and, possibly, cardiac output response, 

one might postulate that the older human might have to evoke greater increases in 

sympathetic nerve activity and systemic vasoconstriction (increases in systemic 
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vascular resistance) in order to maintain arterial pressure. However, the small 

amount of data on systemic resistance provides no clear insight to either support or 

refute this hypothesis. Two studies utilizing lower body suction show a greater 

increase in systemic resistance in the elderly (Ebert et al., 1982; Frey and Hoffler, 

1988) while those utilizing tilt show no difference in the systemic resistance change 

between young and old (Hainsworth and Al-Shamma, 1988; Shiraki et aI., 1987). 

There are few available data on changes in regional vascular resistance. Both a 

greater (Ebert et aI., 1982) and a lesser (Shiraki et ai., 1987) forearm 

vasoconstriction in response to orthostatic stress in the elderly have been found. 

Data on age-related changes in the sympathetic response, as estimated from changes 

in plasma norepinephrine content, are as equivocal as any other data in this area. 

Tilt has been shown to produce similar increases in the plasma norepinephrine levels 

(Sachs et aI., 1985), while standing has been found to produce a much greater 

increase in older subjects (Sowers et aI., 1983). 

In summary, little is currently known about the regulation of arterial pressure 

during orthostasis in the healthy older human. Orthostatic stress does produce a 

lesser tachycardia in older individuals, but the possibility of age-related changes in 

other cardiovascular-autonomic nervous system adjustments cannot be determined 

on the basis of the information currently available. Most importantly, it has not 

been determined if exaggerated sympathetic vasoconstriction is necessary to properly 

maintain arterial pressure during this form of physical stress in healthy older 

individuals. 
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Additional Difficulties in Inter.preting Previous Research on Aging and Physical Stress 

A review of the literature on the effects of aging on the response to physical 

stressors leads to the conclusion that there is much need for further investigation in this 

area. Most surprising is the dearth of consistent information on the control of arterial 

blood pressure, and the systemic and regional hemodynamic adjustments to commonly 

encountered physical stressors in young and old subjects. Also lacking are data on the 

autonomic mechanisms underlying any age-related alterations in the circulatory 

adjustments to these stressors. 

One limiting factor in gerontology research is the difficulty of isolating the effects 

of true biological aging per se. In the general population, humans become more 

sedentary, more prone to obesity, and more likely to develop cardiovascular disease with 

advancing age (Lakatta, 1979). Each of these factors are known to influence the control 

of arterial pressure, and the cardiovascular-autonomic nervous system responses to 

physical stress independently of aging. Therefore, investigations into the stress responses 

of the elderly should attempt to limit the effects of these factors by utilizing non-obese 

elderly subjects with no overt signs of coronary artery disease. Furthermore, the young 

and older subject groups must have similar chronic physical activity levels. A 

surprisingly large proportion of the investigations to date in this area have not controlled 

for these factors. 
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Also confounding the interpretation of the data in this area are the 

differences in the stressors applied. For example, young and old subjects have often 

been compared at the same level of energy expenditure during large-muscle rhythmic 

exercise (Innes et al., 1988). Since this represents a higher percentage of maximal 

capacity in older subjects, the relative level of stress is greater and many of the 

cardiovascular-autonomic nervous system adjustments to exercise are determined by 

the "relative" work rate. Ukewise, in those few studies on age-related differences in 

the responses to isometric exercise,most isometric contractions have not been 

sustained to exhaustion which is when the peak cardiovascular adjustments to 

isometric exercise become apparent. Thus from a 'regulatory' standpoint, it is 

important that old and young subjects be compared at the same relative levels of 

stress to be able to properly interpret the results. 

Based on these considerations, there is an obvious need for well-controlled 

studies on possible age-related changes in autonomic-cardiovascular regulation during 

acute orthostasis, and dynamic and isometric exercise. Furthermore, there is 

potential clinical relevance to studies in this area since the elderly are being asked 

more frequently by the health community to exercise regularly. Also of clinical 

relevance is the postulate that an age-related exaggeration of the sympathoadrenal 

response to physical and emotional stress may be linked to the increases in the 

incidence of chronic cardiovascular disease observed with human aging (Lakatta, 

1979). It is therefore important to investigate the regulatory strategies of older 
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humans during forms of physical stress that require autonomically mediated 

hemodynamic adjustments. 

Technical Background 

Several of the methodologies used in these studies need a more detailed 

description than possible in the following chapters (manuscripts) due to space limitations. 

Also, a more in-depth description of the subject screening procedures is needed to better 

demonstrate the rigorous standards applied for subject selection. 

Subjects 

Subjects were recruited by flyers and newspaper advertisements. They were 

initially interveiwed by phone to ensure that their age, health and physical activity 

status were appropriate for the study. Normotensive (resting blood pressure < 140/90) 

men aged 20-29 and 60-72 years were studied. Because differences in gender would 

likely increase the variability in the responses to acute stress (Johansson and 

Hjalmarson, 1988), and since differences in hormonal status would confound 

comparisons between the young and older (post-menopausal) women, only men were 

studied. Those individuals with known coronary artery disease, diabetes, 

neurological disease, or cancer were excluded from the study. To ensure this, 

medical history and resting and exercise (stress test) electrocardiograms were 

assessed. The exercise stress test, using a modified Balke protocol, was administered 
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by a physician and was stopped either at the point of exhaustion or when one of the 

following abnormalities occurred: 1) ST segment depression, 2) chest pain or 

discomfort, 3) serious arrhythmias, 4) A-V block or other conduction defects, 5) fall 

in systolic blood pressure with increasing work load, 6) diastolic pressure over 110 

mmHg or systolic pressure over 250 mmHg, 7) dizziness, 8) ataxic gait, or 9) pallor 

or cyanosis. Only those subjects showing no signs or symptoms suggestive of 

coronary artery disease were allowed to participate further in the study. Smokers 

and persons on antihypertensive medication were also excluded from the study. To 

eliminate the effects of obesity, only those subjects within 20% of ideal body weight 

as assessed by body mass index (BMI) were included in the study. The subjects 

ranged from physically inactive to recreationally active (Le., light sports, easy 

walking, etc.). The average weekly physical activity levels of each subject was 

quantified (Standford Physical Activity Questionnaire; LaPorte et al., 1984) to 

document that there were no significant differences between the groups. Maximal 

oxygen consumption was used to ensure that the aerobic capacities of the young and 

old subject groups were similar with respect to the normative values for men of their 

age. A modified Balke protocol was used to elicit exhaustion within 7-10 minutes 

(Balke, 1960). This measure, along with determinations of chronic physical activity 

levels, were used to document that the young and old subjects are similar in aerobic 

fitness relative to their age. Thus, the older and younger subjects were similar with 

respect to overt cardiovascular and other diseases, body mass index and physical 

activity levels. 
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Stroke Volume 

Stroke volume was measured non-invasively by computer-sampled impedance 

cardiography (Buell, 1988; Muzi et al., 1985). Impedance cardiography involves the 

injection of a low-energy, high-frequency alternating current (20-200 kHz) through 

the thorax and the measurement of the impedance changes associated with the 

cardiac cycle. Mylar band electrodes are placed about the subject's neck, around the 

thorax approximately 1 cm below the xiphisternal junction, and around the upper 

abdomen; an ECG electrode is placed on the subject's forehead. The forehead and 

abdominal electrodes are excited by a 100 Hz sinusoidal current, and the resulting 

voltage (proportional to the magnitude of the impedance changes) is monitored from 

the two inner electrodes. Conductive components within the thorax determine its 

electrical impedance and the average basal impedance is expressed as Zoo The 

change in electrical impedance as fluid pulsates within the thorax (Le., cardiac filling 

and ejection) is displayed as DZ and that signal is differentiated to yield a dZ/dt 

waveform which is similar in character to that seen using aortic flow probes (Buell, 

1988). Ventricular ejection time is measured as the time between first and second 

heart sounds recorded from a phonocardiogram placed on the subject's chest. The 

impedance and heart sound signals can be then processed by computer to suppress 

random portions of the signal while leaving periodic portions intact. This "ensemble

averaging" subsequently deletes all non-periodic waveforms such as motion artifacts, 

respiratory-induced baseline shifts, and electrical noise. Stroke volume is then 

calculated from these averaged waveforms. Sramek's equation for determining 
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stroke volume is used: Stroke Volume = V /Zo x dZ/ dt x T, where V is the volume 

of the tissue, Zo is the baseline impedance, dZ/ot is the derivative of DZ, and T is 

equivalent to ventricular ejection time in seconds. 

In the past, impedance cardiography could be used only under conditions 

where the subject could hold an end-expiration for at least six cardiac cycles (Teo 

et aI., 1985). Signal-averaged impedance cardiography provides the ability to rapidly 

and reliably measure changes in stroke volume during acute physical stress under 

free-breathing conditions (Muzi et al., 1985). Stress-induced changes in impedance 

derived stroke volumes have been found to be highly correlated with values 

determined by both gas rebreathing and invasive procedures (Teo et al., 1985). The 

non-invasive methods require rebreathing gas mixtures which limit the frequency of 

sampling (e.g., once every 2-3 min) and/or can alter other cardiovascular variables 

(Dennison et aI., 1976). However, there are limitations to its applicability; motion 

artifacts during moderate to heavy submaximal large-muscle dynamic exercise (e.g., 

treadmill walking/running, leg cycling) do not allow consistently adequate measures 

of impedance waveforms. Also, the absolute values of stroke volume and those 

systemic hemodynamic variables derived from stroke volume (in these studies, 

cardiac output and systemic vascular resistance) must be considered with caution 

since there are changes that occur with age that could affect these values (e.g., 

increases in body fat, decreases in bone density, decreases in plasma volume). These 

values are presented here to provide information on possible differences between 

groups and on within group responses. 
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Arterial Blood Pressure 

Arterial blood pressure was measured in the finger by a computer-assisted 

2300 Finapres Blood Pressure Monitor. The Finapres system uses the non-invasive 

method for measuring blood pressure in the finger developed by Penaz (Penaz, 

1973). Systolic and diastolic arterial pressures measured by the Finapres are highly 

correlated with intra-arterial values during experimentally induced changes in blood 

pressure (Molhoek et al., 1984). A cuff is placed around the second phalanx of the 

middle finger and maintained (instantaneously) at a pressure equal to the pressure 

in the artery. Transmural pressure is then zero, the arterial walls are unloaded, 

and the arteries should not change in size. A photoplethysmograph monitors arterial 

diameter under the cuff and a servo system dynamically adjusts cuff pressure. 

Therefore, the cuff pressure can be monitored and will reflect arterial pressure in 

the finger. This will be equal to systemic arterial pressure if the finger is at heart 

level. The arterial pressure waveforms from the Finapres Monitor were averaged 

continuously by a MacIntosh II computer. Systolic and diastolic blood pressures 

were used to calculate mean arterial pressure and pulse pressure. 

In contrast to the traditional method of sphygmomanometry which allows only 

one measurement of blood pressure per minute, the Finapres system allows an 

average of arterial blood pressure over smaller time intervals based on a number of 

readings. This allows more accurate calculations of hemodynamic variables based 

on arterial pressure measurements. 
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Regional Blood Flow 

Whole limb blood flow measurements were made using venous occlusion 

plethysmography as described by Sigaard-Andersen (1970). Most non-invasive 

measures of limb blood flow during large-muscle rhythmic exercise in humans are 

inherently contaminated by noise artifacts. However, we developed a venous 

occlusion plethysmography technique using air-filled cuffs with which we can obtain 

relatively noise-free measurements of limb blood flow. Venous occlusion 

plethysmography also allows the measurement of reactive hyperemia, an index of the 

structural integrity of the limb vasculature. 

Limb skin blood flow was measured using laser Doppler velocimetry. This 

involves the use of a standard laser probe to direct laser light -1 mm into the tissue, 

illuminating red blood cells. Light energy (photons) scattered by the moving red 

blood cells is Doppler shifted and a portion of this scattered, Doppler-shifted light 

is collected by the multiple return fibers of the probe. The photodetector of the 

laser Doppler monitor converts the light into an output proportional to blood flow. 

Until recently, changes in skin blood flow had to be inferred from whole limb 

measurements on both arms with the skin vasomotor nerves paralyzed in one arm. 

Not only does this limit other concurrent measurements, but also it is no longer 

considered an appropriate procedure for human subject research. Thus, laser 

Doppler velocimetry provides the only acceptable measure of short-term changes in 

regional skin blood flow. 
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Skeletal muscle blood flow is difficult to measure even with invasive 

techniques, but qualitative (directional) and quantitative changes can be inferred 

from simultaneous determinations of whole limb and skin blood flow. 

Lower Body Negative Pressure (LBNP) 

Graded LBNP was used to induce varying degrees of orthostatic stress. 

Subjects lay quietly, sealed at the waist in a metal tank designed for administration 

of LBNP. Continuous, graded LBNP was used hecause it has been shown previously 

to evoke graded increases in muscle sympathetic nerve activity, plasma 

catecholamines and limb vascular resistance (Rowell, 1986). The highest level of 

negative pressure of 50 mmHg was used because this level is believed to produce the 

same orthostatic stress as standing (Rowell, 1986). Unlike standing, gradations of 

LBNP can be used as an experimental tool to induce graded levels of orthostatic 

stress and allow more complete assessment of the stimulus-responses characteristics 

without the potentially confounding influence of muscle contraction, which has its 

own neurocirculatory effects. The reason for examining the cardiovascular

autonomic nervous adjustments to graded orthostatic stress was to determine 

whether age-related differences occur at low levels of orthostatic stress or only at 

higher levels (Le., equivalent to the fully upright position). 
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Previous investigations have found greater increases in plasma 

norepinephrine concentration in older individuals during large-muscle dynamic 

exercise, suggesting augmented sympathetic-vasoconstrictor neural activation to non

active tissues. Since it is not known if this augmented norepinephrine response is 

associated with an exaggerated vasoconstrictor response, the purpose of this study 

was to investigate the forearm vasoconstrictor responses to dynamic leg exercise in 

groups of young and older healthy men. Sixteen young (25.9±.O.7 yr) and fifteen 

older (65.0±.O.8 yr) healthy males performed supine leg cycling at three submaximal 

levels: mild (-45% of peak oxygen uptake), moderate (-65% of peak oxygen 

uptake), and heavy (-85% of peak oxygen uptake). Heart rate, arterial blood 

pressure, and blood flows to the right whole forearm (FBF) and left forearm skin 

(FSkBF) were measured before (control) and during exercise. Blood samples for 

measurement of antecubital venous plasma norepinephrine and epinephrine 



47 

concentrations were obtained before and immediately after exercise. Vascular 

resistances in the whole forearm (FVR) and forearm skin (FSkVR) were calculated 

from their respective blood flow values and the corresponding mean arterial blood 

pressure. The increase in heart rate from control during all 3 levels of exercise was 

significantly lower in the older subjects, but the arterial blood pressure response was 

similar. FVR was significantly higher in the older compared to the young subjects 

during all levels of dynamic exercise. In contrast, FSk VR during exercise was not 

significantly different between the young and older subjects. At each exercise level, 

the plasma norepinephrine response was significantly greater in the older subjects. 

We conclude that: 1) older males exhibit augmented whole forearm vasoconstriction 

during submaximal dynamic leg exercise; 2) this greater whole limb vasoconstriction 

is solely due to augmented vasoconstriction in the skeletal muscle circulation; and 

3) the greater vasoconstriction is associated with a more marked increase in plasma 

norepinephrine levels, probably due to increased muscle sympathetic nerve activity. 

Introduction 

In young healthy humans, large-muscle dynamic exercise produces 

vasoconstriction in most non-active tissues (Bevegard and Shepherd, 1967; Blair et 

al., 1961; Clausen, 1976; Rowell, 1974). For example, during leg cycling, 

vasoconstriction is observed in the whole forearm (Bevegard and Shepherd, 1967; 

Blair et al., 1961; Zelis et al., 1969), with skeletal muscle and, possibly, the skin 

circulations contributing to this response (Johnson, 1986; Taylor et al., 1988; Zelis 
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et al., 1969). Increased sympathetic nerve activity is the neural mechanism 

responsible for this vasoconstriction (Blair et al., 1961; Bevegard and Shepherd, 

1967; Rowell, 1974). The exercise-induced increase in nerve activity is accompanied 

by increases in the plasma concentration of norepinephrine (Christensen and Galbo, 

1983; Galbo, 1983), the primary neurotransmitter released from post-ganglionic, 

sympathetic nerve endings. The magnitudes of both the vasoconstrictor and plasma 

norepinephrine responses are dependant upon the exercise (stimulus) intensity 

(Bevegard and Shepherd, 1967; Christensen and Galbo, 1983). 

It has been reported that the increase in plasma norepinephrine 

concentrations during sub maximal, dynamic leg exercise is greater in older compared 

to young humans (Fleg et al., 1985; Lehmann and Keul, 1986), although similar 

increases have also been observed (Hagberg et al., 1988). However, it is not known 

if the augmented norepinephrine response, when observed, is associated with an 

exaggerated vasoconstrictor response. Thus, the primary aim of the present study 

was to determine if the whole limb vasoconstrictor response to large-muscle, dynamic 

exercise is exaggerated in older compared to young healthy humans, and to 

determine if this exaggerated response is mediated by greater vasoconstriction in 

skeletal muscle, skin or in both circulations. Our secondary aims were to determine 

whether the exaggerated whole limb vasoconstrictor response (if observed) was: a) 

associated with an exaggerated plasma norepinephrine response, b) associated with 

an augmented arterial blood pressure response, c) exercise intensity-dependant, d) 
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associated with structural changes in the resistance vessels in that limb, and e) 

specific for the stress of exercise (muscle contraction). 

To accomplish this, we measured whole forearm blood flow, forearm skin 

blood flow, arterial blood pressure, and plasma norepinephrine concentrations at rest 

and during mild, moderate, and heavy submaximal leg cycling exercise in healthy 

young and older men. The calculated values for vascular resistance were used as 

indices of vasoconstrictor tone in the whole limb and skin (and, by inference, skeletal 

muscle). Peak reactive forearm hyperemia to sustained blood flow occlusion was 

determined to gain information on possible differences in blood vessel structure 

between the two groups. Finally, to determine if the differences in responses were 

specific for exercise, the same measurements were made in a subset of subjects 

during another sympathetic-vasoconstrictor stimulus, limb immersion in ice water 

(Le., the cold pressor test). 

Methods 

Subjects 

Sixteen young (age 2S.9±0.7 yr, mean±SE, range 21 to 29) and fifteen older 

(age 6S.0±0.8 yr, 60 to 72) healthy males participated in this study. Only male 

subjects were used to insure that the interpretation of differences between the two 

age groups would not be confounded by the possible influence of gender. All 

subjects were free of any signs and symptoms of overt coronary heart disease based 
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medications that could affect cardiovascular function, with known diabetes, 

neurological diseases or cancer, and smokers were excluded from the study. To 

eliminate possible effects of obesity, only those subjects within 20% of ideal body 

weight as assessed by body mass index were included in the study. To insure that 

differences in chronic physical activity levels would not be a confounding factor in 

the comparison of responses in the young and older subjects, only individuals who 

were physically inactive to recreationally active were included in the study; physically 

trained subjects were excluded from the study because adaptations to training per 

se could mask any differences due to aging. The Standford Physical Activity 

Questionnaire (LaPorte et al., 1984) was used to quantitate this factor in each 

subject. The nature, purpose and possible risks of the study were carefully explained 

to each subject before he gave consent to participate. The experimental protocol 

was approved by the Human Subjects Committee at the University of Arizona. 

Experimental Procedures 

Systemic Measurements. Heart rate was measured from a computer-averaged 

electrocardiogram signal. Arterial blood pressure was measured in the finger by a 

2300 Finapres Blood Pressure Monitor. Oxygen consumption (V02) was measured 

on-line using computer-assisted open-circuit spirometry. O2 and CO2 fractions in the 

expired air were determined using Applied Electrochemistry gas analyzers (models 

S-3A1 and CD-3A), and pulmonary ventilation was measured with a Parkinson

Cowan dry gas meter (model CD-4). 
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Whole Forearm Blood Flow (FBF). FBF measurements were made using 

venous occlusion plethysmography as originally described by Sigaard-Anderson 

(1970) and more recently for use in our laboratory (Taylor et al., 1989). Air-filled, 

latex plethysmographic cuffs were placed around the mid-forearm for recording 

changes in volume. The limb was positioned above heart level to ensure proper 

venous drainage. A blood pressure cuff was placed on the upper arm just above the 

elbow and inflated to - 50 mmHg for 7.5 of every 15 s, while blood flow to the hand 

was continuously occluded by a cuff placed around the wrist and inflated to 

suprasystolic levels (250 nunHg). Changes in forearm volume were recorded on a 

Gould ES 1000 recorder for subsequent calculation of FBF (Sigaard-Anderson, 1970). 

FBF is expressed in ml/lOO ml of tissue per min. 

Forearm Skin Blood Flow (FSkBF). FSkBF was measured using laser-Doppler 

velocimetry (LDF; Laserflow Blood Perfusion Monitor, modeI403-A, TSI, St. Paul, 

MN). Details on this technique have been published elsewhere (Johnson et al., 

1984) as has its use in our laboratory (Taylor et al., 1989). A standard LDF probe 

was attached to the skin on the left forearm in the same general area covered by 

the latex plethysmographic cuff on the right forearm. Because a local skin 

temperature of - 39° C facilitates the observation of changes in skin blood flow 

attendant to exercise (Taylor et al., 1988), the LDF probe was mounted in a heating 

element designed to maintain local skin temperature at 39° C. To monitor changes 

in forearm skin temperature, a thermistor was attached to the skin adjacent to the 

LDF probe. To account for the baseline noise inherent in laser-Doppler 
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measurements, a blood pressure cuff placed proximal to the LDF probe on the 

upper limb was inflated to suprasystolic levels to achieve zero limb flow; this 

pressure was maintained until a steady baseline recording was obtained. This base

line noise level was subtracted from all subsequent LDF measures in that trial. 

Because the LDF signal does not provide absolute units of blood flow, FSkBF was 

expressed as a percent of the maximal flow induced by local heating of the skin to 

42° C (Taylor et al., 1988). 

Internal Body Temperature. To determine if the stimulus for exercise-induced 

changes in skin blood flow was different in the older and young subjects, a subset of 

the subjects performed the submaximal exercise trial a second time with an 

esophageal temperature probe (YeHow Springs Instruments, YeHow Springs, OH). 

Due to the inherent difficulty associated with swallowing the esophageal probe, only 

8 subjects (4 young, 4 older) participated in this portion of the study. The thermistor 

was inserted through the throat, down the esophagus to heart level. Heart level was 

approximated by inserting the probe to one-fourth the subject's height (Sawka and 

Wenger, 1988). 

Plasma Catecholamines. To obtain blood samples for subsequent 

determination of plasma catecholamine concentrations, an indwelling catheter was 

placed in the left antecubital vein. Samples of approximately 6 ml were drawn and 

placed in a chilled heparin-containing glass tube for analysis of venous plasma 

norepinephrine and epinephrine levels. The plasma was separated and stored at -

7Cf C. Analysis (in duplicate) for norepinephrine and epinephrine was made by the 
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single-isotope radio enzymatic technique of Peuler and Johnson (1977). All assays 

were performed in Dr. David G. Johnson's laboratory at the Arizona Health 

Sciences Center. Duplicate samples agreed within 5-8%. 

Electromyography (EMG). To ensure that exercise-induced changes in FBF 

were not influenced by involuntary muscle contractions, EMG activity was measured. 

in the right forearm. Bipolar Ag-AgCI electrodes, 8 nun in diameter, were attached 

to the surface of the skin - 3 cm apart, near the midforearm region. Reference 

electrodes were placed over a bony prominence near the elbow. The electrodes 

were connected to an isolated preamplifier (Gould) after which the signal was passed 

through an amplifier for filtering (30Hz, low; 300 Hz, high) and recording (Gould 

ES1000). 

Peak Reactive Hyperemia. Peak reactive FBF was assessed by measuring the 

limb blood flow in the right arm immediately after 10 minutes of local ischemia 

caused by inflating the blood pressure cuff on the upper arm to suprasystolic levels. 

FBF was measured for a total of 3 minutes after occlusion. 

Experimental Protocols 

Orientation Sessions. All subjects were familiarized with the exercise protocol 

on at least two occasions before participating in the experimental sessions. Subjects 

lay supine with both feet strapped to the pedals of an electrically braked cycle 

ergometer, and with their waist firmly secured to the cycle (Quinton Instruments, 

model 845). The right forearm was supported by a sling attached to the wrist. 
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Subjects then cycled at various work rates while FBF and forearm EMG were 

monitored. With sufficient coaching, all subjects were able to perform the exercise 

without forearm muscle electrical activity. 

Peak V02 Trial Peak work rate and peak V02 for supine cycling were 

determined on a separate day prior to the sub maximal exercise trial. Subjects cycled 

at an initial work rate of -33 watts (older) or -65 watts (young) for 1 minute after 

which the work load was increased 16 watts every minute. The pedal frequency was 

maintained between 60 and 90 revolutions/minute. V02 was determined every 30 

s throughout the exercise bout. Peak work rate was defined as that intensity at 

which the subject could no longer perform the required work load and/or marked 

EMG activity was observed in the forearm. Peak V02 was defined as the highest 

V02 recorded before or at peak work rate with a respiratory exchange ratio of at 

least 1.15. To ascertain the reproducibility of our assessment of peak work rate, ten 

subjects (5 young, 5 older) performed the peak V02 trial twice. There were no 

significant differences in either the peak work rate or peak V02 achieved during the 

two trials; the mean values for the two trials were within 10% of each other in both 

groups (data not shown). 

Submaximal Exercise. The submaximal exercise trials consisted of 5 min of 

supine cycling preceded by 3 min of resting control measurements. Cycling was 

performed at three levels defined as mild (-45% of peak), moderate (-65% of 

peak), and heavy (-85% of peak). The exercise levels were performed in order 

from lowest to highest to minimize the effects of fatigue and to reduce the time 
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required between exercise levels for the various cardiovascular variables to return 

to normal control levels. At least 15 min of rest was allowed between each exercise 

bout and the start of the next control period. 

During the control and exercise periods, heart rate, arterial blood pressure, 

FSkBF, and right forearm EMG were measured continuously. FBF was measured 

once every 15 s and V02 and esophageal temperature were determined every 30 s. 

A blood sample for determination of plasma catecholamines was drawn 2-3 min 

prior to the initiation of each exercise bout (control) and 1 min after the end of 

exercise because in humans peak catecholamine levels occur at this time (Perini et 

al.,1989). During the measurement periods, the subjects were continually reminded 

to relax their forearm and no sustained EMG activity was observed during any of the 

submaximal bouts in any subject. After the end of the final exercise trial, maximal 

forearm hyperemia was determined in 8 subjects from each group. 

Cold Pressor Test. In a separate session, 8 young and 8 older subjects 

performed a cold pressor test. The cold pressor test consisted of a 3 min resting 

control period followed by 2 min of immersion of the left foot (up to the malleolus) 

in 0" C ice water. During the control and immersion periods, heart rate, arterial 

blood pressure (finger of left arm), left FSkBF, and right forearm EMG were 

measured continuously and right FBF was measured once every 15 s. To document 

that the nociceptive stimulus was perceived similarly by the young and older subjects, 

every 30 s during immersion subjects were asked to rate their perceived pain on a 

pain scale of 6 (not painful) to 20 (very, very painful) (modified Borg perceived 
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exertion scale; Borg, 1982). A blood sample for determination of plasma 

catecholamines was drawn 2-3 min prior to immersion (control) and 1 min after the 

end of immersion when peak levels are known to occur (Victor et al., 1988). 

Data Analysis 

Average Values. Control values were calculated as an average of the data 

obtained over the entire 3 min period. During exercise, 30 s values for . heart rate, 

arterial blood pressure, and FSkBF were obtained by signal averaging. Each 30 s 

value for FBF was taken as the average of the two 15 s flows recorded during that 

period. For determination of maximal forearm hyperemia, the greatest FBF 

observed after 10 min of occlusion was taken as the maximal forearm hyperemia 

(this was always the first or second flow at the offset of occlusion). In addition, an 

average level of FBF was calculated for each min of the 3 min period following 

occlusion and for the total 3 min period. The mean arterial blood pressures for each 

30 s and the corresponding FBF or FSkBF were used to calculate forearm vascular 

resistance (FVR) and forearm skin vascular resistance (FSkVR) for the submaximal 

exercise and cold pressor trials and to calculate forearm vascular conductance for the 

peak reactive hyperemia response. The control value prior to an exercise or cold 

pressor test trial and the 30 s averages during the exercise or cold pressor test 

periods were used to calculate the changes in all variables for each individual 

subject. 
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Calculations. Mean arterial pressure was calculated as mean arterial pressure 

= diastolic pressure + 1/3 (systolic pressure - diastolic pressure). FVR was 

calculated as FVR = mean arterial pressure/FBF and is expressed in arbitrary units. 

FSkVR was calculated as FSkVR = mean arterial pressure/FSkBF (% max at 42° 

C). Post-occlusion hyperemia forearm vascular conductance (PVC) was calculated 

as the inverse of FVR, or PVC = FBF /mean arterial pressure. 

Statistics. For all variables, differences between groups within a condition 

were assessed by factorial ANOV A with Scheffe's post-hoc test. Differences between 

the control and the various exercise (or cold pressor test) time intervals within a 

group were assessed using an ANOV A with repeated measures design and with the 

Scheffe post-hoc test. Differences were considered to be significant at the P<O.05 

level. All group data are presented as means±SE. 

Results 

Subject Characteristics 

Table 1 shows some selected subject characteristics for the young and older 

subjects. There were no differences in height, weight or body mass index, however, 

the older subjects did display a greater percent body fat (P < 0.05). The older 

individuals had a lower maximal V02 compared to the young subjects, although their 

estimated daily energy expenditure was not different. The older subjects displayed 



Tahle 1. Suhject characteristics for dynamic exercise. - Values are means ± SE; • P < 0.05 \'S. Young group; 
N = 16: Young, N = 12: Older. 

BODY MASS MAXIMAL OXYGEN ESTIMATED ENERGY 
AGE HEIGHT WEIGHT INDEX % BODY FAT CONSUMPTION EXPENDITURE 
(yrs) (cm) (kg) (kg/m) (mllkg/mln) (KcaJlday) 

YOl.Nl 2S.~.7 In.m.8 74.71:2.5 23. 6:ffl. 5 I5.3±1.0 47.4±D.8 28251132 

OlDER 65.QtO.8* I78.4:f:2.2 80.Qf:3.S 25.QtO.7 22.fitl.I* 32.l±1.0* 307l±178 

U1 
ex> 
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(4.1±.0.2 I in the older vs. 5.1±.0.2 I in the younger subjects) and forced expiratory 

volume in 1 s was lower (3.1±O.1 vs. 4.3±.0.21, respectively). However, these values 

for both groups were very similar when presented as percent of predicted: 98± 4 vs. 

100+3 for forced vital capacity and 100+3 vs. 99+5 for forced expiratory volume 

in 1 s in the young and older, respectively. Thus, the young and older groups 

differed significantly only in those variables associated with normal aging. 

Peak Exercise 

The peak work rate attained during supine cycling was significantly lower in 

the older versus the young subjects (1l00±60 vs. 1400±40 kpm, respectively, 

P < 0.05). Because of the lower peak work rate, the peak V02 achieved by the older 

subjects was also significantly less than the young subjects (1.85±0.1O vs. 2.38±0.07 

l/min, P<0.05). The peak heart rate in the older subjects of 143±4 bt/min was 

significantly less than the young subjects' peak heart rate of 171±2 bt/min (P < 0.05). 

Resting Control Values 

The values for each variable from the initial resting control period (Le., prior 

to the mild exercise level) were used to determine possible baseline differences 

between the young and older groups. There were no differences between the young 

and older groups for any baseline variable (Tables 2, 3, 4, and 5). There was an 

upward drift in both groups in the final control period for heart rate and FBF 

(P < 0.05 for the last 2 control periods vs. initial control) and an upward drift in 
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arterial blood pressure in the older group only (P<0.05 vs. initial control). Because 

of this drift the systolic and mean blood pressure control values prior to moderate 

and heavy exercise were higher in the older subjects (P < 0.05). 

Responses to Submaximal Exercise 

V02 (Fig. 1). The three submaximal workloads required an average of 45.±1, 

67.±1, and 84.±2% of peak V02 in the young group and 49.±.2, 71.±2, and 84.±3% 

of peak V02 in the older group. These three exercise intensities were significantly 

different from one another in each group (P < 0.05), and thus the relative exercise 

stress was graded. The percent of peak V02 at any of the three submaximal exercise 

levels was not significantly different in the young vs. the older subjects and therefore 

each subrnaximal exercise level represented the same relative stress for both groups. 

Because peak V02 was lower in the older subjects, the absolute level of V02 (i.e., 

liters of O2 per min) during each of the three exercise levels was significantly lower 

in the older vs. the young group. 

Arterial Blood Pressure and Heart Rate (Tables 2, 3; Figs. 2, 3). Arterial blood 

pressure increased above control levels within the first minute of each submaximal 

exercise level in both groups. The increases in arterial blood pressure were 

proportional to exercise intensity. During all three exercise intensities, the absolute 

levels of mean blood pressure and diastolic blood pressure were not significantly 

different in the young vs. the older group. However, the absolute level of systolic 

blood pressure attained tended to be greater in the older subjects. This trend 
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Figure 1. Percent of peak 02 uptake (V0z) and absolute level of V02 at each 
submaximal exercise level in Young and Older subjects. -- Values are ± S.E. for 16 young 
and 12 older subjects; "'Significant differences in Young vs. Older subjects at P < 0.05. 
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Table 2. Average values for mean, systolic and diastolic blood pressure determined 
before (Control) and during 5 min of supine leg cycling. - Values are means ± SE; *P < 
0.05 vs. Young; tP < 0.05 vs. Control within an exercise level; ¥P < 0.05 vs. initial Control 
value; N = 16: Young, N = 12; Older. 

EXERCISE CONTROL EXERCISE 
LEVEL 1 min 2 min 3 min 4 min 5 min 

MILD 
YCXlng 93:12 9!H:2~ llWt 113:l2t 112±2t 109±2t 

MEAN Old.r 94±3 102±:o:r 115±3t 116±3t 118:blt 118:blt 
BLOOD r.t:lDERATE 

PRESSURE YCXlng 9Oi2 10l±2~ 12Wt 127:1:2t !..2B:1:2t 126:1:2t 
(mmHg) Old.r 99±3*Y llcrlt* 126:t5t 132:f5t 135±6t 134±6t 

HEAVY 
YCXlng 9W 1C4:l:2~ 129±2t 135:1:2t 137:1:2t 139±2t 
Old.r 103±3*Y llEt4r* 13W;t 146±7t 149iBt lS2:!:St 

MILD 
Young 135:1:2 lSl:!:3~ 17Wt 175:1:2t 173:12t 169±2t 

SYSTOLIC Old.r 14lt5 16J.::iSr 186±6t* 19O1:6t* 194±6t* 194±7t" 
BLOOD r.t:lDERATE 

PRESSURE Young 13W 15a!:3r 194±3t 203:l2t 2CWt 201:l:2t 
(mmHg) Old.r lS1:I:5*Y 174:1:6r* 206±8t* 217:!:Bt 224±lOt* 223±lOt* 

HEAVY 
Young 132±2 16Et4~ 2C8:blt 218:blt 221:1:5t 222±5t 
Old.r 155±5*Y 181±7r* 221±9t 231±1Ot 236±llt 239l:l0t 

MILD 
Young 72±2 74:1:2~ 81:1:2t 82±2t 82t2t 8Qt2t 

DIASTOLIC Old.r 7Qt2 73±2r 8O:I:2t 79±3t 80±3t 80±3t 
BLOOD r.t:lDERATE 

PRESSURE Young 69:I:2Y 73±2~ 85:1:2t 89±2t 9Q!:2t 8!1t2t 
(mmHg) Old.r 73:!2 79±3r 86:t5t 89±4t 9Ql5t 8~t 

HEAVY 
Young 71:1:2 76:1:2r 9l±3t 95±3t 9&t2t 96:1:2t 
Old., 77±'3 a=:~ 95:blt lO3±7t 1C6±7t lC8±9t 
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IMODERATE EXERCiSE] IHEAVY EXERClsEI 

o Z 3 4 5 0 2 3 4 5 0 2 3 4 5 

EXERCISE TIME (min) 

Figure 2. Average (± S.E.) changes from control levels during exercise for mean, 
systolic, and diastolic blood pressure. - Values are presented for supine cycling at mild, 
moderate and heavy submaximal exercise levels; *Significant differences in Young vs. Older 
subjects at P < 0.05. 
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Table 3. Average values for heart rate, forearm blood flow, and forearm vascular 
resistance determined before (Control) and during 5 min of supine cycling. -- Values are 
means ± SE; "'P < 0.05 vs. Young; tP < 0.05 vs. Control within an exercise level; ¥P < 
0.05 vs. initial control value; N = 16: Young, N = 12: Older. 

EXERasE CONTROl. EXERCISE 
lEVEl.. 1 min 2 min 3 min 4 min 5 min 

MILD 
Young 68:12 100±2t 10mt 10e±2t 1l0:l:2t 1l0:l:2t 

HEART Older GSrl B4i-l t* 94±-lt* 97:Mt* 9a±4t* 98i4t* 
RATE MODERATE 

(bt/mln) Young 6!l!:3 ll0±2t 12S±:3t 13Clf:3t 132!:2t 134±2t 
Older 65±4 93±St* 105±4t* lll±4t* llJio1t* 114±St* 

HEAVY 
Young 7S±:3Y 124±2t 14S±:3t 152!:3r 15e±3t lS!l!:3t 
Older 70i4Y 100i4t* 118i4t* 126:Mt* 13ti5t* 134±4t* 

MILD 
Young 6.5:I!l.8 8.W.9t S.e!!l.7t S.B:!!l.7t 6.2:!!l.8 6.5WJ.9 

FOREARM Older 4.e!!l.S 4.6fD.7* 3.6fD.S*t 3.5:I!l.';*t 3.e!!l.4t* 4.l:!D.4t" 
BLOOD MODERATE 
FLOW Young 6.W.7 8.5±l.Ot 4.7:W.6t 4.Ei!:C.St S.l:!D.St S.6fD.6 

m1/100ml/mln) Older S.l:!D.S S.2:!!l.6* 3.QI!l.4t 2.!Wl.3t* 3.0:I!l.2t* 3.l:!D.2t* 
HEAVY 

Young 7.5WJ.9Y 10.5±l.lt S.2:!!l.7t 4.6fD.6t S.l:!D.7t S.l:!D.7t 
Older S. B:!!l. 6Y 6.l:!D.7* 2.5WJ.4t* 2.5:I!l.3~* 2.6fD.2t* 2.7;W.3r* 

MILD 
Young 17.0:1:2.0 14.3±l.6t 23. 9.t2. 9t 24.C±3.0t 23.2:!:3.4t 21.4±3.6t 

FOREARM Older 21. fit2. 1 28.9±4.1~* 40.ti5.2t* 37.7:M .Ot* 3S.1:t<I.Ot* 32.8±3.9t 
VASCULAR MODI:RATE 

RESISTANCE Young 16.2±1..S 16.4±2.6 36.3±ii.Ot 34.5:!.<:.9t 31.2i'l.Ot 28.O±J.St 
(units) Older 21.4±2.2 25. 7±2. 9' S2.5±7.7t Sl.6±€.4t* 49.4±S.lt* 47.4±S.4t" 

HEAVY 
Young 13.4±l.2 12.e±:..6 33.ti±<l.St 37.2i'l.3t 34.J±o1.0t 34.9±4.4t 
Older 20.2±2.S* 23.3±2.~" 59. 7±7.3t* 69.3±9.4t* 64.5±7.4t· 70.Q!:9.9t" 



65 

Itli [0 ExEBc i §~I 
80 

60 

40 

- 20 
.5 
E 0 ~ .c 

IMODERATE EXERCISEI - 80 
w * .. .. .. .. * t- 60 
< 
a: 

40 
t-
a: 20 
< 
W 

l: 0 
18EA2~ E~E~C I sEI .. 

<l 80 .. 
60 

40 

20 

0 
0 , 2 3 4 5 

EXERCISE TIME (min) 

Figure 3. Average (± S.E.) changes from control levels during exercise for heart 
rate. Values are presented for supine cycling at mild, moderate and heavy submaximal 
exercise levels. -- *Significant differences in Young vs. Older subjects at P < 0.05. 
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resulted in a significantly higher systolic blood pressure in the older vs. young 

subjects at several timepoints during both mild and moderate exercise (P < 0.05), but 

not during heavy exercise. The magnitude of the increase in mean blood pressure 

and diastolic blood pressure from control to exercise was not significantly different 

in the older vs. the young subjects at any timepoint of any exercise level. The 

magnitude of the systolic blood pressure increase was greater in the older subjects 

during the last 2 min of mild exercise (P < 0.05), but was actually less in the older 

group during heavy exercise (P < 0.05). 

During the first minute at each level of exercisey heart rate increased 

significantly above control in both groups (P < 0.05) and the magnitude of this 

increase was graded with increasing exercise intensity. At all timepoints during all 

three intensities, the absolute level of heart rate in the older group was less than the 

young group (P < 0.05). Because no pre-exercise control heart rate was significantly 

different between the two groups, the increase in heart rate from control to exercise 

was significantly less in the older subjects at every timepoint during each exercise 

level (P < 0.05). 

Regional Hemodynamics (Tables 3, 4; Figs. 4, 5). In both groups, FBF 

decreased below control values by the. second minute of each exercise intensity and 

remained at this reduced level (P < 0.05). The magnitude of the decline in FBF was 

greater with increasing exercise intensity. In general, FBF was lower in the older 

subjects than the young subjects throughout each level of exercise. Because there 

was a tendency (n.s.) for the control value of FBF to be lower in the older subjects, 
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Figure 4. Average (± S.B.) changes from control levels during exercise for forearm 
blood flow and vascular resistance. -- Values are presented for supine cycling at mild, 
moderate and heavy submaximal exercise levels; *Significant differences in Young vs. Older 
subjects at P < 0.05; § Significance at P :5 0.09. 
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Table 4. Average values for skin blood flow and skin vascular resistance determined 
before (Control) and during 5 min of supine cycling. - Values are means ± SE; tP < 0.05 
vs. Control within an exercise level; ¥ P < 0.05 vs. initial control value; N = 13: Young, 
N = 11: Older" 

EXERass CONTROL. EXERCISS 
LEVEL 1 min 2 min 3 min .. min 5 min 

MILO 
Young 5Eit4 5Eit4 6S:b4t 66t4t 6'"Ji.It 6fi!:3t 

SKIN Old.r 59;1£ 6:llil 6!ll6t 7:1±fit 7215t 7:l±5t 
BLOOD M:lDERATE 
FLOW Young 55:t!l 57±6 68±6t 73±€t 74:15t 75±5t 

(%max) Older 67:16 7l±6 7B:!7t 7!l:tir 76!:7t 71±St 
HEAVY 

Young S4:I5 5~ 7219t '13±9t 7l:1.St 7l:1.St 
Old.r S4:I5 64±7 7l.±l.Ot 70:1:!2t 72l:l.3t 74±1.4t 

MILO 
Young 1.8:tO.2 1.9JO.2 1. 8:tO. 2 l.~.l 1. Wl.l 1. Wl.l 

SKIN Old.r 2.3:1:0.7 2.7±l.1 2.0:ID.4 1.~.2 1.8:10.2 1.8:10.2 
VASCULAR M:lDERATE 

RESISTANCE Young 1. 7:ID.2 2. l:I!). 3t 2.0:ID.3t 2.~.3 1.9JO.2 1.8:10.2 
(units) Old.r 1.8:tO.3 1.8:tO.3 1.8:tO.2 1.~.2 1.!llil.2 2.QtO.2 

HEAVY 
2.J:iD.3 Young 2.0:ID.3V 2.3:1:0.4 2.4:11).5 2.4:1:!:.4 2.<ti!l.3 

Old.r 2.3:1:0.2 2.l:I!).2 2.4:11).4 2.~.5 2.Wl.4 2.61:0.3 
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Figure 5. Average (± S.E.) changes from control levels during exercise for forearm 
skin blood flow and vascular resistance. -- Values are presente.d for supine cycling at mild, 
moderate and heavy sub maximal exercise levels; *Significant differences in Young vs. Older 
subjects at P < 0.05. 
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the decreases in FBF from control during exercise were not significantly different 

between the two groups; however, there was a trend for a greater decrease in the 

older group at each exercise level. 

By the second minute of each exercise level, FVR had increased significantly 

above control in both groups and the increase was proportional to the exercise 

intensity (P < 0.05). Because mean arterial blood pressure tended to be higher and 

FBF tended to be lower in the older subjects, the absolute level of FVR was 

markedly greater in the older subjects at any timepoint during all three exercise 

levels (P < 0.05). In general, since control FVR was not different or only moderately 

higher in the older group, the magnitude of the increase in FVR from control to 

exercise was significantly greater during each exercise level in the older vs young 

subjects (P < 0.05). 

FSkBF increased above control by the second minute of exercise at all levels 

of exercise in both groups (P < 0.05). However, in contrast to whole limb blood flow, 

FSkBF was not significantly influenced by the level of exercise. There were no 

significant differences between the young and older groups in the absolute level of 

FSkBF attained at any point during any exercise level. Since there were no 

differences in control values, the change in FSkBF in response to any of the exercise 

levels was not different between the young and older subjects. 

In general, since both mean blood pressure and FSkBF increased, FSk VR 

remained at or near control levels throughout exercise at any intensity in both 

groups. There were no differences in either the absolute levels of or the changes in 
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FSkVR between young and older subjects during any level of exercise. Forearm skin 

temperature tended to decrease slightly at each exercise intensity and there were 

no differences in the change in skin temperature between the young and older 

subjects. 

Plasma Catecholamines (Table 5,' Fig. 6). In response to mild exercise, venous 

plasma norepinephrine concentrations increased above control (P < 0.05) only in the 

older subjects. However in response to moderate and heavy exercise, plasma 

norepinephrine content increased in both groups (P < 0.05). There was a strong 

trend for the increase in norepinephrine concentration to be graded with increasing 

exercise intensity. Both the absolute concentration of norepinephrine at end-exercise 

and the change in norepinephrine from control to end-exercise were greater in the 

older subjects at each exercise level (P < 0.05). 

Epinephrine concentration did not change from control to end-exercise with 

mild exercise, increased slightly with moderate exercise (P < 0.05 for young, n.s. for 

older), and was substantially elevated with heavy exercise (both groups, P<0.05). 

The change in plasma epinephrine levels tended to be graded with exercise intensity. 

There were no significant differences in either the absolute concentration or 

magnitude of change from control in epinephrine concentration with any exercise 

level between young and older subjects. 

Core Temperature (Fig. 7). During exercise esophageal temperature tended 

to increase during the last 2 min of all three workloads in the younger subjects and 

the two higher intensity workloads in the older subjects. The magnitude of this 



72 

Table 5. Plasma norepinephrine (NE) and epinephrine (EPI) before (Control) and 
1 min immediately after 5 min of supine cycling (Exercise). - Values are means ± SE; .p 
< 0.05 vs. Young; tP < 0.05 vs. Control within an exercise level; N = 16: Young, N = 12: 
Older. . 

MILD MODERATE HEAVY 
NE EPI NE EPt NE EPI 

"iCllHl Control 186:1:.1.4 31.i5 17otl2 32t4 187±l.6 37:15 
Exercise 214±15 40±4 304±1.9t 54±7t 444±34t 9!:W.9t 

OLOER Control 17a±l.5 5l±14 19!:W.6 47±ll 189±!4 56:1:.1.1 
Exercise 278:i21* 55±17 413±44t* 64±l8 86O±.l92t* 131±40t 
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Figure 6. Average (± S.E.) changes from control levels at end exercise for venous 
plasma norepinephrine and norepinephrine. -- Results are presented for supine cycling at 
mild, moderate, and heavy submaximal exercise levels; *Significant differences in Young vs. 
Older subjects P < 0.05. 
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increase was graded with exercise intensity in both groups. There were no 

differences between young and older subjects in esophageal temperature at any point 

during any exercise level. However, there was a large standard error for absolute 

esophageal temperature in the older subjects and this may have accounted for the 

lack of difference between the young and older groups. The increase in temperature 

was not different in the two groups during mild and heavy exercise but was 

significantly less in the older subjects at the end of moderate exercise. 

Cold Pressor Test 

Resting Control Values (Table 6). As with the control values prior to mild 

dynamic exercise, there were no significant differences in any variable between the 

young and older subjects prior to the cold pressor test. 

Arterial Blood Pressure and Heart Rate (Table 6; Fig. 8). Arterial blood 

pressure increased progressively over the 2 min of the cold pressor test in both 

young and older subjects. In general, neither the absolute level of blood pressure 

attained nor the increase in blood pressure from control were significantly different 

between the two groups. In contrast to blood pressure, heart rate increased during 

the first min of the cold pressor test in the young and then declined toward baseline 

in the second min. In the older subjects, heart rate increased during minute one of 

the cold pressor test and was sustained at that level during minute two. Neither the 

absolute level of heart rate achieved nor the increase in heart rate from control 

were significantly different between groups. 
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Table 6. Average values for systemic and regional hemodynamics determined before 
(control) and during a 2-min cold pressor test. - Values are means ± SEj .p < 0.05 vs. 
Young; tP < 0.05 vs. Controlj N = 8: Young, N = 8: Older. 

COLD PRESSOR 
CONTROl.. TEST 

1 min 2 min 

HEART RATE Young 7Q!:1 ~t 75±3 
(bt/mln) Old., 63±3 72i<lt 7l:blt 

MEAN ARTERIAL Young 94±4 9!li<l ll.2:Mt 
PRESSURE Old., 94±3 10lt3t 107i4t 
(mmHg) 

SYSTOLIC BLOOD Young 13lt5 136f:7 lS4±6t 
PRESSURE Old., 144:1:2 lS3±3t* 163±6t 

(mmHg) 

DIASTOLIC BLOOD Young 77±4 Slt3t 93±2t 
PRESSURE Old., 74±3 SQMt S5l5t 
(mmHg) 

FOREARM BLOOD Young S.2tD.S 6.9:!:l..3 4.QtO.6 
FLOW Old., S.QtO.S 6.QI:1.1 4.QtO.S 

(mIl100mllmln) 

FOREARM VASCULAR Young 19.4:1:2.1 22.QM.S 3S.~.3t 

RESISTANCE Old., 2S.!H:7.7 26.Q!:8.6 31.5±6.St 
(units) 

FOREARM SKIN Young 61±1.3 SEi!:S 65±6 
BLOOD FLOW Old., SQt9 49;1:10 62:1:16 

(%max) 

FOREARM SKIN Young 2.O:W.7 2.2tD.6 1. 9.!0.2 
VASCULAR RESISTANCE Old., 2.2tD.4 2.4:I:O.S 2.2tD.S 

(units) 

PLASMA NOREPINEPHRINE Young 232;1;24 342i<lOt 
(pg/ml) Old., 315i<lS 344±39 

PLASMA EPINEPHRINE Young 73:1:20 118±26t 
(pg/ml) Old., 3at11 SQ!:7* 
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Regional Hemodynamics (Table 6; Fig. 8). FBF tended to increase in the first 

minute of the cold pressor test and then to decline below control values in both 

groups (n.s. vs. control). There was no difference between groups in the FBF 

response to the cold pressor test. Because both mean arterial pressure and FBF 

increased slightly during minute one of the cold pressor test, FVR was unchanged 

from control in the first minute in both groups. In the second minute of the cold 

pressor test, mean arterial pressure increased further while FBF decreased, and thus 

FVR increased significantly above control in both groups (P < 0.05). There were no 

differences between the groups in the absolute level of FVR attained during either 

minute of cold pressor test. The magnitude of the increase in FVR from control 

also was not significantly different between the two groups, but there was a trend 

for lesser vasoconstriction in the older subjects. Neither FSkBF nor FSkVR changed 

during either minute of the cold pressor test in either group. 

Plasma Catecholamines. After 2 min of the cold pressor test, norepinephrine 

and epinephrine concentrations were increased significantly in the younger group, 

but were not significantly increased in the older group. The absolute concentration 

of norepinephrine was not different between the two groups although the magnitude 

of increase tended to be greater in the young subjects (P=0.07). Both the absolute 

concentration and the change in epinephrine from control to the end of the cold 

pressor test were significantly greater in the young vs. older subjects. 
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Peak Reactive Hyperemia 

Immediately after 10 min of occlusion, the peak forearm hyperemia was not 

significantly different between the young and the older subjects (Table 7). Likewise, 

the maximal forearm vascular conductance was not significantly different, although 

it was approximately 20% lower in the older subjects. Both the average FBF and 

forearm vascular conductance for each of the 3 min after occlusion was significantly 

lower in the older subjects. The total hyperemic response (i.e., the total of 3 min 

of FBF measured post-occlusion) and the mean forearm vascular conductance of the 

3 min post-occlusion were significantly lower in the older subjects. 

Discussion 

The primary conclusions from this study are that compared to young men, 

older healthy men demonstrate a greater forearm vasoconstrictor response to 

submaximal dynamic exercise and that this exaggerated response is mediated solely 

by augmented vasoconstriction in skeletal muscle. This exaggerated response is 

associated with greater increases in plasma norepinephrine concentrations, suggesting 

augmented sympathetic neural activation as a primary mechanism. This greater 

sympathetic-vasoconstrictor responsiveness in the older men is not a non-specific 

phenomenon to all forms of stress since it is not observed during a different 

sympatho-excitatory stimulus, the cold pressor test. Despite elevated forearm 
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Table 7. Average values for post-occlusion forearm blood flow and forearm vascular 
conductance. -- Values are means ± SE; *P < 0.05 vs. Young; N = 12: Young, N = 10: 
Older. 

FOREARM 
BLOOD vcxm 
FlOW 

m1/100mllmln) OlDER 

FOREARM 
VASCULAR vcxm 

CONDUCTANCE 
(units) OlDER 

M~MAL __________ M=�~N~U~~S~P~O~s~~~O~C~C~LU~S~I~O~N----------
2 3 

43.3±4.1 38.2:1:3.1 2B.W.0 15.1lt2.3 

3S.9±3.2 2B.l±1.4* 14.2±1.9* 6.9±0.9* 

0.5O±!l.OS 0.4421),04 0.32f!l.03 0.16±O.03 

0.39;t1).OS O.30±0.01* 0.14±O.02* O.01±!).01* 

TOTAL 
HYPEREMIA 

Bl.8±7.B 

49.2:1:3.9* 
MEAN 

CONDUCTANCE 

0.31±O.03 

0.1721).01* 
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vasoconstrictor and plasma norepinephrine responses, the increase in arterial blood 

pressure during exercise is essentially unaltered in the older men. Thus, if arterial 

blood pressure is the key regulated cardiovascular variable during exercise (Rowell, 

1986), exaggerated sympatho-vasoconstrictor adjustments may play a role in 

producing the appropriate blood pressure response in the older human. 

Foreann Vasoconstriction During Exercise 

In the present study, exaggerated vasoconstrictor responses were observed in 

the whole forearm in the older subjects at all three sub maximal exercise intensities, 

indicating that the age-related differences were independent of work rate. Since 

FVR is determined primarily by changes in vascular resistance in the forearm skin 

and skeletal muscle circulations, and because FSkVR did not change from control 

during exercise in either group, the greater increase in FVR in the older subjects 

indicates greater vasoconstriction in skeletal muscle. This greater vasoconstriction 

was associated with larger increases in plasma norepinephrine concentration, 

suggesting greater exercise-evoked sympathetic nervous system activation in the older 

subjects. The interpretive limitations of plasma norepinephrine as an index of 

sympathetic nervous activity is well documented (Goldstein and Eisenhofer, 1988; 

Kopin et al., 1978). However, antecubital venous plasma norepinephrine 

concentration is primarily derived from skeletal muscle sympathetic nerve release 

(Chang et al., 1986; Hjemdahl et al., 1984) and is well correlated with muscle 

sympathetic nerve activity both at rest (Wallin et a1., 1981) and during exercise 
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(Seals et al., 1988). Therefore, the greater increases in antecubital venous plasma 

norepinephrine concentrations in the older subjects are consistent with the postulate 

that the exaggerated increases in FVR were mediated, at least in part, by increased 

sympathetic outflow to resistance vessels in skeletal muscle. 

There are other factors that might have contributed to the augmented 

vasoconstrictor responses in the older subjects. We did find that the older subjects 

had a decreased reactive hyperemic response to sustained occlusion of blood flow 

to the forearm. A decreased maximal vascular conductance has been interpreted as 

an indication of structural changes in resistance vessels (Takeshita and Mark, 1980). 

Previous findings do indicate that there are structural changes attendant to aging 

resulting in increased arterial wall thickness (Fleg et al., 1984) and decreased arterial 

elasticity (Bader, 1983). Similar observations in hypertensive humans have 

implicated increased arterial thickness as a mediator of exaggerated vasoconstrictor 

responses to neural or pharmacological stimuli (Egan et al., 1988; Folkow, 1987). 

Therefore, the greater vasoconstrictor responses seen in our subjects could be due 

in part to this "structural amplifier" effect. 

Another possible explanation for the greater vasoconstriction in the older 

subjects is altered adrenergic responsiveness. In vitro and in vivo evidence from 

humans indicates that there is no change in alpha-adrenergic receptor sensitivity with 

age (Elliott et al., 1982; Martin et al., 1986; Scott and Reid, 1982). There is, 

however, some evidence indicating that beta-adrenoceptor mediated vasodilation is 

decreased with age (Brummelen et al., 1981). Therefore, the similar increases in 
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epinephrine levels observed in our young and older subjects may have had lesser 

vasodilatory effect to counteract alpha-adrenergic vasoconstriction during exercise 

in the older subjects. There is some experimental support for neurally mediated 

(sympathetic-cholinergic) vasodilation of forearm skeletal muscle during leg exercise 

(Blair et al., 1982). It is possible that the older subjects had less neurally mediated 

vasodilation during exercise. However, the existence and function of these nerves 

is controversial in humans, and any influence on FBF is thought to be restricted to 

the initiation (e.g., 1st min) of exercise (Blair, 1961). Since the largest differences 

in FVR in our young and older subjects was after the initial minute of exercise, it 

is unlikely that less neurogenic vasodilation was responsible for the observed 

differences. 

Therefore, it appears that the augmented forearm vasoconstrictor response to 

dynamic exercise in older humans could be due to the collective influence of 1) 

increased muscle sympathetic outflow, 2) structural changes in the vasculature, 

and/or 3) decreased beta-adrenergic sensitivity. 

Specificity of Age-related Differences in Sympathetic-Vasoconstrictor Responses to 
Exercise 

The augmented forearm vasoconstrictor response to cycling exercise in the 

older subjects could be a non-specific exaggerated responsiveness to any sympatho-

excitatory stimulus. However, this does not appear to be the case since the older 
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subjects did not display any augmentation of the forearm vascular resistance or 

norepinephrine responses to a cold pressor test. 

Another issue regarding specificity is whether this augmented vasoconstrictor 

response is observed only in skeletal muscle circulation or whether it occurs in other 

tissues as well. Our data indicate that it is not observed in all vascular beds since 

there was no augmentation of the FSkVR response to exercise in the older subjects. 

However, sympathetically mediated vasoconstriction in the viscera is an important 

circulatory adjustment to acute exercise (Rowell, 1986) and it is therefore possible 

that older humans may demonstrate an augmented vasoconstrictor response in this 

or other regions during dynamic exercise. 

A final point concerning specificity is whether or not there is a generalized 

augmentation of sympathetic outflow during exercise in older humans. We did find 

that plasma norepinephrine content increased more at any exercise level in the older 

subjects. However, there was no obvious augmentation of sympathetic nervous 

activity to the adrenal glands since the plasma epinephrine response was not 

different in the young and older subjects at any level of exercise. These observations 

agree with findings from previous studies utilizing brief graded dynamic leg exercise 

(Lehmann and Keul, 1986; Sachs et aI., 1985). Hagberg et al. (1988) actually 

reported an attenuated increase in plasma epinephrine content during prolonged, 

submaxirnal treadmill exercise in healthy older men compared to young men. Thus, 

the greater plasma norepinephrine response in older humans does not reflect a 

generalized heightened sympathoadrenal reactivity to this stress. 



85 

Physiological Significance for the Control of Arterial Blood Pressure During Exercise 

Why would older humans demonstrate an augmented vasoconstrictor response 

to dynamic exercise? It is widely accepted that arterial pressure is the key regulated 

variable during dynamic exercise in humans since increased systemic perfusion 

pressure is an important mechanism for elevating active muscle blood flow (Rowell, 

1986). Furthermore, it appears that the relative (i.e., percent of maximum) workload 

is the primary determinant of the level of arterial blood pressure attained during 

dynamic exercise (Bezucha et aI., 1982; Lewis et al., 1983). It has also been reported 

that older humans attain a lower level of cardiac output during dynamic exercise due 

to attenuated increases in heart rate and, possibly, stroke volume (Granath et al., 

1961; Innes et al., 1988; Julius et al., 1967; Port et al.,1980; Sachs et aI., 1985). 

Although we were not able to obtain adequate measurements of cardiac output in 

the present study, our finding of a lower heart rate response to any sub maximal 

exercise intensity is consistent with a lower cardiac output. Since cardiac output is 

one of the key determinants of arterial blood pressure, and because the young and 

older subjects were exercising at the same relative workloads, attaining a similar 

level of arterial blood pressure during exercise with a lowered cardiac output would 

necessitate that older humans maintain a greater systemic vascular resistance (the 

other primary systemic determinant of arterial blood pressure). We speculate that 

because the skeletal muscle circulation is so large and has such a marked influence 

on systemic vascular resistance and arterial pressure regulation (Rowell, 1986), this 

vascular region would be an important target for any 'compensatory' vasoconstriction 
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in the older men. The greater vasoconstriction would necessitate a greater 

sympathetic neural activation to muscle, explaining the larger increases in plasma 

norepinephrine concentration. 

This concept is consistent with findings in patients with ischemic heart disease 

who demonstrate left ventricular dysfunction during exercise (litchfield, et al., 1982). 

Some of these patients cannot augment cardiac output to the same extent as healthy 

subjects during large-muscle, dynamic exercise. However, many of these patients are 

able to attain the same increases in arterial pressure during sub maximal exercise as 

normal subjects due to exaggerated systemic vasoconstriction (litchfield et al., 1982; 

Wilson et al., 1985). It is possible that a similar regulatory scheme may be operative 

during exercise in older humans. 

Influence of Aging on Resting SympathoadrenaI-Cardiovascular Function 

We did not find any differences in baseline plasma catecholamines nor in any 

of the baseline cardiovascular variables. Several previous studies have found an 

increased plasma norepinephrine concentration with age with no change or a slightly 

increased level of plasma epinephrine (Hill et al., 1986; Morrow et al., 1987). Our 

data support the findings of Fleg et al. (1985) who also found no differences in 

baseline plasma norepinephrine or epinephrine concentrations in young and older 

healthy humans. Taken together, our findings and those of Fleg and colleagues 

indicate that differences in plasma catecholamines at rest are not observed in healthy 
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older humans when compared to young counterparts with similar behavioral practices 

(e.g., smoking) and chronic physical activity levels. 

With regard to cardiovascular function, it is generally thought that arterial 

blood pressure increases with age, at least in industrialized societies (Sowers, 1987). 

The present data support previous work in a similarly screened population of older 

humans (Seals et al., 1984) and suggests that arterial pressure may increase little 

as a function of human aging per se. Thus, the present findings and those from 

other recent investigations using healthy, rigorously screened older humans suggest 

that many of the sympathoadrenal-cardiovascular changes previously attributed to the 

aging process may be instead related to other non-biological causes. 

Summary and Conclusions 

We believe that the present findings reflect primarily the influence of true 

biological aging on these responses to exercise. The 40 year age difference between 

young and older groups represents a real distinction in biological age. Furthermore, 

the values for body weight, body fat, and maximal V02 suggest that neither group 

was remarkably unique when compared to men of similar age in the general 

population, and, therefore, they provide similarly representative samples. Since none 

of the subjects had overt cardiovascular disease, were obese, or smoked; the two 

groups had similar levels of chronic physical activity; and, the two groups were 

compared at the same relative levels of exercise stress, it would seem that the 

differences observed were a function of the aging process per se. 
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In conclusion, we have found that older males exhibit augmented forearm 

vasoconstriction in response to submaximal dynamic exercise. This response is 

mediated, at least in part, by greater sympathetic vasoconstriction in the skeletal 

muscle circulation. Although these age-related differences were observed at all 

exercise intensities, they were not seen with another sympatho-excitatory stimulus, 

indicating a stimulus-specific alteration. Although an exaggerated sympatho

vasoconstrictor response was evident in our older subjects, their regulation of arterial 

blood pressure was virtually the same as in the young subjects. It is therefore 

hypothesized that given a lower cardiac output, an augmented vasoconstriction in 

non-active skeletal muscle (or other regional circulations) may be necessary for older 

humans to attain the increase in active muscle perfusion pressure required by large

muscle dynamic exercise. 



CHAPTER 4 

STUDY II: NON-ACfIVE UMB VASOCONSTRICTION 
DURING ISOMETRIC EXERCISE IN YOUNG AND OLDER MEN 

Summaty 
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There is little information regarding the effect of age on the sympathetic-

vasoconstrictor responses to isometric exercise. Generally, the available data 

indicate that isometric exercise may induce greater increases in arterial blood 

pressure and plasma norepinephrine concentration in older versus young subjects. 

These results lead to the hypothesis that sympathetic vasoconstriction may be 

augmented during isometric exercise in older humans. Therefore, the purpose of this 

study was to investigate non-active limb vasoconstriction during sustained, 

submaximal isometric exercise to exhaustion in young and older healthy men. 

Fourteen young (26.2.±.0.7 yr) and fifteen older (65.5.±.0.9 yr) healthy males 

performed isometric handgrip exercise at 30% of maximal bandgrip force until they 

could no longer maintain force at the target level. Heart rate, stroke volume, 

arterial blood pressure, and blood flows to the whole calf and calf skin were 

measured before (control) and during the isometric exercise. Blood samples for 

measurement of antecubital venous plasma norepinephrine and epinephrine 

concentrations were obtained before and immediately after exercise. Vascular 

resistance in the whole calf (CVR) and calf skin (CSkVR) were calculated from the 
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respective blood flows and the corresponding mean arterial pressure. Systemic 

vascular resistance was calculated from cardiac output and the corresponding mean 

arterial pressure. There were no differences in the young and older men for 

maximal voluntary contraction force (41±2 kg vs 40±2 kg, respectively) or 

submaximal exercise time (31S±27 s vs 339±17 s). During isometric exercise, heart 

rate increased less from control in the older than in the younger men. The increases 

in arterial blood pressure (mean, systolic, and diastolic) were similar in the young 

and older men. Likewise, the increases in systemic and regional (CVR and CSkVR) 

vascular resistances were not significantly different between the two groups during 

isometric exercise, nor were the increases in plasma norepinephrine content from 

control to end-exercise. Thus, we conclude that in response to sustained submaximal 

isometric exercise: 1) older males exhibit no augmentation in their regional or 

systemic vasoconstrictor adjustments, 2) sympathetic nervous activation to skeletal 

muscle is similar in young and older men (based on plasma norepinephrine), and 3) 

the regulation of the arterial blood pressure is similar in young and older men. 

Introduction 

Sustained isometric exercise evokes cardiovascular adjustments both similar 

to and distinct from those elicited by conventional forms of dynamic exercise (e.g., 

running, cycling) (Asmussen, 1981). Increases in arterial blood pressure and regional 

vasoconstriction are observed in both types of exercise, however, these adjustments 
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differ both qualitatively and quantitatively in the two modes. In contrast to some 

forms of sub maximal large-muscle dynamic exercise in which the primary change is 

in systolic blood pressure, systolic, diastolic and mean arterial pressure all increase 

in much more equivalent fashion throughout sustained isometric contractions, and 

vasoconstriction occurs only in selected regions (Lind, 1983). For example, during 

isometric arm exercise, vasoconstriction is observed in the calf but not in the 

contralateral forearm (Eklund et al., 1974). This regional vasoconstriction is 

mediated by increases in muscle sympathetic nerve activity and plays an important 

role in supporting the increase in arterial blood pressure (Und, 1983; Seals et al., 

1988b; Freyschuss et al., 1970). 

It has been reported that during sub maximal isometric exercise, plasma 

norepinephrine concentration increases to a greater extent in older than in young 

humans (McDermott et al., 1974), although this has not been a consistent finding 

(Sowers et aI., 1983). Since increases in plasma norepinephrine concentration during 

isometric arm exercise are directly related to increases in lower leg muscle 

sympathetic nerve activity (Wallin et aI., 1981), and because this sympathetic activity 

correlates strongly with calf vascular resistance (Seals, 1989), a greater plasma 

norepinephrine response in older humans would suggest greater calf vasoconstriction 

and perhaps an augmented arterial blood pressure response. However, currently 

there is no information on the regional vasoconstrictor adjustments to isometric 

exercise in older compared to young humans, and the findings on arterial blood 
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pressure responsiveness are equivocal (Ordway and Wekstein, 1979; Petrofsky and 

lind,1975). 

The primary purpose of the present study was to confirm that older humans 

demonstrate an augmented plasma norepinephrine response to sustained submaximal 

isometric exercise, and to determine if this augmented response was associated with 

greater vasoconstriction in the lower leg and greater increases in arterial blood 

pressure compared to young subjects. If this effect was observed, the secondary aims 

were to determine whether a) the greater whole limb vasoconstriction was due to 

augmented vasoconstriction in skeletal muscle, skin, or both, b) the greater pressor 

response was associated with greater systemic vasoconstriction, and c) this augmented 

sympathetic-vasoconstrictor responsiveness is specific for this form of stress. 

To achieve these aims, we measured whole calf blood flow, calf skin blood 

flow, arterial blood pressure and venous plasma catecholamine concentrations at rest 

and during submaximal isometric handgrip sustained to exhaustion in a group of 

young and older healthy men. Whole calf vascular resistance was calculated and 

used as an index of whole limb vasoconstriction; calf skeletal muscle vasoconstriction 

was inferred from the simultaneous whole limb and skin measurements. Cardiac 

output (systemic blood flow) was also determined and systemic vascular resistance 

was calculated and used as an index of whole body vasoconstrictor tone. Finally, to 

determine if any observed differences were specific for this form of stress, we made 

the same measurements during limb immersion in ice water (i.e., a cold pressor test) 

in a subset of subjects from each group. 
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Methods 

Subjects 

Fourteen young (age 26.2.±.0.7 yr, mean.±.SE, range 21 to 29) and fifteen older 

(age 65.5.±.O.9 yr, 61 to 72) healthy males participated in this study. The subjects 

have been described in detail previously (see Chapter 3). Selected characteristics 

of those subjects participating in this study are shown in Table 8. As with the 

previous study, these subjects differed in those characteristics which are altered with 

aging: namely, percent body fat, maximal oxygen consumption, and pulmonary 

function (not shown). Young and older subjects were within 20% of ideal body 

weight and ranged from physically inactive to recreationally active. The subjects 

were free of overt cardiovascular disease, were not on medications that could affect 

cardiovascular function, and were non-smokers. The nature, purpose and possible 

risks of the study were carefully explained to each subject before he gave consent to 

participate. The experimental protocol was approved by the Human Subjects 

Committee at the University of Arizona. 

Experimental Procedures 

Systemic Measurements. Heart rate was measured from a computer-averaged 

electrocardiogram signal. Arterial blood pressure was measured in the middle finger 

of the contralateral hand by a 2300 Finapres Blood Pressure Monitor. Stroke 



Table H. Subject characteristics for isometric exercise. -- Values arc means ± SE; • P < o.US vs. Y nung group; N = 14: 
Young, N = 13: Older. 

BODY MASS ESTIMATED ENERGY MAXIMAL OXYGEN 
AGE HEIGHT WEIGHT INDEX EXPENDITURE CONSUMPTION 

(yrs) (cm) (kg) (kg/m ) % BODY FAT (Kcallday) (mllkg/min) 

YOUNG 26.2±0.7 178.6±1.9 7S.4±2.8 23.610.6 14.8±l.1 2808±l49 48.2:!:D.7 

OLDER 6S.5±O.9* 177.D±2.2 79.8±3.3 2S.3±O.7 22.5±1.2* 3172±l66 32.2±1.2* 

\D 
~ 
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volume was measured by computer-assisted, signal-averaged impedance cardiography. 

The nature and theory of signal-averaged impedance cardiography has been 

described previously (see Technical Background, Chapter 2). The Minnesota 

Impedance Cardiograph 304b (Surcom Corp., Minneapolis, MN) was used with the 

standard tetrapolar electrode system (Buell, 1988). Mylar bands for current 

introduction were placed around the subject's thorax approximately 1 cm below the 

xiphisternal junction and around the subject's neck. A mylar band was placed 

around the upper abdomen and an ECG electrode was placed on the subject's 

forehead for detecting changes in voltage. Ventricular ejection time was measured 

as the time between the first and second heart sounds recorded from a 

phonocardiogram (Hewlett-Packard) placed on the subject's chest. Stroke volume 

was calculated from the change in the impedance waveform associated with 

ventricular ejection (dz/dt), the ventricular ejection time (ET), the baseline 

impedance of the thorax (Zo), and the distance between the recording electrodes 

(L). The equation used was that derived by Kubicek et al. (1970) where stroke 

volume = rho x (L/Zo Y x dz/ dt x ET. Rho is equal to the specific resistivity of 

blood and is assumed to be 135 ohm/ cm. 

Whole Calf Blood Flow (CBF). CBF measurements were made using venous 

occlusion plethysmography described in the previous chapter. A plethysmographic 

cuff was placed around the mid-calf of the leg ipsilateral to the exercising forearm 

for recording changes in volume. The limb was positioned above heart level to 

ensure proper venous drainage. Because of the greater muscle mass of the thigh, 
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the occluding blood pressure cuff was inflated to -60 mmHg instead of -50 mmHg. 

Blood flow to the foot was continuously occluded by a cuff placed around the ankle 

and inflated to suprasystolic levels (250 mmHg). 

Calf Skin Blood Flow (CSkBF). CSkBF was measured using laser-Doppler 

velocimetry (LDF; Laserflow Blood Perfusion Monitor, model 403-A, TSI, St. Paul, 

MN). Details on this technique have been discussed in the previous chapter. A 

standard LDF probe mounted in a heating element was attached to the skin on the 

calf contralateral to the exercising forearm in the same general area covered by the 

latex plethysmographic cuff on the ipsilateral calf. Local skin temperature was 

maintained at -39° C. To monitor changes in calf skin temperature, a thermistor 

was attached to the skin adjacent to the LDF probe. Baseline noise was accounted 

for by inflating a blood pressure cuff on the thigh to suprasystolic levels to achieve 

zero limb flow. CSkBF was expressed as a percent of the maximal flow induced by 

local heating of the skin to 42° C (Taylor et al., 1988). 

Plasma Catecholamines. To obtain blood samples for subsequent 

determination of plasma catecholamine concentrations, an indwelling catheter was 

placed in an antecubital vein in the non-dominant arm. Samples of approximately 

6 ml were drawn and placed in a chilled heparin-containing glass tube for analysis 

of venous plasma norepinephrine and epinephrine levels. The analysis has been 

described previously (Chapter 3, Methods). 

Electromyography (EMG). To obtain an objective index of the onset and 

degree of contracting muscle fatigue, EMG was measured in the exercising 
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(dominant) forearm. Also, to ensure that exercise-induced changes in CBF were not 

influenced by involuntary muscle contractions, EMG activity was measured in the 

ipsilateral calf. On both limbs, bipolar Ag-AgCI electrodes, 8 nun in diameter, were 

attached to the surface of the skin - 3 cm apart, near the mid-calf and mid-forearm 

regions. Reference electrodes were placed over a bony prominence near the elbow 

and knee, respectively. The electrodes were connected to an isolated preamplifier 

(Gould) after which the signal was passed through an amplifier for a permanent 

recording (Gould ESlOOO). Forearm EMG was later rectified and integrated 

(Coulboum S76-01; time constant = 500 ms) for determination of relative change 

(% of initial 5 S of isometric handgrip EMG). 

Rating of Perceived Exertion. A Borg perceived exertion scale (Borg, 1982) 

was used to obtain a subjective rating of exertion. The subject reported his 

perceived exertion on a scale of 6 (very, very light) to 20 (very, very hard). In this 

way, we could be assured that all subjects reached the same point of subjective 

fatigue. 

Experimental Protocols 

Orienlation Sessions. All subjects were oriented to the isometric handgrip 

exercise protocol on at least two occasions before participating in the main 

experimental session. A single exhaustive bout of isometric handgrip was used 

because this form of exercise elicits progressive increases in sympathetic activation 

throughout its duration and, thus, peak autonomic cardiovascular adjustments are 
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attained only at exhaustion. Since considerable motivation is required to continue 

isometric handgrip to exhaustion, we felt it was important that all subjects had been 

sufficiently exposed to this stress to insure consistent achievement of their true 

maximal exercise duration during the data collection session. Subjects tended to 

increase their time to exhaustion from the first to the second orientation session; 

there was no further increase from the second orientation session to the data 

collection session. Subjects lay supine with their dominant hand on a handgrip 

dynamometer (modified Stoelting Dynamometer, Stoelting, Chicago, IL) and with 

their ipsilateral calf supported at the thigh and ankle. Breathing was monitored by 

a pneumobelt to insure that no Valsalva maneuvers were performed during isometric 

exercise. An oscilloscope displayed the target force line (30% of maximal handgrip 

force) and the dynamometer force. Subjects were instructed to maintain the target 

force until told to relax their handgrip. All subjects were able to perform the 

exercise without calf muscle electrical activity (EMG) or Valsalva maneuvers. 

Data Collection Session for Isometric Exercise. At least 30 min prior to the 

isometric exercise, each subject's maximal handgrip contraction in the dominant arm 

was determined using a minimum of three trials. During these trials, subjects 

exerted force on the dynamometer by using the dominant arm only; muscle 

contractions in other limbs, performance of Valsalva maneuvers, and loud verbal 

arousal were strictly avoided, since they can result in an overestimation of true 

maximal handgrip force. 
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Tht\ data collection session for isometric handgrip consisted of 5 min of 

resting control followed by a single isometric handgrip contraction held to complete 

exhaustion (as described in the section above). Exhaustion was defined as a 

decrease in contraction force of 10% below the target force for more than 2 s 

despite continued verbal encouragement, accompanied by a SUbjective rating of 

perceived exertion of 20. 

During the control and exercise periods, heart rate, arterial blood pressure, 

stroke volume, contralateral CSkBF and skin temperature, and ipsilateral calf EMG 

were measured continuously. During isometric exercise, exercising forearm EMG 

and handgrip force also were measured continuously. Ipsilateral CBF was measured 

once every 15 s during both control and exercise periods. A blood sample for 

determination of plasma catecholamines was drawn 2-3 min prior to exercise 

(control) and 1 min after the end of isometric exercise because peak catecholamine 

levels occur at this time (Sanchez et al., 1980). During the measurement periods, 

the subjects were continually reminded to relax all non-exercising limbs and not to 

perform any straining maneuvers. 

Cold Pressor Test. In a separate session, 8 young and 8 older subjects 

performed a cold pressor test (foot immersion in 0° C water). The protocol for the 

cold pressor test has been described previously. During the control and immersion 

periods, heart rate, stroke volume, arterial blood pressure, and calf EMG were 

measured continuously and CBF was measured once every 15 s. To gain insight into 

the subjective intensity of the stimulus in the young and older groups, subjects rated 
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their perceived pain on a pain scale of 6 to 20 (modified Borg perceived exertion 

scale; Borg, 1982). A blood sample for determination of plasma catecholamines was 

drawn 2-3 min prior to immersion (control) and 1 min after the end of immersion 

when peak levels are known to occur (Victor et al., 1987). 

Data Analysis 

Average Values. Control values were calculated as an average of the data 

obtained over the entire 5 min period. The absolute time to fatigue (in seconds) 

was determined for each subject. Because the time to fatigue varied between 

subjects and the cardiovascular adjustments to fatiguing isometric exercise are 

progressive throughout exercise duration (Lind, 1983), the variables were examined 

as a function of the percent of time to fatigue rather than on an absolute time basis. 

Thus, 6 time intervals (in seconds) representing 0-20%, 20-40%, 40-60%, 60-80%, 

80-100%, and peak (90-100%) of each subject's time to fatigue were determined. 

The average value of each variable in each time interval was determined for each 

subject. The heart rate for each interval and its corresponding stroke volume were 

used to calculate a value for cardiac output for that time period. Systemic vascular 

resistance was calculated from the mean arterial blood pressure for each interval and 

the corresponding cardiac output. The mean arterial blood pressure for each 

interval and the corresponding CBF or CSkBF were used to calculate a value for calf 

vascular resistance (CVR) and calf skin vascular resistance (CSkVR). The 

calculation of average values for the variables measured during the cold pressor 
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trials has been explained previously. For each subject, changes from control for each 

variable were calculated as the difference of the mean for each 20% exercise time 

interval and the control value. For examining exercise-induced increases in the 

surface EMG of the contracting forearm muscles, the level of EMG during the first 

5 s of the contraction period was used as the baseline (control) level. The EMG was 

averaged over each of the above exercise time intervals and expressed as a percent 

of control (Edwards and Lippold, 1956). 

Calculations. Calculations of mean arterial pressure and whole limb and limb 

skin vascular resistance (CVR and CSkVR) have been explained previously. 

Cardiac output was calculated as cardiac output = heart rate x stroke volume. 

Systemic vascular resistance was calculated as systemic vascular resistance = mean 

arterial pressure/cardiac output. Changes in stroke volume, cardiac output, and 

systemic vascular resistance are expressed as an absolute change and a percent 

change from control. 

Statistics. For all variables, differences between groups within a condition 

were assessed by factorial ANOVA with Scheffe post-hoc test. Differences between 

the control and the various exercise (or cold pressor test) time intervals within a 

group were assessed using an ANOV A with repeated measures design and the 

Scheffe post-hoc test. Differences were considered to be significant at the P<0.05 

level. All group data are presented as means±SE. 
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Results 

Resting Control Values / Maximal Voluntary Contraction Force 

The resting control levels were not significantly different between the young 

and older subjects for any variable (Tables 9, 10, 11, and 12). Figure 9 shows that 

the maximal voluntary contraction force was almost identical for the young and older 

subjects. Thus, the 30% maximal force level used for the isometric handgrip exercise 

to fatigue was not significantly different (14±1.6 kg for young vs. 11.9±0.S kg for 

older). 

Submaximal Isometric Handgrip Exercise 

Time to Fatigue, Perceived Exertion, and EMG. The time to fatigue for 

isometric handgrip exercise was quite similar in the young and older subjects (Fig. 

9). Likewise, the rating of perceived exertion was not different at any timepoint 

during the isometric handgrip (12±1 vs. 12±1 at 0-20% duration, 14±1 vs. IS±1 at 

20-40%, 17±1 vs. 18±1 at 40-60%, 18±1 vs. 19±1 at 60-80%, and 20±1 vs. 20±1 

at 80-100% for the young and older, respectively; all subjects attained a rating of 20 

at the point of fatigue). The EMG of the contracting forearm muscles increased 

throughout isometric handgrip exercise in both groups. The magnitude of the 

increase was similar at all timepoints in both groups; at the end of exercise the 

EMG was 196±31% and 194±16% of the initial EMG in the young and older 

subjects, respectively. 
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Figure 9. Average (S.E.) values for the maximal voluntary isometric handgrip 
contraction force (MVC) and the total time to exhaustion during submaximal (30% MVC) 
isometric handgrip in the Young and Older subjects. -- There were no significant differences 
between the groups. 
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Systemic Hemodynamics. Throughout isometric exercise, mean blood pressure, 

systolic blood pressure, and diastolic blood pressure increased in both groups. The 

absolute level of arterial blood pressure (mean blood pressure, systolic blood 

pressure, and diastolic blood pressure) during isometric exercise was not significantly 

different at any timepoint between the two groups (Table 9). Since there were no 

differences in the resting control values, the magnitudes of the increases in mean 

blood pressure and diastolic blood pressure were not different at any timepoint (Fig. 

10). The systolic blood pressure increase was significantly greater in the older 

subjects through 40% of exercise duration, but was not significantly different between 

the young and older subjects for the remainder of isometric handgrip. 

Heart rate increased above control levels within the first 20% of exercise 

duration and continued to increase throughout isometric handgrip exercise in both 

groups (P < 0.05). However, the older subjects had a significantly lesser tachycardic 

response to isometric exercise. At every timepoint the absolute heart rate was less 

(Table 10; P < 0.05) and the magnitude of the increase from control was significantly 

less in the older vs. young subjects (20±2 vs. 26±2 bt/min at peak, respectively; Fig. 

11). 

Stroke volume decreased slightly ( -10%) but significantly below control levels 

in the young subjects by 20% of exercise duration and remained at this level 

throughout isometric handgrip exercise (P < 0.05; Table 10). Stroke volume remained 

at control levels in the older subjects until the latter portion of exercise at which 

point it decreased (P < 0.05; Table 10). The absolute level of stroke volume was 



Table 9. Average values for mean, systolic and diastolic arterial blood pressure determined before (Omlrol) 
and during submaximal isometric handgrip exercise. -- Values are means ± SE; units = mmHg; tP < 0.05 vs.Control; 
N = 14: Young, N = 13: Older. 

CONTROL % EXERCISE DURATION 
0-20% 20 -40% 40-60% 60 - 80% 80 -100% Peak 

MEAN 
BLOOD Young 94±3 lO1±3t ll0±2t 119±3t 126t2t 132:t2t 134±2t 

PRESSURE Older 94±3 103t3t 112:i:3t 120±3t 12:rl:3t 131±3t 132t4t 

SYSTOLIC 
BLOOD Young 137±3 146f:3t 16o±4t 172t4t 182t4t 186±3t 188±3t 

PRESSURE Older 142:15 157±5t 172t4t 18li4t 189±5t 19li4t 194:f5t 

DIASTOLIC 
BLOOD Young 72:t2 78:i2t 85±2t 92:t2t 98:i2t 104±2t lO6t2t 

PRESSURE Older 70±3 76±3t 83t3t 89±3t 93t3t lOo±4t lO2t4t 

~ 
o 
(Jl 
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Figure 10. Average (± S.E.) changes in mean, systolic and diastolic arterial blood 
pressures during submaximal isometric handgrip in the Young and Older subjects. -
-Significant differences in Young and Older subjects P < 0.05. 



Table 10. Average values for heart rate, stroke volume, cardiac output, and systemic vascular resistance determined 
before (Control) and during submaximal isometric handgrip exercise. -- Values are means ± SE; tP < 0.05 vs. Control; 
N = 13: Young, N = 11: Older;·P < 0.05 vs. Young. 

CONTROL % EXERCISE DURATION 
0- 20% 20-40% 40 - 60% 60 -80% 80 - 100% Peak 

HEART Young 611:3 7at:3t 80f2t 81l:2t 86:i2t 9l±2t 9313t 
RATE Older 59t3 64±3t* 67±4t* 70±4t* 72t4t* 77±4t* 78t4t* 

(bt/min) 

STROKE Young 112±B 103i:8t 103:f:7t 10o±7t 10lli:6t 97fDt 97i6t 
VOLUME Older 123:tlO 124±9 124±9 123i:8* 123i:8* 115t7 113i7t 
(ml/bt) 

CARDIAC Young 7.410.6 7.9lO.6 8.2:lD.St 8.31D.6t 8.6l.O.6t 8.aw.7t 8.9lO.7t 
OUTPUT Older 7.QiO.6 7.~.6t 8.2:f!l.7t 8. 5:1:0. 6t 8.7:tD.6t 8.a±o.6t 8. 7M. 6t 
(I/min) 

SYSTEMIC 
VASCULAR Young 13.7.ll.1 13.6±l.O 14.l.±1..0 lS.2tl.2t lS.6±l.2t 15.9±l.3t 16.Qtl.2t 
RESISTANCE Older 14.l.±1..0 13.6±l.O 14.3:tl.O 14.6:tO.8 14.B:tD.8 15.5:1:0.9 lS.6±O.9 

(units) 

I-' 
o 
-..J 
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not different between the two groups for the majority of isometric exercise, but was 

lower in the young subjects from 40% to 80% of exercise duration. When the 

response was expressed as a percent of control (Fig. 11), stroke volume was 

maintained at a slightly (-10%) but significantly higher level in the older subjects 

until 60% of exercise duration; however there were no differences between the two 

groups over the last half of the exercise period. 

Cardiac output increased above control levels by the end of 40% of exercise 

duration in both groups (by the end of 20% in the older subjects; Table 10) and 

continued to increase slightly but progressively throughout isometric handgrip 

exercise. There were no differences between the groups in either the absolute levels 

or changes in cardiac output at any timepoint during isometric exercise (Fig. 11). 

Systemic vascular resistance was unchanged from control levels during the 

initial 40% of isometric handgrip duration in both groups (Table 10). During the 

last half of isometric exercise, systemic vascular resistance increased above control 

levels in the young subjects (P < 0.05) and remained elevated to the end of isometric 

exercise. Over time, systemic vascular resistance tended to increase in the older 

subjects as well, however, it was not statistically significant at any timepoint. The 

absolute level of systemic vascular resistance was not different between the two 

groups at any timepoint during isometric handgrip exercise nor were the percent 

changes from control (Fig. 11); the peak percent change at end-exercise was 21±8% 

in the young vs. 12±7% in the older subjects. 
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Figure 11. Average (± S.E.) changes in heart rate and percent changes in stroke 
volume, cardiac output, and systemic vascular resistance during submaximal isometric 
handgrip in the Young and Older subjects. *Significant differences in Young and Older 
subjects at P < 0.05; § P = 0.06. 
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Regional Hemodynamics. In the young subjects, calf blood flow (CBF) rose 

slightly above control levels in the initial 20% of exercise duration (P < 0.05), but, 

although it remained at this level, it was not significantly different from control levels 

for the remainder of isometric exercise (Table 11). In the older subjects CBF was 

not significantly different from control levels at any point during isometric exercise, 

but tended to increase throughout the latter half of the isometric exercise. There 

were no differences between the two groups in CBF at any timepoint during 

exercise. The change in CBF from control during isometric exercise was not 

significantly different between the young and older subjects except during the initial 

20% of exercise duration (Fig. 12). 

Calf vascular resistance (CVR) was unchanged from control levels during the 

initial 40% of exercise duration in both groups, but was increased by 60% of exercise 

duration (P < 0.05) and rose throughout the remainder of isometric exercise (Table 

11). There were no differences between the young and older subjects in the absolute 

level of CVR at any timepoint during isometric handgrip exercise nor were the 

increases in CVR from control different; the peak changes were 10.2.±4.6 units 

( - 35%) in the young vs. 11.6.±2.8 units (-39%) in the older subjects (Fig. 12). 

In the young subjects, calf skin blood flow (CSkBF) tended to decrease slightly 

( -18%) with isometric exercise, reaching significance only at the end of exercise 

(P<O.05 for the 80-100% and peak exercise durations only; Table 11). The older 

subjects also demonstrated a tendency to decrease CSkBF during the initial phase 

of isometric handgrip, but this was not significant. Neither the absolute level of 



Table 11. Average values for whole calf blood flow and vascular resistance, ami calf skin blood flow and vascular 
resistance determined before (Control) and during submaximal isometric handgrip exercise. -- Values are means ± SE; tP < 
0.05 vs. Control; N = 13: Young, N = 11: Older. 

CONTROL % EXERCISE DURATION 
0-20% 20 - 4001.. 40 -60% 60-80% 80 - 100% Peak 

CALF 
BLOOD Young 3.510.2 3.~.3t 3.9fD.2t 3.!liD.3 4.illD.3t 4.o±D.4t 4.QiO.3t 
FLOW Older 4.!liD.9 4.fiW.8 4. !:U.O. 9 4.!liD.9 S.QiO.9 S.311.2 S.lli.4 

(mlllOOml/mln) 

CALf 
VASCULAR Young 28.8:1:2.0 27.6:12.3 29.6:12.0 34.7±4.2t 36.3t4.3t 38.lli.1t 39.Qf5.St 
RESISTANCE Older 27.4±4.3 29.7±4.S 30.514.5 32.9t4.6t 33.6±5.2t 36. !lt6. St 39.llii.9t 

(units) 

SKIN 
BLOOD Young 6l±7 621:7 S7f8 S3±8 49±8 Sl±9t 47:1:9t 
FLOW Older 63t7 57:1:9 S8±9 S8±:1.0 smo 6Q:tlO 6000 

(%max) 

SKIN 
VASCULAR Young 1.8:10.2 2.QtO.3 3.QtO.9 3.6±.1..0 S.l±1.6t 4.ID..St S.2tl.6t 
RESISTANCE Older 1.8:10.3 2.7±JJ.7 3.010.8 3.liil.7 3.4±1.1t 3.lli.4t 4.Qtl.St 

(units) 

I-' 
I-' 
I-' 
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Figure 12. Average (± S.E.) changes in whole calf vascular resistance and blood 
flow during submaximal isometric handgrip in the Young and Older subjects. -- *Significant 
differences between the young and older subjects at P < 0.05. 
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CSkBF nor the changes in CSkBF from control were different between the two 

groups at any timepoint during isometric exercise (Fig. 13). 

Calf skin vascular resistance (CSkVR) was unchanged from control levels 

during the initial 60% of exercise duration, but was increased (P < 0.05) by 80% of 

exercise duration in both groups (Table 11). There were no differences in the 

absolute level of CSkVR or the change in CSkVR throughout exercise between the 

two groups (Fig. IJ). 

Skin temperature of the contralateral calf decreased slightly from control 

levels in both groups (data not shown). This decrease was similar (-o.r C) in both 

young and older subjects during isometric exercise. 

Plasma Catecholamines. Plasma norepinephrine content was increased 

significantly above control at the end of isometric handgrip exercise in both groups 

(Table 12). Although the absolute concentration of norepinephrine was higher in 

the older subjects at the end of exercise, the magnitude of the increase from control 

to the end of exercise was not significantly different in the young and older subjects 

(Fig. 14; 34±7% increase in the young vs. 50±11 % increase in the older subjects). 

Plasma epinephrine concentration was increased slightly, but significantly, 

above control at the end of exercise in both groups (Table 12; 10 of 12 young and 

9 of 12 older subjects demonstrated increased plasma epinephrine). Neither the 

absolute concentration of epinephrine nor the magnitude of increase were 

significantly different between the two groups at end exercise (Fig. 14). 
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Figure 13. Average (± S.E.) changes in calf skin vascular resistance and blood flow 
during submaximal isometric handgrip in the Young and Older subjects. -- There were no 
significant differences in Young and Older subjects. 
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Table 12. Plasma norepinephrine and epinephrine before (Control) and 1 min 
immediately after submaximal isometric bandgrip exercise (Exercise). - Values are means 
± SE;·P < 0.05 vs. Young; tP < 0.05 vs. Control; N = 12: Young, N = 12: Older. 

NOREPINEPHRINE EPINEPHRINE 
CONTROL EXERCISE CONTROL EXERCISE 

192±20 253±26t 24±4 4a±5t 

OLDER 252±30 37o±46t* 32±1l 38±lOt 
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Figure 14. Average (+ S.E.) changes in venous plasma norepinephrine and 
epinephrine in response to sub maximal isometric handgrip in the Young and Older subjects. 
-- There were no differences in Young and Older subjects. 
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Responses to Cold Pressor Test 

Baseline Control Values. The heart rate, mean blood pressure, systolic blood 

pressure, diastolic blood pressure, regional forearm hemodynamics, and plasma 

catecholamine data on this stressor have been presented in the previous chapter. 

To reiterate, there were no differences in these variables between the young and 

older subjects prior to the cold pressor test. There were also no differences between 

the two groups in stroke volume, cardiac output, systemic vascular resistance, CBF, 

or CVR prior to the cold pressor test (Table 13). 

Systemic Hemodynamics. Stroke volume did not change significantly from 

control levels during the cold pressor test in either group, thus there were no 

significant differences between the two groups in either the absolute level of stroke 

volume or the change in stroke volume during this intervention. Cardiac output 

tended to increase slightly in both groups, although the increase did not achieve 

statistical significance in either group (6±5% in the young and 17±1O% in the older 

subjects at minute 2). Systemic vascular resistance was increased slightly, but 

significantly, by 15 + 7% at the end of the cold pressor test in the young men 

(P < 0.05). In the older subjects, systemic vascular resistance remained at control 

levels throughout the cold pressor test (1±5% at the end of minute 2). However, 

there were no differences between the two groups in either the absolute level, the 

absolute (unit) change from control, or the percent change from control for systemic 

vascular resistance during the cold pressor test. 



118 

Table 13. Average values for systemic and regional hemodynamics determined 
before (Control) and during 2 min of a cold pressor test. -- Values are means ± SE; t P < 
0.05 vs. Control; N = 8: Young, N = 7: Older. 

COLD PRESSOR 
CONTROL TEST 

1 min 2 min 

STROKE 
VOLUME Young 109±!.4 106:f:l5 116±l.5 
(mllbt) Older 12B::1:l.3 13o±l3 137:1:20 

CARDIAC 
OUTPUT Young 8.3tl.3 8.1±1.5 8.6:1:1.3 
(IImln) Older 8.2:1:0.8 9.4:1:0.9 9.8:I:l..4 

SYSTEMIC 
VASCULAR Young 13.1±1..5 13.2±l.7 14. 8:I:l.. 7t 

RESISTANCE Older 12.4±l.1 11. 4±l.. 0 12.6:1:1.5 
(units) 

CALF BLOOD 
FLOW Young 6.0:1:0.8 6.EO:O.7 5.5;I:j).6 

(mI/100ml/mln) Older 5.8:I:l..3 5.8:1:1.3 5.8:I:l..3 

CALF VASCULAR 
RESISTANCE Young 17.6±2.2 17.l:l2.4 23.l±3.0 

(units) Older 23.3±6.2 26.6±S.6 26.2:1:6.9 
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Regional Hemodynamics (Table 13). CBF did not change significantly from 

control levels during the cold pressor test in either group; thus, there were no 

differences between young and older subjects in the absolute level of CBF or the 

change in CBF at any time during the cold pressor test. There was a non-significant 

trend for CVR to increase during the cold pressor test in both the young and the 

older subjects. There were no differences in the absolute level of CVR or the 

magnitude of change in CVR between the young and older subjects. 

The major findings of the present study were that in response to submaximal, 

isometric exercise sustained to fatigue, older healthy men did l1Q/. demonstrate an 

augmented plasma norepinephrine response or exaggerated whole calf, calf skeletal 

muscle, or calf skin vasoconstriction compared to young men. As with these 

selective regional adjustments, the systemic vasoconstrictor response to this form of 

exercise was not different in these young and older men. Finally, the pressor 

response to sub maximal isometric exercise was not augmented in older healthy 

males; thus, the regulation of arterial blood pressure during this form of exercise 

appeared to be unchanged with advancing age. 
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Sympathetic-Vasoconstrictor Responses to Isometric Exercise 

Increases in sympathetic-vasoconstrictor nerve activity to non-active skeletal 

muscle in the lower leg are well correlated with increases in both antecubital venous 

norepinephrine concentration (Wallin et al., 1981) and calf vascular resistance (Seals, 

1989). Therefore, a previous report of exaggerated increases in plasma 

norepinephrine content in older humans during isometric exercise (McDermott et 

al., 1974) suggested to us that the calf vasoconstrictor response to this exercise 

stimulus might be augmented with age. However, the plasma norepinephrine 

response was not greater in our older subjects relative to our young subjects. 

Consistent with this, we found quite similar increases in whole calf and calf skin 

vascular resistance. Because limb vascular responses are mediated by collective 

changes in the skin and skeletal muscle circulations, this would suggest that there 

were also no differences in exercise-induced skeletal muscle vasoconstriction in these 

two groups. The fact that changes in systemic vascular resistance were not different 

in the young and older men during the isometric contractions is also consistent with 

the plasma norepinephrine concentration and regional vascular resistance data. 

Our findings of similar increases in plasma norepinephrine content in young 

and older humans in response to isometric exercise are in agreement with the data 

of Sowers et al. (1983). However, his older subjects had higher absolute plasma 

concentrations of norepinephrine at rest (i.e., baseline) and at the end of isometric 

exercise. Also in agreement with our data is previous evidence of similar arterial 

blood pressure and cardiac output responses in young and healthy older men (Sagiv 
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et aI., 1988). However, to our knowledge, the present data provide the first 

infomlation on isometric exercise-induced regional and systemic vasoconstrictor 

adjustments in young vs. older humans. 

Considered with previous data (Sowers et al., 1983; Sagiv et al., 1988), our 

findings indicate that the regional and systemic sympathetic-vasoconstrictor responses 

to isometric exercise are not influenced by human aging. In addition to our findings 

on plasma norepinephrine concentration, the postulate that the overall sympathetic 

nervous system adjustments to this form of exercise may not be influenced by age 

is also supported by the observation that venous plasma epinephrine content, an 

index of sympathoadrenal stimulation (Price, 1957), increased to a similar degree in 

both age groups. Furthermore, the interpretation of our group comparisons are not 

confounded by differences in absolute level of force maintained during exercise, time 

to fatigue, the perceived effort, or in our objective measure of peak fatigue, the 

magnitude of increase in contracting muscle EMG at end-exercise. Theoretically, 

each of these factors could have contributed to differences in the magnitude of 

these responses to sustained isometric exercise. Thus, the most likely conclusion 

from the present data is that the sympatho-circu1atory adjustments to this form of 

physical stress are not influenced by the aging process. 
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Influence of Age on Sympathetic-Cardiovascular Regulation During Isometric Versus 
Dynamic Exercise 

We have previously found that older humans demonstrate an augmented 

forearm vasoconstrictor response to large-muscle dynamic exercise (leg cycling), an 

observation seemingly inconsistent with the present findings. One possibility is that 

this difference is simply a regional effect since the augmented vasoconstriction during 

leg cycling was observed in the forearm whereas the present study examined 

vasoconstrictor responses in the calf during arm exercise. Although possible, this is 

not a likely explanation since the forearm and calf vasoconstrictor responses to a 

non-exercise sympatho-excitatory stimulus (a cold pressor test) was similar in these 

young and older subjects (Table 6, Fig. 8, previous chapter; Table 13 of present 

study). 

The most likely reason for this disparity lies in the nature of the two types of 

exercise. More specifically, as we postulated in the previous chapter, the 

exaggerated vasoconstrictor response to large-muscle dynamic exercise in older 

humans is necessary to produce the proper increase in arterial blood pressure. To 

generate this increase in arterial pressure in the face of (a) marked, locally mediated 

vasodilation in the exercising muscle (which would act to lower systemic resistance 

and arterial pressure), and (b) an inability to increase cardiac output to the same 

degree as younger subjects (Granath et al., 1968; Julius et al., 1967; Port et al., 1980) 

the older human must evoke greater vasoconstriction in non-active tissues. A greater 

sympathetic-vasoconstriction in older subjects is consistent with their augmented 
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plasma norepinephrine response to dynamic exercise (Fleg et al., 1985; also, previous 

chapter). 

Isometric exercise, however, does not necessitate an exaggerated sympathetic 

vasoconstrictor response in older humans. During isometric handgrip exercise, the 

exercising muscle mass is small and any local vasodilation in the active muscle is 

offset by mechanical compression of the blood vessels due to the sustained nature 

of the contraction (Donald et al., 1967). Thus, there is no marked active muscle 

vasodilation as with large-muscle dynamic exercise. Furthermore, the negligible 

increase in whole body energy expenditure does not necessitate a large increase in 

oxygen transport (Asmussen, 1981; Tuttle and Horvath, 1957). Therefore, an 

increase in cardiac output of only 1 to 21/min above resting levels is observed with 

isometric contractions (Lind, 1983). This is in contrast to dynamic exercise which 

necessitates an increase in cardiac output of 10 to 15 1/min. Because the older 

subjects can increase cardiac output to this small degree (see Table 3) and thus 

generate the required increase in arterial (and active muscle perfusion) pressure, no 

exaggerated regional or systemic sympathetic-vasoconstrictor response is necessary. 

This postulate is consistent with the lack of an age-related difference in the 

sympathetic-vasoconstrictor responses to a cold pressor test. As with isometric 

exercise, the cold pressor test evokes no skeletal muscle dilation and only a small 

increase in cardiac output to support the increase in arterial blood pressure (Greene 

et al., 1965). Thus, the observation that the older subjects do not demonstrate 
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augmented regional or systemic vasoconstrictor or plasma norepinephrine responses 

to a cold pressor test is consistent with our hypothesis. 

Therefore, we postulate that the apparent discrepancy between the present 

findings and those on dynamic exercise are due to the differences in the mechanisms 

of achieving the arterial blood pressure increase with the two types of exercise. This 

will need to be confirmed experimentally with measurements of cardiac output 

during large-muscle dynamic exercise in young and older subjects. 

Influence of Age on Isometric Muscle Strength and Endurance 

In contrast to previous findings (Ordway and Wekstein, 1975; Sagiv et al., 

1988), we found no decrement in maximal voluntary handgrip contraction force in 

our older subjects. We also found no age-related decrement in the duration of a 

submaximal isometric contraction sustained to fatigue. The latter finding is in 

agreement with a previous report on isometric exercise in young and older subjects 

using a similar experimental end-point (Petrofsky and Lind, 1975). Unlike most 

previous studies, both the present study and that of Petrofsky and Lind (1975) 

utilized young and older subjects who had comparable chronic physical activity levels. 

Considering this, our results and those of Petrofsky and Lind (1975) indicate that 

aging per se may not result in a decline in isometric strength or endurance, at least 

not under all conditions. 
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Hemodynamic Adjustments to Prolonged Isometric Exercise in Humans 

There is little information on either the systemic or the regional hemodynamic 

adjustments to prolonged isometric exercise sustained to fatigue in humans. The 

majority of studies have investigated the cardiovascular adjustments to submaximal 

isometric exercise performed for a short, finite period of time, e.g., 2 to 5 minutes. 

Those few studies that have applied a sub maximal isometric exercise stimulus to the 

end-point of fatigue have limited their investigation to the heart rate and arterial 

blood pressure responses (Goldstraw and Warren, 1985; Lind and McNicol, 1967; 

Petrofsky and Lind, 1975). Therefore, our data provide unique insight into the 

regional and systemic cardiovascular adjustments to this form of physical stress in the 

human. 

It has previously been shown that arterial pressure increases throughout the 

duration of isometric exercise, with its peak: occurring at end-exercise (Asmussen, 

1981; Donald et aI., 1967). It has generally been thought that the increase in arterial 

pressure is mediated solely by increases in cardiac output (Le., not by increases in 

systemic vascular resistance) (Donald et a!., 1967; Lind, 1983). In agreement with 

these results from studies using 'finite time' contractions, we found that arterial 

blood pressure and heart rate increased throughout isometric exercise sustained to 

fatigue and that stroke volume was either unchanged or slightly decreased by the end 

of exercise. However, cardiac output increased slightly but progressively throughout 

the contraction periods, increases in systemic vascular resistance of 10-20% were also 

observed in the latter portion of isometric exercise; this is in contrast to what other 
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investigators have found with more brief contraction periods (Donald et al., 1967; 

Lind, 1983; MacDonald et al., 1966). Thus, our results indicate that, when sustained 

to fatigue, the pressor response to isometric exercise may be mediated by increases 

in both cardiac output and systemic vascular resistance. 

Our results on the regional vasoconstrictor responses to isometric exercise 

support this concept. Similar to previous findings (Eklund et al., 1974), after the 

initial minute of exercise, calf vascular resistance increased throughout the 

contraction period in our study. Our findings indicate that this whole limb response 

is mediated primarily by vasoconstriction in the skeletal muscle circulation, but 

could be partially due to increases in skin vasoconstriction (especially during the 

latter phase of exercise). In contrast to our results, the only previous report of skin 

vascular resistance adjustments to isometric exercise found decreases in resistance 

from control levels during exercise (F. Taylor et al., 1989). This discrepancy could 

be explained by regional differences in the control of skin vascular resistance since 

we examined vascular adjustments in calf skin during handgrip exercise whereas the 

previous investigation assessed the responses in the contralateral arm and chest skin 

circulations during handgrip exercise. This idea is consistent with our previous 

observations of differential control of skin blood flow in the non-active forearm and 

the contralateral calf during one-leg cycling exercise (J.A Taylor et al., 1989). Such 

differences in regional cutaneous blood flow regulation could contribute to previous 

findings of directionally opposite whole limb blood flow responses in the non-active 

arm and leg during isometric exercise (Eklund et aI., 1974; Rusch et aI., 1981). 
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Summary and Conclusions 

In conclusion, the present findings do not support the hypothesis that aging 

exerts an important influence on the sympathetic-cardiovascular adjustments to 

submaximal isometric exercise in humans. Specifically, we were unable to find age

related changes in either selected regional or systemic hemodynamics or in the 

plasma norepinephrine responses to this stress. We suggest that differences in the 

sympathetic-vasoconstrictor adjustments to isometric versus large-muscle, dynamic 

work in young and older men are attributable to the nature of the systemic 

hemodynamic challenge imposed by the two types of exercise. Furthermore, as with 

cycling exercise, arterial blood pressure regulation during isometric exercise is not 

altered with aging. Finally, it appears that both young and older humans generate 

the necessary increase in arterial pressure through modest increases in both cardiac 

output and systemic vascular resistance. 



CHAPTER 5 

STUDY m: REGULATION OF ARTERIAL BWOD PRESSURE 
DURING ORTI-IOSTATIC STRESS IN YOUNG AND OLDER MEN 
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Clinical reports of increased incidence of orthostatic hypotension in the 

elderly have led to the assumption that the maintenance of arterial blood pressure 

during postural stress is impaired with age. However, there is little data on the 

sympathetic-circulatory regulation of arterial pressure during orthostasis in older 

healthy humans. To determine if the control of arterial blood pressure during 

orthostatic stress is impaired with age, we investigated the systemic and regional 

hemodynamic, and plasma catecholamine adjustments to two forms of orthostatic 

stress, graded lower body negative pressure and standing, in 14 young (25.8±.O.8 yr) 

and 13 older (64.3±.0.7 yr) healthy males. All subjects were free of cardiovascular 

disease, not obese, and had similar chronic physical activity levels. Heart rate, stroke 

volume, arterial blood pressure, and blood flows to the right whole forearm (FBF) 

and left forearm skin (FSkBF - LBNP only) were measured before (control) and 

during graded LBNP of -10, -20, -30, -40, and -50 mmHg and before and during 5 

min of standing. Blood samples for measurement of antecubital venous plasma 

catecholamines were obtained before and after each level of LBNP and standing. 

Systemic and regional vascular resistances were calculated from mean arterial 
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pressure and the cardiac output and the forearm blood flows, respectively. There 

were no differences in mean arterial pressure at any level of LBNP or during 

standing between the young and older subjects. However, during the three highest 

levels of LBNP and standing, heart rate increased less from control in the older 

subjects (P < 0.05). Because their stroke volume decreased to a lesser extent, the 

reduction in cardiac output in the older subjects was not different than the young 

subjects during LBNP and standing. The increases in systemic and forearm vascular 

resistance were not significantly different in the two groups during either form of 

orthostatic stress, although there was a tendency for lesser forearm vasoconstrictor 

responses in the older men during LBNP. Likewise, plasma norepinephrine and 

epinephrine concentrations increased to the same extent in both groups during 

graded LBNP and standing. We conclude that, in general the sympathetic-circulatory 

adjustments to orthostatic stress are qualitatively similar in healthy young and older 

humans, and thus there is no obvious impairment in the regulation of arterial 

pressure with aging per se. 

Introduction 

Orthostasis, assumption of the upright posture, results in a sudden 

translocation of blood volume from the thoracic region to the lower body and 

consequent marked reductions in venous return (cardiac filling pressure), stroke 

volume and cardiac output (Rowell, 1986). The fall in cardiac output requires a 

number of rapid and precise autonomic-circulatory adjustments to maintain arterial 
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blood pressure (prevent hypotension), and, therefore, maintain adequate perfusion 

of the vital organs. In the human, these adjustments include a baroreflex-mediated 

increase in heart rate (to lessen the fall in cardiac output) and systemic 

vasoconstriction (to increase vascular resistance) mediated by activation of the 

efferent sympathetic nervous system (Mark and Mancia, 1983; Rowell, 1986). 

Although systolic arterial pressure falls along with stroke volume, the systemic 

vasoconstriction increases diastolic arterial pressure (pulse pressure decreases) 

resulting in the maintenance of mean arterial blood pressure at supine levels 

(Rowell, 1986). 

It is generally believed that the ability to properly maintain arterial blood 

pressure upon assuming the upright posture becomes impaired with human aging 

(Shannon et al., 1986; Smith et al., 1987). Clinical observations suggest that the 

incidence of orthostatic hypotension increases with age, affecting as many as 20% of 

older humans (Caird et aI., 1973; Lennox and Williams, 1980; Lipsitz, 1989). 

However, in these clinical reports many of the older subjects had cardiovascular 

disease or were physically de conditioned due to their health status, each of which 

can influence autonomic control of arterial blood pressure independently of any 

effects of the aging process per se (Wilson et aI., 1985). Whether or not the 

incidence of postural hypotension is increased in healthy older humans is not known, 

nor is there complete, quantitative information on whether the sympathetic nervous 

system and cardiovascular adjustments to orthostasis are altered in this population. 

The limited amount of available data suggests that arterial pressure control may not 
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be impaired in middle-aged and older healthy humans (Ebert et al., 1982; Shannon 

et al., 1986; Shiraki et al., 1987). 

The primary aim of the present study was to determine if the control of 

arterial blood pressure during orthostatic stress is impaired in older, healthy humans. 

If so, we also wished to determine the nature of the sympathetic-circulatory 

mechanisms responsible for this impairment. To accomplish this, we measured 

arterial blood pressure, cardiac output, and whole forearm and forearm skin blood 

flows in groups of healthy young and older men before and during acute orthostatic 

stress. Systemic, whole forearm, and forearm skin vascular resistances were 

calculated and used to assess orthostasis-induced systemic and regional 

vasoconstriction, respectively. Antecubital venous blood samples were obtained for 

determination of plasma norepinephrine and epinephrine concentrations which were 

used to assess changes in overall (primarily skeletal muscle) and adrenal efferent 

sympathetic nerve activity, respectively. Finally to help ensure that any age-related 

differences in the responses were real (Le., not due to experimental artifact), two 

different models of orthostatic stress were employed, standing and lower body 

negative pressure. The latter was applied in graded fashion to evoke more complete 

stimulus-response information than that provided by standing. 
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Methods 

Subjects 

Fourteen young (age 25.8.±.0.8 yr, mean.±.SE, range 21 to 29) and thirteen 

older (age 64.3.±.0.7 yr, 61 to 69) healthy males participated in this study. The 

subjects have been described in detail previously (see Chapter 3). Selected 

characteristics of those subjects participating in this study are shown in Table 14. 

As with the previous studies, these subjects differed in those characteristics that are 

altered with aging: namely, percent body fat, maximal oxygen consumption, and 

static pulmonary function (not shown). Young and older subjects were within 20% 

of ideal body weight and ranged from physically inactive to recreationally active. 

The subjects were free of overt cardiovascular disease, were not on medications that 

could affect cardiovascular function, and were non-smokers. The nature, purpose 

and possible risks of the study were carefully explained to each subject before he 

gave consent to participate. The experimental protocol was approved by the Human 

Subjects Committee at the University of Arizona. 

Experimental Procedures 

Lower Body Negative Pressure (LBNP). LBNP was used to: a) induce varying 

degrees of orthostatic stress (i.e., to provide a graded, orthostatic stimulus), and b) 

to remove the potentially confounding influence of leg muscle contractions on pure 

orthostatic performance. This experimental procedure has been previously described 

(see Technical Background, Chapter 2). The subject was supine and sealed at the 

waist in a metal tank designed for the administration of LBNP. Lower body suction 



Table 14. Subject characteristics for lower body negative pressure. -- Values are means ±SE; .p < O.OS vs. Young; 
N = 13: Young, N = 14: Older. 

AGE 
(yrs) 

HEIGIfT 
(cm) 

WEIGHT 
(kg) 

YOOOG 25.afD.8 177 .4:tl. 78 73.7i2.6 

OLDER 64.:lli1.7* 177.6i2.2 78.21:3.5 

BODY MASS 
INDEX % BODY FAT 
(kg/m) 

23.4±0.6 14.6±l.1 

25.0±0.7 23.2±D.7* 

MAXIMAL OXYGEN 
CONSUMPTION 
(mllkg/mln) 

47.lli.O 

30.afD.8* 

ESTIMATED ENERGY 
EXPENDITURE 

(Kcal/day) 

277fitl49 

3021±190 

I-' 
w 
w 
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was produced by a commercial vacuum cleaner controlled by a rheostat. The level 

of negative pressure inside the tank (mmHg) was monitored continuously (Statham 

P50 pressure transducer, Gould, Cleveland, Ohio). 

Systemic Measurements. Heart rate was measured from a computer-averaged 

electrocardiogram signal. Arterial blood pressure was measured in the middle finger 

of the left hand by a 2300 Finapres Blood Pressure Monitor. To gain insight into 

possible mechanisms for the cardiovascular adjustments to orthostasis, both mean 

arterial pressure and pulse pressure, two primary stimuli for arterial baroreceptor 

activation, were calculated from the arterial pressure waveform. Stroke volume was 

measured by computer-assisted, signal-averaged impedance cardiography. The 

nature and theory of signal-averaged impedance cardiography has been described 

previously (see Technical Background, Chapter 2). The Minnesota Impedance 

Cardiograph 304b (Surcom Corp., Minneapolis, MN) was used with the standard 

tetrapolar electrode system (Buell, 1988). Mylar bands for current introduction were 

placed around the subject's thorax approximately 1 cm below the xiphisternal 

junction and around the subject's neck. A mylar band was placed around the upper 

abdomen and an ECG electrode was placed on the subject's forehead for detecting 

changes in voltage. Ventricular ejection time Vias measured as the time between the 

first and second heart sounds recorded from a phonocardiogram (Hewlett-Packard) 

placed on the subject's chest. Stroke volume was calculated from the change in the 

impedance waveform associated with ventricular ejection (dz/dt), the ventricular 

ejection time (ET), the baseline impedance of the thorax (Zo), and the distance 
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between the recording electrodes (L). The equation used was that derived by 

Kubicek et aI. (1970), where stroke volume = rho x (L/ZO)2 x dz/dt x ET. Rho is 

equal to the specific resistivity of blood and was assumed to be 135 ohm/cm. 

Whole Forearm Blood Flow (FBF). FBF measurements were made using 

venous occlusion plethysmography as described previously (Chapter 2, Technical 

Background; Chapter 3, Methods). A plethysmographic cuff was placed around the 

right mid-forearm for recording changes in volume. The limb was positioned above 

heart level to ensure proper venous drainage. The venous occlusion cuff was 

inflated to - 50 mmHg for 7 of every 15 s. Blood flow to the hand was continuously 

occluded by a cuff placed around the wrist and inflated to suprasystolic levels (250 

mmHg). 

Forearm Skin Blood Flow (FSkBF). FSkBF was measured using laser-Doppler 

velocimetry (LDF) (Laserflow Blood Perfusion Monitor, modeI403-A, TSI, St. Paul, 

MN). Details on this technique have been discussed in the previous chapters 

(Chapter 2, Technical Background; Chapter 3, Methods). A standard LDF probe 

mounted in a heating element was attached to the skin on the left forearm in the 

same general area covered by the latex plethysmographic cuff on the right forearm. 

Local skin temperature was maintained at -390 C. To monitor changes in forearm 

skin temperature, a thermistor was attached to the skin adjacent to the LDF probe. 

Baseline noise was accounted for by inflating a blood pressure cuff on the upper arm 

to suprasystolic levels to achieve zero limb flow. FSkBF was expressed as a percent 
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of the maximal flow induced by local heating of the skin to 42° C (Taylor et al., 

1988). 

Plasma Catecholamines. To obtain blood samples for subsequent 

determination of plasma catecholamine concentrations, an indwelling catheter was 

placed in an antecubital vein in the left arm. Samples of approximately 6 m1 were 

drawn and placed in a chilled heparin-containing glass tube for analysis of venous 

plasma norepinephrine and epinephrine levels. The analysis has been described 

previously (Chapter 3, Methods). 

Electromyography (EMG). To ensure that orthostasis-induced changes in FBF 

were not influenced by involuntary muscle contractions, EMG activity was measured 

in the right forearm. To insure that there were no lower limb contractions during 

LBNP that could influence the regulation of arterial pressure independent of the 

orthostatic stress, EMG was also measured in the right calf. On both limbs, bipolar 

Ag-AgCI electrodes, 8 mm in diameter, were attached to the surface of the skin - 3 

cm apart, near the mid-forearm and mid-calf regions. Reference electrodes were 

placed over a bony prominence near the elbow and knee, respectively. The 

electrodes were connected to isolated preamplifiers (Gould) after which the signals 

were passed through an amplifier for a permanent recording (Gould ES1000). 

Experimental Protocols 

Data Collection Session for LBNP. Subjects were positioned supine, and 

sealed to the waist in the LBNP tank:. After instrumentation, the subjects lay quietly 
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in a darkened room (ambient temperature -25° C) for at least 30 min prior to 

beginning the experimental protocol. Care was taken to keep the subjects relaxed 

but awake throughout the testing. 

The protocol consisted of a 5 min control period followed by 25 min of LBNP 

consisting of 5 min periods at -10, -20, -30, -40, and -50 mmHg, respectively. Five 

min periods of LBNP at each level were used because the cardiovascular adjustments 

to this stress do not achieve a plateau until the third minute (Rowell, 1986), and a 

2 min period of data collection was needed. Furthermore, plasma catecholamines 

do not reach their peak values until the fifth minute at a particular level of LBNP 

(Rowell, 1986). Since the adjustments to any level of LBNP are similar with 

discontinuous and graded LBNP (Rowell, 1986), a continuous protocol was used to 

obtain the data in the most economic fashion and to better maintain the subject's 

level of comfort during the laboratory session. 

During the control period and the last 2 min of each LBNP level, heart rate, 

arterial blood pressure, stroke volume, FSkBF and skin temperature, and right 

forearm EMG were measured continuously. Breathing was monitored continuously 

by a pneumobelt to insure that no Valsalva or other abnormal breathing maneuvers 

were performed; tank pressure was also measured throughout. Right FBF was 

measured once every 15 s during both control and the last 2 min of each LBNP 

level. A blood sample for determination of plasma catecholamines was drawn 2-3 

min prior to LBNP (control) and after the fifth minute of each LBNP level. No 
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sustained calf EMG activity or Valsalva maneuvers were observed during any trial 

in any subject that could confound the interpretation of their data. 

Standing ProtocoL To assess the sympathetic-cardiovascular adjustments to 

this most common form of orthostatic stress, a standing protocol was performed at 

least 20 min after the end of the LBNP protocol. A 5 min supine resting control 

period was followed by 5 min of standing. During the control and standing periods, 

heart rate, stroke volume, arterial blood pressure, and right forearm EMG were 

measured continuously and right FBF was measured once every 15 s. A blood 

sample for determination of plasma catecholamines was drawn during the control 

period (control) and at the end of 5 min of standing. 

Data Analysis 

Subjects. Several subjects were not able to complete the entire experimental 

protocol. Five of 14 young and 1 of 13 older subjects became vaso-vagal at an 

LBNP level of -40 (2 young, 1 older) or -50 (3 young) mmHg. Symptoms included 

acute hypotension (defined as a decrease in mean arterial pressure of 2:.. 15 mmHg, 

usually accompanied by bradycardia - i.e., vasovagal response), pallor, nausea, 

faintness and a general feeling of discomfort. Thus, the number of subjects in the 

young and older groups decreased from 14 and 13, respectively, at the -10, -20, and -

30 mrnHg levels, to 12 and 12 at -40 mmHg, and 9 and 12 at -50 mmHg. To ensure 

that the inclusion of data from the subjects who were predisposed to orthostatic 

hypotension (i.e., that on the -10 to -30 mmHg levels) did not alter the primary 



139 

conclusions of the study, results were also analyzed with iill. data from these subjects 

excluded from the analysis. In general, the exclusion of these data did not effect the 

results of this study. Those few data points that were affected will be discussed in 

the respective Results section. Because of the residual effects of the hypotensive 

episodes at the end of the LBNP protocol in these subjects, and because we were 

unable to obtain adequate FBF measurements during standing in 5 older and 1 

young subjects, data was obtained on 8 young and 7 older men during the standing 

protocol. 

Average Values. Control values were calculated as an average of the data 

obtained over the entire 5 min period. Since there were no differences in the values 

for each of the last 2 min of LBNP, these values were averaged to obtain a single 

value at each level of LBNP for each subject. The heart rate for each interval and 

its corresponding stroke volume were used to calculate the level of cardiac output 

for that time period. Systemic vascular resistance was calculated from the mean 

arterial blood pressure for each interval and the corresponding cardiac output. The 

mean arterial blood pressure for each interval and the corresponding FBF or FSkBF 

were used to calculate a value for forearm vascular resistance (FVR) and forearm 

skin vascular resistance (FSkVR). 

Calculations. Pulse pressure was calculated from the average systolic and 

diastolic pressures; pulse pressure = systolic blood pressure - diastolic blood 

pressure. Calculations of mean arterial pressure and whole limb and limb skin 

vascular resistance (FVR and FSkVR) (Chapter 3, Methods), and cardiac output and 
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systemic vascular resistance (Chapter 4, Methods) have been described previously. 

Changes in stroke volume, cardiac output, and systemic vascular resistance were 

expressed as a percent change from control. 

Statistics. For all variables, differences between groups within a condition 

were assessed by factorial ANOV A with Scheffe post-hoc test. Differences between 

the control and the various LBNP levels within a group were assessed using an 

ANOV A with repeated measures design and the Scheffe post-hoc test. Differences 

were considered to be significant at the P < 0.05 level. All group data are presented 

as mean±SE. 

Results 

Resting Control Values 

The resting control levels of arterial pressure and heart rate were not 

significantly different in the young and older subjects (Tables 15 & 16). The older 

subjects had a lower stroke volume than the young subjects, therefore cardiac output 

was also lower in the older subjects (P<0.05; Table 16). The resting level of 

systemic vascular resistance was higher in the older versus the young subjects 

(P < 0.05; Table 16). There were no differences in the two groups in either the 

regional hemodynamic variables (FBF, FVR, FSkBF, and FSkVR) or venous plasma 

catecholamine concentrations (Tables 17 & 18). 
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Lower Body Negative Pressure 

Systemic Hemodynamics. Mean arterial pressure was unchanged from control 

at each level of LBNP in the young subjects whereas the older subjects tended to 

have a slightly increased mean arterial pressure at all levels of LBNP compared to 

control (P < 0.05 at -20 & -40 nunHg LBNP; Table 15). There were no differences 

between the two groups in the absolute level of mean arterial pressure at any level 

of LBNP, but the change in mean pressure from control to each level of LBNP was 

significantly greater in the older men (Fig. 15). 

In the young subjects, systolic blood pressure was unchanged from control at -

10 and -20 mmHg LBNP, but decreased below control at each subsequent level of 

LBNP (P<0.05; Table 15). In contrast, in the older subjects systolic blood pressure 

increased slightly above control during the two lowest levels of LBNP (P < 0.05), and 

returned to control levels during the three higher levels of LBNP (Table 15). There 

were no differences in the absolute level of systolic blood pressure during LBNP in 

the young and older subjects (P < 0.05 for -40 mmHg LBNP only). However, the 

change in systolic blood pressure was significantly different between the young and 

older subjects at LBNP levels of -20 through -50 rrunHg (Fig. 15). 

Diastolic blood pressure increased above control at the second and each 

succeeding level of LBNP in the young subjects and increased at the third and each 

succeeding level of LBNP in the older subjects (P<0.05; Table 15). Neither the 

absolute level of diastolic blood pressure nor the increase in diastolic pressure from 
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Table 15. Average values for mean, systolic and diastolic arterial blood pressure and 
arterial pulse pressure determined before (Control) and during graded lower body negative 
pressure (LBNP). -- Values are means ± SE; .p < 0.05 vs. Young; tP < 0.05 vs. Control. 

LEVEL OF LBNP {mmHg} 
CONTROL ·10 ·20 ·30 ·40 ·50 

MEAN 
BLOOD Young 9l±3 90±3 9l±3 9l±3 9l±2 9l.±2 

PRESSURE Older 89±3 9l±3 92±3t 92:1:3 94±3t 93±3 
(mmHg) 

SYSTOLIC 
BLOOD Young 132±3 132±3 130±3 12fit4t 123±4t 114±4t 

PRESSURE Older 134:1:5 137±6t 138:!:5t 136:±5 136:±5* 130±4 
(mmHg) 

DIASTOLIC 
BLOOD Young 7l±3 70±2 72±2 73±3t 75±2t 76±2t 

PRESSURE Older 67±3 Ga±2 69±2t 70±2t 73±2t 75±3t 
(mmHg) 

ARTERIAL 
PULSE Young 62±2 62±2 59±2t 52±5t 48±2t 43±3t 

PRESSURE Older 67±4 69±5 69±4* 66±4* 64±3* 56±3t* 
(mmHg) 



143 

- 10 25 ~ IOIASTOLlcl 

- 20 .. ... 
:: 0 15 ... - 10 

I.U 

0:: -10 5 
..... 
...J 0 
(/) 

(/) -20 -5 
I.U 

c:: 25 5 IMEANI 0.. 

20 0 
...J 

-< 15 -5 

c:: 10 -10 • • • I.U 

l- S -15 
c::::: 0 -20 
-< 
<I -5 -25 

-10 -20 -30 -40 -50 -10 -20 -30 -40 -50 

LBNP LEVEL (mmHg) 

Figure 15. Change in arterial blood pressures during graded lower body negative 
pressure (LBNP) in the Young and Older subjects. -- Values are mean ± SE; *Significance 
at P < 0.05 Young vs. Older. 
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control were significantly different between the young and older subjects at any 

level of LBNP (Fig. 15). 

In the young subjects, arterial pulse pressure was decreased below control 

levels at LBNP of -20 mmHg and decreased further with increasing levels of LBNP 

(P<0.05; Table 15). In the older subjects, pulse pressure tended to decrease with 

increasing levels of LBNP, but was not significantly lower than control until the 

highest level of LBNP (Table 15). Pulse pressure was significantly higher at -20 

nunHg and at all subsequent levels of LBNP in the older subjects. Therefore, the 

decrease in arterial pulse pressure was significantly less in the older subjects at 

LBNP levels of -20 mmHg and higher (Fig. 15). 

In the young subjects, heart rate increased above control at -20 nunHg LBNP 

and increased further with each successive level of LBNP (P < 0.05; Table 16). This 

trend was also observed in the older subjects, however heart rate was not increased 

above control until-30 mmHg LBNP (P<0.05; Table 16). There was a trend for the 

absolute level of heart rate to be less in the older subjects at the three highest levels 

of LBNP, but this was not significant until -50 mmHg LBNP. When the data were 

analyzed without those subjects who became hypotensive during LBNP (see 

Methods), this trend toward a lower heart rate in the older versus young subjects was 

significant at -30, -40, and -50 nunHg LBNP; however, there was no effect of their 

exclusion on the changes in heart rate from control to any level of LBNP (see 

Appendix C). In the both analyses, the magnitude of increase in heart rate from 
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Table 16. Average values for heart rate, stroke volume, cardiac output, and systemic 
vascular resistance determined before (Control) and during graded lower body negative 
pressure (LBNP). - Values are means ± SE;·P < 0.05 vs. Young; tP < 0.05 vs. Control. 

CONTROL LEVEL OF LBNP {mmHgl 
·1 0 ·20 ·30 ·40 ·50 

HEART 
RATE Young 67±2 66±:2 70±2t 79±2t 87±3t 10e±3t 

(bt/mln) Older . 66±4 67±4 68±4 72±4t 77±4t 83±4*t 

STROKE 
VOLUME Young 124±7 1l1±7t 9B±7t 8l±fit 7l±fit Sl±fit 
(mllbt) Older 95±5* 85±5*t 79±4 *t 71±4t 62±4t S6f:3t 

CARDIAC 
OUTPUT Young 8.2tO.4 7.3:!:O.4t 6.8±iJ.4t 6.3±O.4t 6.l!:D.4t S.5:!il.7t 
(IImln) Older 6.3±0.7* S.8±iJ.6*t S.5:±!l.St S.l!:D.St 4.!Wl.4*t 4.6±O.2t 

SYSTEMIC 
VASCULAR Young 11.5:!il.8 13.l±1.2t 14.4±1.4t lS.W.St lS.7±1.3t 18.1±1.9t 

RESISTANCE Older lS.3±1.2* 17.0±l.2*t 18.0±1.2t 19.5:I:l.4t 21.2±l.6*t 21.0±1.3t 
(units) 
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Figure 16. Changes in systemic hemodynamic variables during graded lower body 
negative pressure (LBNP) in the Young and Older subjects. -- Values are mean ± SE.; 
*Significance at P < 0.05 Young vs. Older. 
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control was significantly less in the older subjects at the three highest levels of LBNP 

(Fig. 16). 

In both the young and older subjects, stroke volume decreased below control 

levels at the lowest level of LBNP and continued to decline with increasing LBNP 

(P<0.05; Table 16). Because of their lower control levels, at -10 and -20 nunHg 

LBNP, the absolute level of stroke volume was lower in the older subjects but was 

not different at the subsequent LBNP levels (P < 0.05). The decline in stroke volume 

(ml/bt) was less in the older subjects at -20 mmHg LBNP and each succeeding 

LBNP level. In general, these differences remained if the decrease in stroke volume 

was expressed as a percent of control (P < 0.05 for -30, -40, and -50 mmHg levels; 

Fig. 16). At the highest level of LBNP, the decrease in stroke volume was almost 

20% greater in the young subjects. 

Cardiac output decreased below control levels at the lowest levels of LBNP 

and continued to decline with increasing levels of LBNP in both groups (P<0.05; 

Table 16). The absolute level of cardiac output tended to be lower in the older 

versus young subjects at all levels, but was significant only at -10 and -40 nunHg 

LBNP. Although the decrease in cardiac output (l/min) tended to be less during all 

levels of LBNP in the older subjects, this was significant only at LBNP -30 and -50 

(Fig. 16). The percent change in cardiac output from control was less in the older 

subjects only at -50 LBNP (P < 0.05). 

Systemic vascular resistance increased above control at the lowest level of 

LBNP and increased further with increasing levels of LBNP in both the young and 
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older subjects (P<0.05; Table 16). The older subjects tended to have a greater level 

of systemic resistance during LBNP than the young subjects, but there were 

significant differences only at -10 and -40 mmHg LBNP. When the subjects who 

demonstrated orthostatic hypotension were excluded, there were also differences at -

20 and -30 nunHg LBNP (P<0.05; see Appendix C). There were no differences 

between the two groups in the magnitude of the increase in systemic vascular 

resistance at any level of LBNP whether expressed in absolute units or as percent 

change from control (Fig. 16). 

Regional Hemodynamics. In both the young and older subjects, FBF 

decreased at the lowest level of LBNP and continued to decline with increasing 

LBNP (P<0.05; Table 17). At no level of LBNP was the absolute level of FBF 

different between the young and older subjects. However, the decrease in FBF from 

control was slightly, but significantly, less in the older subjects at -20, -30, and -40 

mmHg LBNP (Fig. 17). FVR increased from control at -10 mmHg LBNP and 

increased further with greater levels of LBNP in both groups (P < 0.05; Table 17). 

There were no differences in the absolute levels of FVR between the young and 

older subjects at any level of LBNP. However, there was a trend for the increase 

in FVR from control to the four higher levels of LBNP to be less in the older 

subjects (Fig. 17), although this was only significant when FVR was expressed as a 

percent of control. 

In general, FSkBF did not change in either the young or older subjects at any 

level of LBNP (Table 17; P<0.05 for -50 mmHg only in the older subjects). There 
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Table 17. Average values for whole forearm blood flow and vascular resistance and 
forearm skin blood flow and vascular resistance determined before (Control) and during 
graded lower body negative pressure (LBNP). - Values are means ± SE; .p < 0.05 vs. 
Young; t P < 0.05 vs. Control. 

LEVEL OF LBNP 
CONTROL ·10 ·20 ·30 ·40 ·50 

FOREARM 
BlOOD Young 4.Q:!.{).4 3.2±D.3t 2.4±D.2t 2.l±O.2t 1.7±O.lt 1.5:!:0 .2t 
FLOW Older 3.6:l:!).3 3.l±O.3t 2.8±O.2t 2.5±O.2t 2.3±O.2t 1.7±O.lt 

(mI/100ml/mln) 

FOREARM 
VASCULAR Young 24.B±2.4 30.7±2.9t 42.Qt4.3t 46.4±4.7t 58.2t7.4t 69. 5±l.1. Ot 

RESISTANCE Older 26.B±2.7 32.W.8t 36.9±3.9t 42.l±4.8t 46.8±5.2t 58.O±b.lt 
(units) 

FOREARM SKIN 
BlOOD Young 61±4 58±5 6l.±5 63iii 65t7 6l±7 
FLOW Older 59±10 58±lO 58±lO 59±10 62:!:ll 69±l4t 

(%max) 

FOREARM SKIN 
VASCULAR Young 1.6±O.2 1.7±O.2 1. 6±!l.2 1.7±0.3 1.7±0.3 1.8±O.4 

RESISTANCE Old!!r 2.Q±O.4 2.2±D.5 2.2±D.4 2.2±0.5 2.2±0.5 2.2±D.6 
(units) 
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Figure 17. Changes in regional hemodynamic variables during graded lower body 
pressure (LBNP) in the Young and Older subjects. -- Values are mean ± SE; *Significance 
at P < 0.05 Young vs. Older. 



151 

were no differences between the two groups in either the absolute level of FSkBF 

or the change in FSkBF at any LBNP level (Fig. 17). Ukewise, FSkVR remained 

unchanged from control levels during graded LBNP in both the young and older 

subjects. Neither the absolute level of FSkVR nor the change (absolute units or 

percent) were different in the young and older subjects (Fig. 17). 

In both the young and older subjects, skin temperature of the left forearm 

decreased slightly (-0.40 C) at LBNP of -40 and -50 mmHg. The decrease was 

similar in the two groups. 

Plasma Catecholamines. Antecubital venous plasma norepinephrine content 

was increased above control at -10 mmHg LBNP in the older subjects and at -20 

mmHg LBNP in the young subjects (P<0.05; Table 18) and continued to incrcase 

progressively with increasing LBNP in both groups. At no level of LBNP was either 

the absolute concentration of venous plasma norepinephrine or the increase in 

norepinephrine from control significantly different in the young and older subjects 

(Fig. 18). Venous plasma epinephrine was unchanged from control levels in both 

groups during the first three levels of LBNP. Epinephrine concentration was 

increased at -40 and -50 mmHg LBNP in the young subjects and at -50 mmHg LBNP 

in the older subjects (Table 18). The absolute concentration of epinephrine and the 

increase in epinephrine from control were not different in the two groups at any 

level of LBNP (Fig. 18). 



Tahlc 18. Venous plasma norepinephrine and epinephrine before (Control) and 1 min immediately after graded 
lower hody negative pressure (LUNP). -- Values arc means ± SE. *P < (W5 vs. Young; tP < 0.05 vs. Control. 
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Figure 18. Change in venous plasma catecholamine concentrations during graded 
lower body negative pressure (LBNP) in the Young and Older subjects. -- Values are mean 
± SE. *Significance at P < 0.05 Young vs. Older. 
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Responses to Standing 

Supine Control Values (Table 19). In general, the absolute levels of arterial 

pressure were slightly higher (n.s.) during the supine resting control period than the 

initial resting control period (i.e., just prior to LBNP) in both groups. Stroke volume 

tended to be slightly lower and, thus, cardiac output also tended to be slightly lower 

during the second control period in both young and older subjects (both n.s.). 

During this second resting control, values for both regional and systemic resistances 

were slightly higher than the initial control values (n.s.). Plasma catecholamine 

concentrations were comparable between the two control periods. There were no 

differences between the young and older subjects in any supine control value except 

stroke volume (P < 0.05). 

Systemic Responses to Standing (Table 19; Figs. 19 & 20). Average levels of 

mean blood pressure were 4-6 mmHg higher with standing but these were not 

significantly different versus supine control levels in either the young or the older 

subjects. There were no differences in either the absolute level of mean blood 

pressure or the change in mean blood pressure between the two groups during 

standing. Systolic blood pressure did not change with standing, and there were no 

differences between the young and older subjects in the absolute value or change in 

systolic pressure. Diastolic blood pressure tended to increase slightly, but not 

significantly, with standing in both groups. The absolute value for diastolic pressure 

and the change in diastolic pressure were not different in the two groups. Pulse 

pressure tended to decrease with standing in both groups, but this was significant for 
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Table 19. Average values for regional and systemic hemodynamic variables 
determined in the supine and standing positions in the Young and Older subjects. - Values 
are mean ± SE; "'P < 0.05 vs. Young; tP < 0.05 vs. Control; N = 8: Young, N = 7: 
Older. 

SUPINE STANDING 

HEART 
RATE YOUNG 6Eit2 SWt 

(btlmln) OLDER 7Qt6 79±5t 

MEAN 
ARTERIAL YOUNG 100f:3 104±2 
PRESSURE OLDER 97±4 103:f:5 

(mmHg) 

SYSTOLIC 
BLOOD YOUNG 144±4 143±4 

PRESSURE OLDER 14!Itfi 147±7 
(mmHg) 

DIASTOLIC 
BLOOD YOUNG 7at3 S!If:2 

PRESSURE OLDER 73±3 Sl±<l 
(mmHg) 

PULSE 
PRESSURE YOUNG 67:t2 5at3t 

(mmHg) OLDER 7li'4 6&bl 

STROKE 
VOLUME YOUNG 107±4 79±5t 

(mVbt) OLDER Sli'4* 70±4t 

CARDIAC 
OUTPUT YOUNG 7.QtO.2 6. 8::l:O. 5 
(Vmln) OLDER 6.QtO.7 5. 5::f:O. 5 

SYSTEMIC 
VASCULAR YOUNG 14.2:fD.6 15.W.2 

RESISTANCE OLDER 17.4:1:1.6 19.7±l.S 
(unit.) 

FOREARM 
BLOOD YOUNG 3.4±D.6 2.2:fD.4 
FLOW OLDER 3.l±O.3 2.l±O.2t 

(mV100mllmln) 

FOREARM 
VASCULAR YOUNG 33.et5.S 5S. 4±l1. 5 

RESISTANCE OLDER 32. Eit2. 6 52.7~.2t 
(units) 

PLASMA YOUNG 20:lt23 343±29t 
NOREPINEPHRINE OLDER 26at33 47at34t* 

(pg/ml) 

PLASrI.A YOUNG 2~ 4l±5t 
EPINEPHRINE OLDER lE:t4 29±6t 

(pg/ml) 
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Figure 19. Changes in arterial pressures and plasma catecholamines in response to 
standing in the Young and Older subjects. -- Values are mean ± SE. 
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Figure 20. Changes in systemic and regional hemodynamics in response to standing 
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the young subjects only. Pulse pressure during standing and the change in pulse 

pressure from supine to standing were not significantly different in the young and 

older subjects. 

Heart rate increased with standing in both groups (P < 0.05). Although the 

absolute level of heart rate during standing was not different between the young and 

older subjects, the increase in heart rate from supine to standing was less in the 

older subjects (P < 0.05). With standing, stroke volume decreased in both groups 

(P < 0.05), and the magnitude of the decrease from supine to standing tended to be 

less in the older subjects (P = 0.06). The average levels of cardiac output were 

slightly, but non-significantly, lower with standing in both groups. The absolute 

levels of cardiac output during standing were not different between the young and 

older subjects, nor were the decreases from supine control levels. Systemic vascular 

resistance was slightly, but not significantly, higher with standing in both groups. 

Neither the absolute levels nor the change in systemic vascular resistance were 

different between the young and older subjects with standing. 

Regional Hemodynamic Responses (Table 19; Fig. 20). FBF decreased with 

standing in both groups to a similar extent (P < 0.05 in older, P = 0.09 in young vs. 

supine control). Absolute levels of FBF were similar in the young and older subjects 

with standing, as was the decrease from supine control levels. FVR increased in 

both groups with standing (P<O.OS in older, P=0.08 in young). There were no 

differences between the young and older subjects in either the absolute level of FVR 

during standing or the magnitude of the increase in FVR from supine to standing. 
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Plasma Catecholamines (Table 19; Fig. 19). Plasma norepinephrine 

concentration increased significantly above supine control values with standing in 

both groups. The older subjects had a higher absolute level of plasma 

norepinephrine vs. the younger subjects during standing (P < 0.05). However, the 

magnitude of the increase in plasma norepinephrine concentration was not different 

for the two groups. Epinephrine levels increased slightly, but significantly, with 

standing in both the young and older subjects. There were no differences in either 

the absolute concentrations or the increases in epinephrine between the groups. 

Discussion 

The primary new conclusion of this study is that the regulation of arterial 

blood pressure during acute orthostatic challenge is not impaired in healthy older 

men. Our results also demonstrate that despite an attenuated reflex tachycardia, 

these older men could evoke the necessary sympathetic-circulatory adjustments to 

support the maintenance of arterial pressure during orthostasis. These findings 

provide experimental support for the concept that orthostatic intolerance 

(hypotension) is not a consequence of true biological aging, but instead may be due 

to other factors (e.g., cardiovascular disease, physical de conditioning, etc.) associated 

with human aging. 
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Systemic Hemodynamics During Postural Challenge 

In the present study, arterial blood pressure was well maintained during 

orthostasis in the older men. This finding is strengthened by the fact that it was 

observed during two different experimental applications of orthostatic stress. In fact, 

if anything, arterial pressure was better maintained in the older men than in the 

young men during graded lower body suction. Our results indicate that the precise 

regulation of arterial pressure in the older men was associated with qualitatively and, 

in some cases, quantitatively similar systemic hemodynamic adjustments. In both the 

young and older men, cardiac output fell with postural challenge and baroreflex

mediated vasoconstriction was evoked to maintain arterial pressure. This is 

consistent with earlier observations in healthy young and older men made during 

LBNP (Ebert et aI., 1982). There were, however, subtle (quantitative) differences 

in the magnitudes of the systemic hemodynamic adjustments to orthostasis in the 

young and older men. For example, stroke volume decreased to a lesser extent from 

supine control levels in the older men. Since the magnitude of the decline in stroke 

volume is dependent on the reduction in venous return and cardiac mling pressure 

(Rowell, 1986), these results suggest that the shift of transthoracic blood volume to 

the lower extremities may have been less in the older men. Other investigators have 

attributed this to reduced venous compliance in the legs of older humans (Ebert et 

aI., 1982). 

Despite this lesser fall in stroke volume, in general, the decline in cardiac 

output with postural challenge was not different in the two groups because the older 
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men demonstrated less reflex tachycardia than the young men. The underlying 

mechanism of this attenuated heart rate response is not clear. It is possible that it 

represents a non-specific blunting of chronotropic responsiveness since it is observed 

in older humans during a variety of stressors (Sachs et al., 1985). However, with 

many of these stressors the stimulus intensity for the tachycardia was similar in the 

young and older subjects, which may not be the case in the present study. In the 

human, the increase in heart rate during orthostasis is mediated by the arterial 

baroreflex (Mancia and Mark, 1983). The initial stimulus for the arterial 

baroreceptors is the transient fall in mean arterial blood pressure during the 

assumption of the upright posture, whereas a more sustained stimulus is provided by 

the levels of arterial pulse pressure and/or mean pressure maintained while the 

subject is in the upright position (Rowell, 1983). In this study, both pulse and mean 

pressure were maintained at higher levels in the older men during graded LBNP, 

although there was only a non-significant trend for this during standing (Figs 19 & 

20). Thus, our findings of an attenuated tachycardia in the older men in response 

to orthostasis could be explained, at least in part, by a lesser removal of the central 

inhibitory influence of the arterial baroreceptors on heart rate. The fact that the 

increases in heart rate during LBNP were similar in the young and older men when 

compared at the same decrease in arterial pulse pressure (i.e., -30 mmHg LBNP 

level in the young versus -50 mmHg LBNP level in the older subjects, Fig. 16, Table 

16) is consistent with this postulate. 
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Regional Hemodynamic Adjustments to Orthostatic Stress in Young and Older Men 

Baroretlex-mediated regional vasoconstriction acts to support systemic vascular 

resistance and arterial blood pressure and, thus, is a key circulatory adjustment to 

orthostasis in the human (Rowell, 1983). The skeletal muscle circulation is one 

target of this retlex (Sundlof and Wallin, 1978; Rowell, 1983), and the skin 

circulation may also participate, although the latter is somewhat controversial 

(Mancia and Mark, 1983; Mark and Mancia, 1982). As with the systemic 

hemodynamics, in the present study the regional vasoconstrictor responses to 

orthostatic stress were qualitatively similar in the young and older men, although 

small quantitative differences were observed under certain conditions. For example, 

vascular resistance increased in the whole forearm in both the young and older men 

in response to both forms of postural challenge (Figs. 17 & 20). However, the 

increases in whole forearm vascular resistance tended to be less in the older men 

during LBNP, but were not different between the young and older men with 

standing. Again, this trend for an attenuated reflex vasoconstriction at the same 

level of LBNP in the older men may have been due in part to a lesser 'unloading' 

of the arterial baroreceptors (see above), or possibly to a lesser reduction in cardiac 

filling, the primary stimulus for cardiopulmonary baroreceptor inhibition of efferent 

sympathetic outflow (Rowell, 1986). The cardiopulmonary baroreflex is known to 

have a strong influence on the control of forearm vascular resistance in the human 

(Mark and Mancia, 1983). Our findings on LBNP are consistent with those of 

Shiraki et al. (1987) who reported an attenuated forearm vasoconstrictor response 
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to 70 degree head-up tilt in subjects aged 61-73 yr versus subjects 21-39 yr. They 

also observed a less~r decrease in stroke volume with orthostasis in their older 

group, suggesting that the shift in transthoracic blood volume (and, therefore 

baroreflex stimulation) may have been less in this group. In contrast, Ebert et al. 

(1982) reported a greater forearm vasoconstrictor response to -40 mmHg LBNP in 

50-59 year old subjects versus subjects 20-27 yr; no significant differences were 

observed at a mild level of LBNP. Taken together, the present findings and those 

of others indicate that limb vasoconstrictor reflexes are not markedly impaired (if 

at all) during orthostatic stress in healthy older humans. 

Plasma Catecholamine Responses to Orthostatic Stress in Young and Older Men 

The systemic vasoconstriction evoked during orthostasis is mediated by the 

activation of the efferent sympathetic nervous system (Mark and Mancia, 1983; 

Sundlof and Wallin, 1978). Thus, if it were possible that the regulation of arterial 

pressure, and/or regional and systemic vascular resistance during postural stress 

might be altered by human aging, we felt it important to gain some insight into the 

possible contribution of the sympathetic nervous system in this altered control. In 

the present study we used the magnitude of the increase in plasma norepinephrine 

content (the primary post-ganglionic neurotransmitter of the sympathetic nervous 

system) to estimate orthostasis-induced changes in sympathetic activity in the young 

and older subjects. The limitations of using plasma norepinephrine as an estimate 

of overall sympathetic nervous system activation are well known (Goldstein and 



164 

Eisenhofer, 1988; Kopin et al., 1978). Recent evidence indicates that antecubital 

venous plasma norepinephrine concentration may be a better index of muscle 

sympathetic nervous activity than overall sympathetic nervous activity (Chang et al., 

1986; Hjemdahl et al., 1984). In addition, the fact that both venous plasma 

norepinephrine concentration and directly (microneurographically) measured muscle 

sympathetic nerve activity both increase in stimulus-dependent fashion during graded 

head-up tilt and LBNP (Rowell, 1986; Sundlof and Wallin, 1978), support the use 

of plasma norepinephrine concentrations as a gross index of changes in muscle 

sympathetic nervous activation during orthostatic stress. 

In the present study plasma norepinephrine content increased significantly 

above supine control levels in response to both forms of orthostatic stress in the 

young and the older men (Figs. 18 & 19); the increases during graded LBNP were 

stimulus level-specific in both groups. The magnitude of the increases in plasma 

norepinephrine concentration were not significantly different in the young and the 

older men in response to either standing or graded LBNP. These observations are 

consistent with the findings of forearm vasoconstriction during the two types of 

postural stress; this constriction was also greater with increasing levels of LBNP in 

both groups of subjects. However, the tendency for a lesser forearm vasoconstriction 

in the older men during graded LBNP was not obvious from the plasma 

norepinephrine responses, which were almost identical in the two groups at a given 

level of LBNP. Thus, the sensitivity of plasma norepinephrine as an index of muscle 

sympathetic nerve activity may not be adequate to detect small differences in 
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vasoconstrictor responses between subjects. Our findings of similar increases in 

plasma norepinephrine content in response to both standing and LBNP in the young 

and older men support the findings of Sachs et ale (1985) who used LBNP and 

Palmer et ale (1978) who employed a standing protocol. In contrast, Sowers et ale 

(1983) reported greater increases in plasma norepinephrine concentration with 

standing in his older subjects. 

In this study we used plasma epinephrine levels as an estimate of sympathetic 

stimulation to another, specific region of the body - i.e., the adrenal medulla. We 

found small but significant increases in plasma epinephrine concentrations above 

supine control levels in response to standing and high levels of LBNP in both the 

young and older men (Figs. 18 & 19). The degree of increase was not significantly 

different in the two groups. This is in agreement with a previous report of similar 

changes in epinephrine concentrations with head-up tilt in young and older men 

(Vargas et al., 1986). 

Regardless of whether the magnitude of the catecholamine response to 

various forms of postural stress is similar or somewhat augmented with aging, our 

findings and those of previous investigations support the concept that the reflex 

activation of the sympathetic nervous system during orthostasis is not impaired in the 

healthy older human. 
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Physiological and Clinical Significance 

It is generally assumed that the inability to properly maintain arterial pressure 

during acute orthostasis is a normal consequence of human aging (Caird et al., 1973; 

Lennox and Williams, 1980; Lipsitz, 1989). This is based primarily on clinical 

observations of postural hypotension, the prevalence of which has been reported to 

be as high as 20% in older persons (Lipsitz, 1989). However, in many cases these 

clinical findings were based on studies of older subjects who were not in good health, 

often hospitalized or in some form of restricted chronic care situation (Caird et al., 

1973). Since the prevalence of ischemic heart disease and hypertension increase 

exponentially with advancing age, especially in industrialized nations (Sowers, 1987; 

Timio et aI., 1988), it is likely that many of the older subjects studied in these 

clinical reports had cardiovascular disease. Also, levels of chronic physical activity 

decrease in the general population with advancing age (Lakatta, 1979). Because it 

is well documented that cardiovascular disease and physical inactivity can influence 

circulatory control during acute stress (Blomqvist and Stone, 1983; Wilson et aI., 

1985), these conditions could alter orthostatic tolerance independent of the effects 

of aging per se. 

In the present study, the older subjects were rigorously screened for the 

presence of cardiovascular disease and had similar chronic physical activity levels as 

the young men. During graded LBNP 5 of the 14 young men developed orthostatic 

hypertension, whereas only 1 of the 13 older men did so. During standing, no 

subject in either group became hypotensive. The latter was likely due to the fact 
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that the muscle contractions necessary for postural stability also support venous 

return, cardiac filling pressure and therefore the maintenance of arterial pressure 

during standing, whereas this mechanism was not operative during LBNP. Our 

observations on the prevalence of orthostatic hypotension in the young and older 

men in the present study are consistent with most of the limited amount of available 

data on older healthy humans (Ebert et al., 1982; Sachs et al., 1985; Shiraki et al., 

1987). Taken together, our findings and those of other investigators provide 

experimental support for the postulate that orthostatic hypotension is not necessarily 

a normal consequence of the aging process in humans. Instead, these findings 

suggest that previous observations of increased prevalence of this condition in older 

persons in the general population may be due to cardiovascular disease, physical 

inactivity, or other factors, and not the result of true biological aging. 

Summary and Conclusions 

In conclusion, we have found that aging per se does not alter the ability to 

maintain arterial blood pressure during orthostatic stress. Although older humans 

do demonstrate an attenuated reflex tachycardia with LBNP and standing, the 

decline in cardiac output is not greater than that occuring in young humans, because 

stroke volume does not decline to the same extent. The regulatory scheme for the 

maintenance of arterial pressure during LBNP may be slightly altered with aging 

since forearm skeletal muscle vasoconstriction tended to be less in the older subjects; 

however, the adjustments to standing were not different. These hemodynamic 
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observations are consistent with the hypothesis that a reduced venous compliance in 

older humans attenuates the shift of transthoracic blood volume to the lower 

extremities, and lessens reductions in cardiac filling, this, in turn, reduces the extent 

of unloading of cardiopulmonary and arterial baroreceptors which would inhibit 

sympathetic outflow. Therefore, it is concluded that although the circulatory 

mechanisms engaged during orthostatic stress may be slightly altered with aging, this 

does not result in an impairment of the ability to maintain arterial pressure. 
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CHAPTER 6 

SUMMARY 

It has been widely assumed that the autonomic-circulatory control of arterial 

blood pressure during acute physical stress is altered with advancing age in humans. 

Although there is some information on the effect of aging on the cardiovascular 

adjustments to various stressors, many of these studies have not investigated these 

responses in healthy older individuals. There is a dearth of well-controlled studies 

that have systematically eliminated the effects of cardiovascular disease, obesity, and 

chronic physical activity levels when comparing the responses of young and older 

humans to stress. Thus, only in a few investigations was the influence of aging per 

se actually isolated. Therefore, the aim of these studies was to determine whether 

the sympathetic-circulatory regulation of arterial blood pressure during three 

common forms of acute stress (dynamic exercise, isometric exercise, and orthostasis) 

is influenced by human aging. To address this aim, we recruited 16 young (21-29 yr) 

and 16 older (60-72) men to participate in these studies. All subjects were free of 

cardiovascular disease, not obese, and had similar levels of physical activity. We 

measured the heart rate, arterial blood pressure, regional (whole limb and limb skin) 

blood flow and plasma norepinephrine responses to: a) graded, submaximal, large

muscle, dynamic exercise (leg cycling); b) sub maximal isometric handgrip exercise 

to fatigue; and c) two forms of orthostatic stress, graded lower body negative 
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pressure and standing. During isometric exercise and orthostasis, we also measured 

stroke volume and calculated cardiac output. To assess the stress-induced 

vasoconstrictor responses, systemic (isometric exercise and orthostasis, only), and 

regional (whole limb and limb skin) vascular resistances were calculated. 

A summary of the main findings are as follows: 

1. During submaximal, dynamic exercise: a) the regulation of arterial blood 

pressure was similar in the young and older subjects; b) in the older men, the non

active forearm vasoconstrictor response was augmented due to an exaggerated 

vasoconstriction in the skeletal muscle circulation; c) this greater regional 

vasoconstriction was associated with greater increases in plasma norepinephrine 

concentration, suggesting that sympathetic nerve activity was enhanced in the older 

subjects; and, d) this was not a non-specific augmentation in sympathetic

vasoconstrictor responsiveness since it was not seen during the cold pressor test, 

another sympatho-excitatory pressor stimulus. 

2. During submaximal, isometric exercise sustained to fatigue: a) the young and 

older men had similar increases in arterial blood pressure; b) the systemic 

hemodynamic adjustments were not different in the young and older men; c) the 

magnitude of the regional hemodynamic adjustments were also comparable; and, d) 

consistent with the systemic and regional vasoconstrictor responses, the increase in 

plasma norepinephrine concentration in response to isometric exercise was similar 

in the two groups. 
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3. During orthostatic stress: a) arterial blood pressure was well maintained at 

supine control levels in both the young and older men; b) the changes in cardiac 

output and systemic resistance were not different between the two groups; c) there 

were no marked age-related differences in the regional vasoconstrictor responses; 

and, d) the magnitude of the changes in plasma norepinephrine concentration was 

similar in the young and older subjects. 

4. At rest prior to all of the stressors: a) baseline arterial blood pressure, heart 

rate and regional hemodynamics were similar in the two age groups; b) there were 

no age-related differences in resting baseline antecubital venous plasma 

catecholamine concentrations. 

Based upon these findings, we conclude the following: 

1. Although arterial pressure is regulated at similar levels during both isometric 

and dynamic exercise in young and older men, the sympathetic-circulatory 

mechanisms involved in this control differ between these two types of exercise. To 

produce the necessary increase in arterial pressure during large-muscle, dynamic 

exercise, older humans must have an augmented sympathetic-vasoconstrictor 

response to this stress. We speculate that this is due to the older subjects' inability 

to increase cardiac output sufficiently to offset the marked active muscle vasodilation 

consequent to this form of exercise. In contrast, the relatively small increase in 

cardiac output necessary to mediate the arterial pressure response to isometric 
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exercise is easily achieved by older humans, and, therefore, augmented sympathetic

vasoconstriction is not necessary. 

2. Despite the commonly held belief that there is an impairment of arterial 

blood pressure regulation during orthostatic stress in older humans, we have found 

no impairment in healthy older men. Orthostatic stress evokes qualitatively similar 

systemic and regional hemodynamic and sympathetic nervous system adjustments in 

both populations. 

3. In contrast to much of the previous data on older humans, we have found that 

healthy older men do not necessarily exhibit increased baseline levels of arterial 

blood pressure or plasma norepinephrine concentrations. Considered together with 

previous work on healthy, rigorously screened older humans, the present findings 

suggest that many of the sympathoadrenal-cardiovascular changes previously 

attributed to the aging process may be instead related to other factors such as 

cardiovascular disease, obesity or physical deconditioning. 

Therefore, the main conclusion of these studies is that the regulation of 

arterial pressure is not impaired during these forms of acute physical stress in older 

humans. 



173 

APPENDIX A 

DYNAMIC EXERCISE DATA TABLES 



IABllA!. 30s voluos for honrl rnlo. oxygon cOllSlImpllon. nnd coro lomporaluro at oClch axorclso lovolln Iho young CO and olclor 
(0) subjects. 

EXERCISE TIME {min) 
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 

HEART 45% Y 9512 t 10412 t 107±2 t 108±2 t 108±2 t 10!}±2 t 110±2 t 110±2 t 110±2 t 109±2 t 
RATE 0 80±4 to 88±4 to 93±4 to 96±4 to 96±3 to 9814 to 97±4 to 98±4 to 98±3 to 9814 to 

(btlmln) Alrom Y 2712 3612 3812 40t2 40i2 4H2 4212 4212 42:12 4H2 
Control 0 1611 ° 2412 ° 29.1:2 ° 3212° 3212 ° 3313 ° 3313 ° 3412 ° 3312 ° 3412 • 

65% Y 103±2 t 117±2 t 124±3t 12713 t 13013 t 13H3 t 132±2 t 13H2t 134±2 t 13413 t 
0 89t6 to 98±4 to 104±4 to 107±4 110±4 to 11214 t· 112±5 t· 114±4 t· 114±4 t· 11415 t" 

Il from Y 34±2 48±2 55±3 58±3 6H3 6212 63±2 64±2 66±2 66±2 
Control 0 2314 ° 3213 ° 37i3 ° 41±3 ° 4314 ° 4514 ° 4414 • 46±4 ° 46±4 • 47±4· 

85% Y 115±2 t 13413 t 14313 t 14713 t 151±3 t 15313 t 15513 t 157±3t 15913 t 16013 t 
0 9414 to 106t4 to 115±4t° 12O±4 t· 124±4 to 127±4 t· 131±5 t· 13215 t· 133±4 t· 13415 t· 

Il from Y 40±2 58±3 68±2 71±2 75±2 78±2 80±2 82±2 84±2 8313 
Control 0 2513 • 3813· 47±4 ° 5214 ° 56±4 ° 5914· 6314 • 64±4 ° 6614 ° 6714 ° 

OXYGEN 45% Y 0.44.10.03 t 0.63.10.03 t 0.94.10.04 t 1.0710.04 t 1.06.10.04 t 1.01HO.04 t 1.10.10.04 t 1.09.10.04 t 1.1010.03 t 1.101004 t 
CONSUMPTION o 0.32±O.03 t· 0.4510.04 t· 0.72±O.05tO 0.82±O.04 t· 0.8710.04 t· 0.8910.06t· 0.9310.05t· 0.92:1.0.05 t" 0.9110.05 t· 0.94:1.0.5 t· 

(IImln) 
65% y 0.4810.02 t 0.8610.04 t 1.36iO.04 t 1.5310.05 t 1.5910.06 t 1.5910.04 t 1.5710.05 t 1.6310.05 t 1.65iO.04 t 1.65iO.04 t 

o 0.441O.05t 0.6910.06 to 1.141O.06t· 1.26iO.06t· 1.2610.05 to 1.3O±O.06tO 1.3O±O.06t·l.331O.06 t·'.341O.06t·'.381O.07t· 

85% Y 0.6110.03 t 1.1710.05 t 1.1810.05 t 1.76iO.12 t 1.9310.06 t 1.9710.07 t 2.02±O.06 t 2.0310.05 t 2.06i0.06 t 2.12±O.06 t 
o 0.411O.03t· 0.841O.07t· 1.331O.05t· 1.481O.06t·'.52±O.08to 1.5O±O.06to 1.541O.06t· 1.6HO.07t· 1.571O.05tol.631O.07t· 

ESOPttAGEAL 45% Y 37.210.1 37.210.1 37.210.1 37.210.1 37.210.1 37.310.1 37.310.1 t 37.310.1 t 37.410.1 t 37.310.1 t 
TEMPERATURE 0 37.110.5 37.HO.5 37.016 37.110.5 37.110.5 37.010.6 37.HO.5 37.110.6 37. HO.6 37. HO.6 

(CO) Il from Y 0 0 0 0 0.0510.05 0.0810.02 0.HO.04 0.1210.05 0.15iO.05 0.1210.05 
Control 0 0 0 -0.0210.02 0 0.0210.02 -0.0210.02· 0i0.04 0.0210.05 0.05iO.03 0.0510.03 

65% Y 37.2±O.1 37.2±O.1 37.310.1 37.310.1 37.310.1 37.310.1 37.410.1 t 37.5iO.lt 37.5iO.l t 37.6:1.0.1 t 
0 37.110.6 37.110.6 37.110.6 37.110.6 37.110.6 37.110.6 37.21O.6t 37.110.6 37.2±0.6 t 37.210.6 t 

Il from Y 0 -0.02±O.02 0.0810.05 0.110.06 0.110.06 0.12:1.0.08 0.2510.06 0.2810.08 0.32±O.05 0.3810.06 
Control 0 0 0 0 0 0 0.02±O.02 0.0810.02 ° 0.05iO.03 ° 0.110.06 ° 0.12±O.05· 

85% Y 37.210.1 37.210.1 37.310.1 37.310.1 37.410.1 37.510.08 t 37.510.1 t 37.610.1 t 37.710.05 t 37.810.1 t 
0 37.2±0.6 37.210.6 37.210.6 37.210.6 37.210.6 37.310.6 37.410.6 37.410.6 37.610.5 t 37.610.5 t 

Il from Y ·0.02±O.02 -0.0510.03 0 0.0210.02 0.0810.02 0.2:10.04 0.25:1.0.03 0.310.07 0.410.07 0.510.06 
Control 0 -0.0510.05 -0.O2±O.02 -0.0810.05 -0.0210.02 0.02±O.06 0.0510.05 0.1510.12 0.2:1.0.11 0.3510.22 0.4:1.0.2 

I-' 

Values are mean ± SE. tP< 0.05 vs control. 'P< 0.05 vs young. 
-- --_._--- ---_._- ....:J 

~ 



TABLE A2. 30s values for mean. diastolic. and systolic arterial blood pressures at each exercise level in the young M and older 
(0) subjects. 

EXERCISE TIME (min} 
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 

MEAN 45% Y 9512 10312 t 10912 t 112±2t 11312 t 11312 t 11212 t 11112t 110±2 t 10912 t 
ARTERIAL 0 99±4t 105±4t 114±3t 116±3t 116±3 t 117±3 t 11814 t 11814 t 118±4 t 11814 t 
PRESSURE 11 from Y 2±1 11±1 1612 1912 20±2 2012 1912 1912 1712 1612 

(mmHg) Control 0 512 1112 2Oi2 22±3 21±3 22±3 24±3 24±3 24±3 24±3 

65% Y 94±2t l0812t 11812t 124±2t 12712t 12712 t 12812t 128+2t 12712t 12512t 
0 10514 t· 116±4 t 123±5t 129i6t 131±4t 133i6t 135i6t 134i6t 133±5t 134±7t 

11 from Y 512 1812 29±2 3412 3712 38±1 3812 3912 3712 36±1 
Control 0 612 17±3 2414 30iS 32±4 34±5 36i6 36i6 34±5 35i6 

85% Y 9512t 113±3 t 12612 t 13212t 134±2t 136±2t 13712t 13812t 13912t 13812 t 
0 10914· 12215 t 13516 t 13916 t 145i7 t 14718 t 14918 t 149i8 t 15318t 151±8 t 

11 from Y 412 22±3 3512 4112 4312 4512 4612 4712 4812 4812 
Control 0 612 19±3 32±4 36±4 42±5 44±5 46i6 47i6 50i6 48i6 

SYSTOLIC 45% Y 144±3t 159±3t 169±3t 174±2t 17412t 17512t 17312t 17212t 170±2t 16813t 
BLOOD 0 154i6t 167±7t 184i6 t· 188i6 t· 188i6 t· 191i6 t· 194i6t· 194±7 t· 194i6 t· 194±7t· 

PRESSURE 11 from Y 912 2412 3413 3912 3912 4012 3812 3812 3512 33±3 
(mmHg) Control 0 11±3 25i4 4Oi4 43±5 44±4 46±4 49±4· 49±4· 5Oi5. 48±4· 

65% Y 14412t 173±3t 18914t 198±3t 20313t 20312 t 204±3t 205±3t 202±3t 2OO±3t 
0 163i6t· 185i6t 201±8t 212±9t 215i7t 219i9 t 224±10t· 223±10t 222±9t· 223±12t· 

11 from Y 1312 42±3 5814 67±3 12±3 7212 7213 7412 70±2 6912 
Control 0 13±3 31±4 45±5 54±6 56±5 61i6 64±8 63±8 61i6 61±9 

85% Y 15014t 182±4 t 20314t 21414t 21714 t 219±5 t 221±5t 221±5t 223±4t 222i6t 
0 16817t· 194±8t 218±9t 225i8t 229i9t 232±10t 236111 t 236±12t 242±11 t 237±lot 

11 from Y 18±3 50±4 71±4 82±4 85±4 87±5 89±4 8914 91±4 90±5 
Control 0 1112 35±3 • 55±4· 64±4· 68i6· 69i6 • 7317· 72±7· 78i6· 75i6· 

DIASTOUC 45% Y 7112 7612t 8O±2t 8212t 82±2t 8212t 82±2t 8112t 80±2t 8012t 
BLOOD 0 7212 7412t 7912t 8012t 79±3t 79±3t 80±3t 8Oi3t 80i3t 8O±3t 

PRESSURE 11 from Y -111 411 711 912 1012 1012 1012 9i2 812 812 
(mmHg) Control 0 2±2 512 9±2 10±2 912 10±3 1013 1012 10±2 1013 

65% Y 7012 7612t 8312t 8712t 8912t 8912t 90±2t 9O±2t 8912t 8812t 
0 n±3· 80i3t 8414t 88±5t 88±4t 9O±5t 90±5t 9015t 89±5t 89i6t 

11 from Y Oil 712 1312 1812 1912 2012 2112 2112 20±2 1912 
Control 0 412 7±3 11±4 1414 1414 16±5 1615 16±5 1414 1515 

85% Y 7012 81±3t 89±3t 9313t 9413t 96±3t 96±3t 9712t 9712t 9612t 
0 79±3· 86±4t 94±5t 96±5t 102i7t 104±7t 105±7t 106±7t 108±8t 108±8 t 

11 from Y -112 10i3 1812 2112 2312 2412 2512 2612 2612 2412 
Control 0 2±2 812 15±3 1612 23±4 24±4 2615 26±5 28±5 2815 I-' 

Values are mean ± Sf. tP< 0.05 vs control. ·P< 0.05 vs yomg. " U1 



TABLEA3. 30s values for forearm blood now and forearm vascular resistance at each exercise level In the yaung C'() and older (0) 
subjects. 

EXERCISE TIME {min} 
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 

FOREARM 45% Y 8.911.0t 7.810.9 t 5.9±O.7 5.610.7t 5.7±O.8t 6.010.7 6.210.8 6.310.9 6.810.9 7.011.0 
BLOOD 0 5.0i0.7 " 4.210.7 " 3.7±O.6t" 3.4±O.4t" 3.410.4 t" 3.610.4 t" 3.S10.4 t" 4.0±O.4t" 4.310.4 " 4.010.5 t" 
FLOW 11 from Y 2.5±O.S 1.310.S ~.610.5 -1.010.5 ·0.9t{).5 ~.510.4 -0.410.5 -0.210.5 0.310.5 0.510.S 

(mlll0Dmllmln) Control 0 0.210.3 " -0.610.3 " -1.1i0.2 -1.510.2 -1.510.2 -1.310.2 -1.210.2 -0.910.3 ,0.S.0.4 ~.810.3 

65% Y 9.3±1.1 t 7.611.1 t 5.2±O.8t 4.210.5t 4.S±O.5t 4.7±O.5t 5.210.St 5.0i0.5t 5.510.S 5.810.7 
0 5.9±O.7t" 4.610.6 " 3.4±O.5t 2.7±O.4t" 2.9±0.3 t" 3.0i0.3t" 2.910.2 t" 3.010.2t" 3.21O.2t" 3.0±O.3t" 

11 from Y 2.9±0.9 1.211.0 -1.210.7 -2.2±0.4 -1.810.4 -1.7±O.6 -1.210.5 -1.410.5 -0.910.6 ~.610.8 

Control 0 0.810.5 ~.510.4 -1.710.3 -2.4±O.4 -2.210.4 -2.210.4 -2.210.4 -2.1i0.4 -2.0tO.4 -2.1+0.4 

85% Y 11.811.2 t 9.31.13 t 5.710.9t 4.610.6t 4.410.7t 4.710.St 5.tiO.8 t 5.tiO.7 t 5.0i0.7t 5.210.7t 
0 7.110.6t" 5.210.8 " 3.310.6t" 2.410.3t" 2.410.3 t" 2.610.2 t" 2.610.3t" 2.5±O.2t" 2.810.4 t"· 2.610.3 t" 

11 from Y 3.910.7 1.410.8 -2.110.5 -3.2tO.5 -3.5iO.6 ·3.110.7 -2.710.S -2.810.7 -2.810.8 -2.710.8 
Control 0 1.2±D.4 ~.6+0.6 -2.510.7 -3.410.6 -3.4±O.6 -3.2+0.S -3.2+0.6 -3.310.6 -3.0+0.6 -3.310.S 

FOREARM 45% Y 12.711.5 t 15.911.9 22.512.7t 25.413.2t 25.0i3.1 t 23.0i3.2 t 23.1±3.3 t 23.313.6t 21.413.5 t 21.413.8 t 
VASCULAR 0 25.1±3.8 " 32.714.7 t" 38.415.2 t" 41.815.5 t" 38.U3.8 t" 37.314.3 t" 36.3±4.0 t" 33.914.2t 31.413.8 t 34.214.2t" 

RESISTANCE 11 from Y -4.311.7 -1.U2.0 5.512.4 8.312.7 8.0+2.7 6.0i2.5 6.0±2.6 6.312.9 4.412.7 4.413.2 
(unlta) Control 0 3.412.2 " 11.1+3.3 " lS.714.0" 20.114.0 " 16.4+2.6 " 15.713.1 " 14.712.6 " 12.313.2 9.813.1 12.612.8 

%11 from Y -2216 -218 38110 54111 53112 39110 39111 38112 25111 25112 
Control 0 lU9 " 45114 " 74117 89114 79tl0 74112 " 69110 59113 48113 58111 

65% Y 13.312 19.513.5 34.1i6.9 t 38.415.4t 34.214.8 t 34.715.1 t 31.314.2 t 31.0i4.0 t 28.0i3.3t 27.913.7 t 
0 21.012.6 " 30.313.8 " 46.417.4 t 58.S18.4 t" 53.01S.8 t" 50.216.2 t 50.S15.4 t" 48.1i5.1 1" 45.214.4 1" 49.516.5 1" 

11 from Y -2.91:1.S 3.312.6 17.915.8 22.214.3 18.0±3.7 18.514.2 15.ti3.5 14.813.0 11.812.S 11.713.0 
Control 0 ~.312.2 9.0±3.2 25.OiS.3 37.3±7.6 31.7±6.6 28.8±6.0 29.314.8 2S.81:4.3 " 23.814.0 " 28.21S.0 " 
%11 from Y -1719 19113 10ti23 125120 110±15 117122 98121 95115 79+16 80+19 
Control 0 Otl0 44115 116130 182136 163133 150i32 148123 135118 124+21 142128 

85% Y 9.0±O.8 16.712.6 31.ti5.1 t 3S.1±4.3t 39.1±4.6t 35.414.2 t 34.814.2 t 33.813.9t 3S.214.9t 33.614.1 t 
0 16.5t1.4 " 30.0+4.1 " 50.216.1 t" 69.1:19.1 t" 74.1±11.2 t" 64.5:18.4 t" 64.4±7.6 t" 64.7±7.4 t" 67.219.3 t" 72.811 1.3 t" 

11 from Y -4.410.8 3.311.7 17.714.3 22.713.3 25.713.8 22.013.6 21.413.4 20.413.2 22.914.3 20.213.S 
Control 0 -3.712.2 9.813.7 30.015.8 48.918.2 " 53.8110.6 " 44.218.3 " 44.117.0 " 44.5±6.9 " 46.918.9 " 52.S±10.0" 
%11 from Y -29+5 19110 123124 166t17 193t25 172126 16O±23 160±26 178130 162128 
Control 0 -12±6 " 56120 182137 272149 " 303164 257±56 252151 256±50 270162 280158 

..... 
Values are mean ± SE. tP< 0.05 vs control. "P< 0.05 vs young. -.,J 

m 



TABLEA4. 30s values for forearm skIn blood flow and vascular resistance at each exercise level In the young 00 and older (0) 
subjects. 

EXERCISE TIME {min) 
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 

FOREARM 45% Y 5514 SBt4 641St 66t4t 6614t 67t4t 6714t 6Bt4t 6613t 65t3 t 
SKIN 0 6HB 64tB 69±7t 69i6t 71±6t 72t6t 72tSt 7215t 72t5t 74t5t 

BLOOD & from Y -1±1 212 B12 1012 1012 10t2 11±3 1213 1013 9t4 
FLOW Control 0 213 513 10t2 1012 1212 1212 1312 1313 1313 14t4 

(%Maximal) 
65% y 5415 59±6 66t6t 70±6t 72±6t 74t6t 73t6t 7S1St 761St 7StSt 

0 6816 73t7 79±7t 7B±6t 7917t 7Bi7t 7St6t 7B17t 7617t 78t8 t 
& from Y -1±2 314 11±3 14t3 17i3 1913 18t3 20i3 20t3 20t3 
Control 0 1.12 614 llt6 1 itS 12tS l11S B16 11:16 915 11t7 

85% y SHS 5816 6618t 77il0 t 73t9t 73t9t 71t8t 71:1Bt 7219t 70I8t 
0 63±7 66tBt 70tlQt 71±10 t 71±11 t 68i12t 70i12 t 73i13t 74113 t 7411St 

& from Y -3i2 4t3 1314 2417 1917 19±7 17±7 17t6 1817 1616 
Control 0 9tS 12±6 16±7 1718 17i8 1519 16il0 20tl0 20110 20112 

FOREARM 45% Y 1.9tO.2 1.9.10.2 1.BtO.2 1.8.10.2 1.8tO.l 1.7iO.l 1.110.1 1.7iO.l 1.7iO.l 1.7iO.l 
SKIN 0 3.1±1.S 2.4iO.8 2.1tO.S 2.0iO.3 1.8tO.2 1.8iO.2 1.8iO.2 1.8iO.2 1.8iO.2 1.7iO.2 

VASCULAR & from Y O.ltO.l 0.210.1 O.HO.l O.HO.l 0.1:10.1 -O.liO.l -D.HO.l -0.1±0.1 ·O.liO.l -O.liO.l 
nESISTANCE Control 0 0.810.8 O.UO.l ·0.210.2 -0.310.4 -0.510.5 ·0.510.5 ·0.510.6 -0.510.6 ·0.510.6 -0.6iO.6 

(unn.) %& from Y 613 913 6L4 213 414 214 114 -liS liS 116 
Control 0 l0i9 6t4 1i4 3i8 -216 -li6 -1:17 -1±7 -117 ·218 

65% Y 1.9tO.2 2.2tO.3t 2.0iO.3t 2.0iO.3t 2.0tO.3 2.0i0.3 1.910.2 1.9±0.2 1.810.2 1.8tO.2 
0 1.8tO.3 1.8tO.2 1.8tO.2 1.810.2 1.8iO.2 I.Bl0.2 2.0tO.2 1.9.10.2 2.0tO.2t 1.9iO.2 

& from Y 0.210.1 0.S10.2 0.3tO.l 0.3iO.2 02iO.l 0.210.2 0.2±O.1 O.HO.l O.liO.l O.liO.l 
Control 0 0.1 to. 1 O.HO.l 0.HO.2 0.HO.2 0.HO.2 0.HO.2 0.2tO.2 0.210.2 0.2tO.l 0.210.1 
%& from Y 1014 26±14 lSi4 lS17 13±7 10i7 11±7 Bt6 4t5 4tS 
Control 0 S±4 7t6 B±7 1217 13t8 16t8 22t9 18i8 1918 18t9 

85"'" Y 2.3tO.4 2.410.4 2.S10.S· 2.310.S 2.4tO.S 2.410.4 2.4tO.4 2.410.3 2.310.3 2.310.3 
0 2.010.2 2.210.3 2.410.4 2.S10.4 2.8tO.6 3.010.5 - 2.910.4 2.61.0.3 2.61.0.3 2.710.4 

.0. from Y 0.2±O.1 0.4±0.1 0.S±0.2 0.310.3 0.410.3 0.4tO.3 0.410.3 0.310.3 0.3tO.4 0.3tO.4 
Control 0 -0.3tO.2· -0.liO.3 0.liO.4 0.2iO.4 0.S10.6 0.7iO.S 0.6tO.4 0.310.3 0.310.3 0.4tO.3 
%& from Y 1415 20Hi 2218 12110 22±11 23112 26±12 26112 27±14 27114 
Control 0 -9t9 • lill Bi15 lli16 24.t25 31±22 26±17 lS111 lSil0 17111 

Values are mean ± SEe tp< 0.05 vs control. "P< 0.05 vs young. 
I-' 
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-..J 



TABLE AS. Antecubital venous plasma norepinephrine and epinephrine concentrations in the young M 
and older (0) subjects at each exercise level. 

EXERCISE LEVEL 

MILD MODERATE HEAVY 

Y 0 Y 0 Y 0 
PLASMA 214±15 278±21· 304±19t 413±44·t 444±34t 860±192·t 

NOREPINEPHRINE l!. from 
(pglml) Control 28±7 100i12 135±16 214±30 258±30 671±184 

PLASMA 40i4 55±17 54±7t 64±18 99±19t 137±40t 
EPINEPHRINE l!.from 

(pglml) Control 3±3 3±6 22±5 18±11 62±18 81±32 

Values are mean ± SE. tP< 0.05 vs control. ·P< 0.05 vs young. 

f-' 
-...J 
en 
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TABLE Bl. Values for mean, systolic, and diastolic arterial blood pressures before (control) and 
during isometric handgrip exercise in the young M and older (0) subjects. 

EXERCISE TIME {% duration} 
Control 0-20% 20-40% 40-60% 60-80% 80-100% 

MEAN Y 94±3 101±3t 110±2t 119±3t 126±2t 132±2t 
ARTERIAL 0 94±3 103±3t 112±3t 120±3t 125±3t 131±3t 
PRESSURE ~from Y 6±1 16±1 25±2 32±2 38±2 

(mmHg) Control 0 9±1 19±2 26±2 3H3 37±3 

SYSTOLIC Y 137±3 146±3t 160±4t 172±4t 182±4t 186±3t 
BLOOD 0 142±5 157±5t 172±4t 183±4t 189±5t 193±4t 

PRESSURE ~from Y 9±2 23±2 35±3 44±3 49±3 
(mmHg) Control 0 16±1- 30±2- 41±4 47±4 51±4 

DIASTOLIC Y 72±2 78±2t 85±2t 92±2t 98±2t 104±2t 
BLOOD 0 70±3 76±3t 83±3t 89±3t 93±3t 100±4t 

PRESSURE ~from Y 5±1 13±1 20±1 26±1 32±2 
(mmHg) Control 0 6±1 13±1 19±2 23±2 30±3 

Values are mean ± SE. tP<O.OS vs. control. ·P<O.OS vs. young. 

Peak 

134±2t 
132±4t 
40±2 
38±3 

188±3t 
194±5t 
51±3 
52±4 

106±2t 
102±4t 
34±2 
32±3 

I-' 
en 
o 
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TABLE B2. Values for heart rate. stroke volume. cardiac output. and systemic vascular resistance 
before (control) and during isometric handgrip exercise in the young CO and older (0) 
subjects. 

EXERCISE TIME {% duration} 
Control 0-20% 20 - 40% 40 -60% 60 - 80% 80 -100% Peak 

HEART y 67±3 78±3t 80±2t 83±2t 86±2t 91±2t 93±3t 
RATE 0 59±3 64±3t* 67±4t* 70±4t* 72±4t* 77±4t* 78±4t* 

(bllmln) ~from Y 11±1 14±2 16±2 2D±2 24±2 26±2 
Control 0 5±1* 8±1* 11±2* 13±2* 18±2 20±2 

STROKE Y 112±8 103±8t 103±7t 100±7t 100±6t 97±6t 97±6t 
VOLUME 0 123±10 124±9 124±9 123±8* 123±8* 115±7 113±7t 
(mllbt) ~from Y -9±3 -9±4 -12±3 -12±6 -14±7 -15±7 

Control 0 1±3* 1±4 0±4* -1±5 -8±7 -9±7 
%Control Y 92±2 93±2 90±2 91±4 89±5 88±5 

0 102±3* 102±3* 102±~* 103±5 97±6 97±6 

CARDIAC Y 7.4±0.6 7.9±0.6 8.2±0.5t 8.3±0.6t 8.6±0.6t 8.8±0.7t 8.9±0.7t 
OUTPUT 0 7.0±0.6 7.9±0.6t 8.2±0.7t 8.5±0.6t 8.7±0.6t 8.8±0.6t 8.7±0.6t 
(Umln) ~from Y 0.4±0.2 0.8±0.3 0.9±0.3 1.2±0.4 1.4±0.5 1.4±0.6 

Control 0 0.9±0.2 1.2±0.3 1.5±0.2 1.7±0.2 1.7±0.4 1.8±0.3 
%Control Y 108±3 114±5 114±5 119±6 122±8 124±8 

0 113±3 118±4 122±4 126±5 128±7 129±7 

SYSTEMIC Y 13.7±1.1 13.6±1.0 14.1±1.0 15.2±1.2t 15.6±1.2t 15.9±1.3t 16.0±1.2t 
VASCULAR 0 14.1±1.0 13.6±1.0 14.3±1.0 14.6±0.8 14.8±0.8 15.5±0.9 15.6±0.9 

RESISTANCE ~ from Y -0.2±0.4 0.4±0.6 1.5±0.6 1.8±0.8 2.2±1.0 2.3±0.9 
(units) Control 0 -0.4±0.4 0.2±0.5 0.5±0.7 0.7±0.8 1.4±1.0 1.3±1.1 

%Control Y 100±3 105±4 112±4 117±6 120±8 121±8 
0 97±2 102±3 106±4 107±5 113±7 112±7 

.... 
Values are mean ± SE. tP< 0.05 vs control. ·P< 0.05 vs young. ()) 

.... 



TABLE 83. Values for calf blood flow and vascular resistance. and calf skin blood flow and vascular 
resistance before (control) and during isometric handgrip exercise in the young (V) 

and older (0) subjects. 

EXERCISE TIME {% duration} 
Control 0-200.4 20-40% 40-60% 60-80% 80-100% Peak 

CALF y 3.5±0.2 3.9±0.3t 3.9±0.2t 3.8±0.3 4.0±0.3t 4.0±0.4t 4.0±0.3t 
BLOOD 0 4.8±0.9 4.6±0.8 4.9±0.9 4.8±0.9 5.0±0.9 5.3±1.2 5.3±1.4 
FLOW ~from Y 0.5±0.2 0.4±0.2 0.4±0.2 0.5±0.2 0.5±0.3 0.5±0.3 

(mI1100mllmln) Control 0 -0.2±0.2· -0.3±0.4 0.0±0.2 0.2±0.2 0.5±0.4 0.5±0.5 

CALF Y 28.8±2.0 27.6±2.3 29.6±2.0 34.7±4.2t 36.3±4.3t 38.3±5.1t 39.0±5.5t 
VASCULAR 0 27.4±4.3 29.7±4.5 30.5±4.5 32.9±4.6 33.6±5.2 36.9±6.5 39.1±6.9 

RESISTANCE ~ from Y -1.2±1.7 0.8±1.8 5.9±3.6 7.5±3.3 9.5±4.3 10.2±4.6 
. (units) Control 0 2.3±0.7 2.6±0.8 5.5±1.2 6.2±1.7 9.4±2.5 11.6±2.8 

%~from Y -2±7 6±7 22±11 24±10 32±13 35±14 
Control 0 10±3 13±4 26±7 29±7 34±6 39±6 

CALF y 61±7 62±7 5H8 53±8 49±8 S1±9t 47±9t 
SKIN 0 63±7 57±9 58±9 58±10 59±10 60±10 60±10 

BLOOD ~from Y 0±1 -5±2 -9±4 -12±5 -12±6 -14±6 
FLOW Control 0 -5±5 -5±6 -S±5 -4±5 -2±6 -3±6 

(%Uexlmlll) 

CALF y 1.8±0.2 2.0±0.3 3.0±0.9 3.6±1.0 5.1±1.6t 4.9±1.5t 5.2±1.6t 
SKIN 0 1.8±0.3 2.7±0.7 3.0±0.8 3.1±0.7 3.4±1.lt 3.9±1.4t 4.0±1.5t 

VASCULAR ~from Y 0.2±0.1 1.2±0.8 1.8±0.9 3.3±1.5 3.1±1.4 3.3±1.6 
RESISTANCE Control 0 1.0±0.6 1.2±0.6 1.4±0.5 1.7±0.8 2.1±1.2 2.3±1.2 

(units) %11 from Y 10±4 71±37 124±49 209±76 228±87 246±95 
Control 0 16±8 65±39 71±28 75±24 80±32 86±32 

t-> 
Values are mean ± SE. tP< 0.05 Vs control. ·P< 0.05 vs young. OJ 
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TABLE 84. 

PLASMA 
NOREPINEPHRINE 

(pglml) 

PLASMA 
EPINEPHRINE 

(pglml) 

MAXIMAL 
VOLUNTARY 

CONTRACTION 
(kg) 

30%MVC 
(kg) 

TIME TO 
FATIGUE 

(s) 

Values for antecubital plasma catecholamine 
concentrations. maximum voluntary isometric 
contraction. and time to fatigue In the young M 
and older (0) subjects. 

Control End exercise 

Y 192±20 253±26t 
0 252±30 370±46t* 

A. from Y 61±14 
Control 0 118±28 

Y 24±4 40±5t 
0 32±11 38±10t 

A. from Y 16±4 
Control 0 6±2 

Y 41±2 
0 40±2 

Y 14±2 
0 12±1 

Y 315±27 
0 339±17 

Values are mean ± SE. tP< 0.05 vs control. *P< 0.05 vs young. 
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TABLE Cl. Values for mean. systolic. and diastolic arterial blood pressure at each level 
of lower body negative pressure (LBNP) in the young (Y) and older (0) 
subjects. 

LEVEL OF LBNP (mmHg} 
CONTROL -10 -20 -30 -40 -50 

MEAN Y 9H3 90±3 9H3 9H3 9H2 91±2 
ARTERIAL 0 89±3 9H3 92±3t 92±3 94±3t 93±3 
PRESSURE l!. from Y -H1 0±1 0±1 0±1 -1±2 

(mmHg) Control 0 H1" 3±1" 2±1 4±2" 4±2 

SYSTOLIC Y 132±3 132±3 130±3 126±4t 123±4t 119±4t 
ARTERIAL 0 134±S 137±6t 138±St 136±S 136±S* 130±4 
PRESSURE l!. from Y -1±1 -2±1 -7±2 -10±2 -16±3 

(mmHg) Control 0 2±1 4±1" 2±2" 2±3" -3±4" 

DIASTOLIC y 7H3 70±2 72±2 73±3t 7S±2t 76±2t 
ARTERIAL 0 67±3 68±2 69±2t 70±2t 73±2t 75±3t 
PRESSURE l!. from Y -Hl HO 3±1 S±l 6±2 

(mmHg) Control 0 Hl 2±1 3±1 6±1 7±1 

ARTERIAL y 62±2 62±2 S9±2t S2±St 48±2t 43±3t 
PULSE 0 67±4 69±S 69±4" 66±4" 64±3" S6±3"t 

PRESSURE l!.from Y 0±1 -3±1 -9±1 -lS±2 -22±2 
(mmHg) Control 0 2±1 2±1" -1±2" -4±2" -10±4" 

Values are mean ± SE. tP< 0.05 vs control. ·P< 0.05 vs young. 
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TABLE C2. Values for heart rate. stroke volume. cardiac output. and systemic vascular 
resistance at each level of lower body negative pressure (LBNP) in the young 
(Y) and older (0) subjects. 

LEVEL OF LBNP {mmHg} 
CONTROL -10 -20 -30 -40 -SO 

HEART Y 67±2 66±2 70±2t 79±2t 87±3t 108±3t 
RATE 0 66±4 67±4 68±4 72±4t 77±4t 83±4*t 

(bUmln) II from Y ~1±1 S±l 12±2 19±2 39±4 
Control 0 1±1 2±1 6±1* 11±1· 20±2· 

STROKE Y 124±7 111±7t 98±7t 81±6t 71±6t 51±6t 
VOLUME 0 95±S* 85±5·t 79±4 *t 71±4t 62±4t 56±3t 

(ml/bt) II from Y ~13±3 ~26±3 ~43±4 ~56±5 ~68±5 

Control 0 ~10±2 ~15±1* ~24±2* ~33±3· ~36±3* 

%ll from Y ~10±2 ~22±3 ~35±3 ~44±3 -57±4 
Control 0 -11±2 -16±1 -25±2· -34±3· -39±3· 

CARDIAC Y 8.2±O.4 7.3±0.4t 6.8±O.4t 6.3±O.4t 6.1±O.4t 5.5±O.7t 
OUTPUT 0 6.3±0.7* 5.8±O.6·t 5.5±0.5t 5.1±0.5t 4.8±0.4*t 4.6±0.2t 
(Umln) II from Y -0.9±0.2 ~1.4±0.2 -2.0±0.2 -2.4±O.3 ~2.5±0.4 

Control 0 ~0.6±O.1 ~0.9±0.2 -1.3±0.2· -1.6±0.3 -1.3±0.3* 
%Ii from Y -11±3 ~18±3 -25±2 -28±3 -33±5 
Control 0 ~9±2 -13±3 -19±3 -23±3 -20±4* 

SYSTEMIC Y 11.5±0.8 13.1±1.2t 14.4±1.4t 15.6±1.5t 15.7±1.3t 18.1±1.9t 
VASCULAR 0 15.3±1.2* 17.0±1.2·t 18.0±1.2t 19.5±1.4t 21.2±1.sot 21.0±1.3t 

RESISTANCE II from Y 1.6±0.5 3.0±0.7 4.1±0.8 4.8±1.0 6.6±1.7 
(unIts) Control 0 1.6±0.4 2.7±0.6 4.1±0.9 5.8±1.1 5.0±1.0 

%ll from Y 13±4 24±5 34±6 43±7 56±14 
Control 0 12±3 1913 29±S 4117 33±S 

Values are mean ± SE. tP< 0.05 vs control. ·P< 0.05 vs young. I-' 
co 
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TABLE C3. Values for forearm blood flow and vascular resistance and forearm skin blood 
flow and vascular resistance at each level of lower body negative pressure 
in the young M and older (0) subjects. 

LEVEL OF LBNP {mmHg} 
CONTROL -10 -20 -30 -40 -50 

FOREARM V 4.0±.4 3.21.3t 2.4±.2t 2.1±.2t l.7±.lt 1.5±.2t 
BLOOD 0 3.6±.3 3.1±.3t 2.8±.2t 2.5±.2t 2.3±.2t 1.7±.lt 
FLOW .::1 from V -.8±.3 -1.6±.3 -1.9±.3 -2.2±.3 -2.4±.3 

(mIJ100mllmln) Control 0 -.5±.1 -.9±.1- -1.21.2- -1.4±.2- -1.9±.2 

FOREARM V 24.8±2.4 30.7±2.9t 42.0±4.3t 46.4±4.7t 58.217.4t 69.5±11.0t 
VASCULAR 0 26.8±2.7 32.6±3.8t 36.9±3.9t 42.1±4.8t 46.8±5.2t 58.0±6.1t 

RESISTANCE .::1 from V 5.8±1.9 17.1±3.3 21.6±3.6 32.4±6.6 43.7±9.4 
(units) Control 0 5.7±1.4 10.1±1.7 15.3±2.7 20.0±3.1 30.9±4.0 

%.::1 from V 26±8 75±15 92114 131±21 167±26 
Control 0 20±4 38±6- 57±10 75±10- 118±15 

FOREARM Y 6H4 58±5 6H5 63±6 65±? 6H7 
SKIN 0 59±10 58±10 58±10 59±10 62111 69±14t 

BLOOD .::1 from Y -3±2 0±3 213 3±4 0±6 
FLOW Control 0_ -1±1 -1±2 1±2 6±5 13±9 

(%Maxlmal) 

V 1.6±0.2 1.7±0.2 1.6±0.2 1.7±0.3 1.7±0.3 1.8±0.4 
FOREARM 0 2.0±0.4 2.210.5 2.2±0.4 2.2±0.5 2.2±0.5 2.210.6 

SKIN .::1 from V O.HO.l 0.0±0.1 0.1±0.2 0.HO.2 0.210.3 
VASCULAR Control 0 0.210.1 0.210.1 0.1±0.1 0.210.2 0.3±0.3 

RESISTANCE %.::1 from Y 5±3 214 1±7 5±10 8±11 
(units) Control 0 6±3 9±5 7±6 9±10 10±14 

Values are mean ± SE. tP< 0.05 vs control. ·P< 0.05 vs young. 
I-' 
en 
-.J 



TABLE C4. Values for antecubital plasma catecholamine concentrations at each level of 
lower body negative pressure (LBNP) in the young (Y) and older (0) subjects. 

LEVEL OF LBNP {mmHg} 
CONTROL -10 -20 -30 -40 -50 

PLASMA Y 215±21 23H22 254±24t 309±26t 359±28t 480±82t 
NOREPINEPHRINE 0 236±15 259±20t 276±14t 324±22t 387±38t 492±28t 

(pglml) A from Y 16±8 38±13 86±19 142±26 26H82 
Control 0 23±8 40±10 84±18 15H34 264±27 

PLASMA y 26±4 24±4 26±4 3Ot5 38±6t 54±7t 
EPINEPHRINE 0 24±4 l8±5 19±4 26±5 33±6 35±6t 

(pglml) A from Y -2i2 -1±1 4±4 l1±5 24±9 
Control 0 -6±3 -4±3 2±3 9±4 15±5 

Values are mean ± SE. tP< 0.05 vs control. ·P< 0.05 vs young. 

..... 
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TABLE CS. Values for systemic and and regional hemodynamic variables for the young 
00 and older (0) subjects In the supine and standing positions. 

CHANGE 
SUPINE STANDING FROM SUPINE 

HEART Y 66±2 86±3t 20±2 
RATE 0 70±6 79±5t 9±1' 

(bt/min) 

MEAN Y l00±3 104±2 4±2 
ARTERIAL 0 97±4 lOO±5 6±6 
PRESSURE 
(mmHg) 

SYSTOUC Y 144±4 143±4 -1±3 
BLOOD 0 145±6 147±7 2±9 

PRESSURE 
(mmHg) 

DIASTOUC Y 78±3 8S±2 8±2 
BLOOD 0 73±3 81±4 8±4 

PRESSURE 
(mmHg) 

PULSE Y 67±2 58±3t -9±2 
PRESSURE 0 73±4 66±4 -6±6 
(mmHg) 

STROKE Y 107±4 79±5t -28±6 
VOLUME 0 83±4' 70±4t -14±3 
(ml/bt) ~from Y -4O±13 

Supln. 0 -21±5 

CARDIAC Y 7.0±0.2 6.8±D.S -o.2±D.6 
OUTPUT 0 6.0±0.7 S.S±D.S -o.4±D.4 
O/mln) ~from Y -8±10 

Supln. 0 -8±7 

SYSTEMIC Y 14.2:1:!l.6 lS.8±l.2 1.6± 1.3 
VASCULAR 0 17.4±1.6 19.7±1.8 2.3±1.4 
RESISTANCE ~from Y 8±8 

(units) Supln. 0 10±6 

FOREARM Y 3.4±D.6 2.2±D.4 -1.2±D.3 
BLOOD 0 3.1±D.3 2.1:1:!l.2t -1.0±0.3 
FLOW 

(ml/lOOml/mln) 

FOREARM Y 33.8±5.8 58.4±11.S 24.6±7.4 
VASCULAR 0 32.6±2.6 S2.7±6.2t 20.0±5.2 
RESISTANCE ~from Y 74±21 

(unl!:) Supln. 0 62±16 

PLASMA Y 203±23 343±29t 139±21 
NOREPINEPHRINE 0 268±33 478±34t· 210±36 

(pg/ml) 

PLASMA Y 29±4 41±5t 12±4 
EPINEPHRINE 0 16±4 29±6t 13±3 

(pg/mi) 

Values are mean :t SE. fp< 0.05 vs control. 'p< 0.05 VS yOlXlg. 



TABLE C6. ORTHOSTATICALL Y TOLERANT SUBJECTS 
Values for mean. systolic. and diastOliC arterial blood pressure at each level 
of lower body negative pressure (lBNP) in the young (Y) and older (0) 
subjects. 

LEVEL OF LBNP 'mmHg} 
CONTROL -10 -20 -30 -40 -50 

MEAN Y 92±3 91±3 91±2 91±3 92±3 91±2 
ARTERIAL 0 89±3 90±3 92±3 92±3 93±3t 93±3t 
PRESSURE II from Y -1±1 -1±1 -1±1 0±1 -1±2 

(mmHg) Control 0 1±1 3±1* 2±1 4±2 4±2 

SYSTOUC Y 135±4 133±4 131±3 127±4t 124±4t 119±4t 
ARTERIAL 0 133±6 13S±6 137±S 135±S 135±S 130±4 
PRESSURE II from Y -2±2 -4±2 -8±2 -11±2 -16±3 

(mmHg) Control 0 2±1 4±1* 2±3* 2±3* -3±S* 

DIASTOUC Y 70±2 69±2 71±2 73±2 76±2t 76±2t 
ARTERIAL 0 68±3 68±3 69±3 70±3t 72±2t 74±3t 
PRESSURE II from Y -1±1 1±1 3±1 5±1 6±2 

(mmHg) Control 0 1±1 211 211 511 711 

ARTERIAL Y 65±2 64±2 60±2t 54±2t 48±2t 43±3t 
PULSE 0 65±4 67±4 68±4 65±4* 62±4* 56±3t* 

PRESSURE II from Y -1±1 -5±1 -10±2 -16±2 -22±2 
(mmHg) Control 0 1±1 3±1* 0±2* -3±3* -10±4* 

Values are mean ± SE. tP< 0.05 vs control. ·P< 0.05 vs young. 
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TABLE C7. ORTHOSTATICALL Y TOLERANT SUBJECTS 
Values for heart rate, stroke volume, cardiac output, and systemic vascular 
resistance at each level of lower body negative pressure (LBNP) in tt)e young 
(Y) and older (0) subjects. 

LEVEL OF LBNP (mmHg} 
CONTROL -10 -20 -30 -40 -50 

HEART Y 69±3 68±3 73±3 81±2t 90±3t 108±3t 
RATE 0 63±3 64±3 66±3 69±3t· 74±4t· 83±4t· 

(btlmln) II from V 0±1 4±1 12±2 21±2 39±4 
Control 0 1±1 2±1 6±1· 11±1· 20±2· 

STtlOKE Y 119±7 106±6t 92±7t 76±6t 66±6t S1±6t 
VOLUME 0 92±4· 82±4t· 77±4t· 69±4t 61±4t S6±3t 

(mllbt) II from Y -12±4 -26±S -43±S -53±S -68±S 
Control 0 -10±2 -15±1· -23±2· -31±3· -36±3· 
%ll from Y -10±3 -23±4 -36±4 -45±4 -S7±4 
Control 0 -11±2 -16±1 -25±3· -34±3· -39±3· 

CARDIAC Y 8.O±O.3 7.2±O.4t 6.7±O.5t 6.1±O.5t 5.9±O.5t 5.5±O.7t 
OUTPUT 0 S.8±O.4· 5.3±O.3t· S.O±O.3t· 4.6±O.3t· 4.4±O.3t· 4.6±O.2t 

(Urn In) II from Y -O.8±O.3 -1.4±O.3 -1.9±O.2 -2.2±O.3 -2.5±O.4 
Control 0 -O.5±O.1 -O.8±O.1 -1.1±O.2· -1.4±O.2· -1.3±O.3· 
%ll from Y -10±4 -18±4 -25±4 -28±4 -33±5 
Control 0 -9±2 -12±3 -19±3 -23±3 -20±4· 

SYSTEMIC Y 11.5±O.S 12.9±O.9 14.3±1.2t 1S.8±1.6t 16.6±1.6t 18.1±1.9t 
VASCULAR 0 16.0±1.1· 17.7±1.0t· 18.8±1.0t· 20.2±1.3t· 21.9±1.6t· 21.0±1.3t 

RESISTANCE II from Y 1.3±O.6 2.8±O.9 4.3±1.2 S.1±1.3 6.6±1.7 
(units) Control 0 1.7±O.5 2.7±O.6 4.2±1.0 6.0±1.2 5.0±1.0 

%ll from Y 11±5 23±7 35±9 42±10 56±14 
Control 0 12±3 19±4 28±6 38±7 33±6 

.... 
Values are mean ± SE. tP< 0.05 vs control. ·P< 0.05 vs young. \0 .... 



TABLE CB. ORTHOSTATICALL V TOLERANT SUBJECTS 
Values for forearm blood flow and vascular resistance and forearm skin blood 
flow and vascular resistance at each level of lower body negative pressure 
in the young M and older (0) subjects. 

LEVEL OF LBNP {mmHg} 
CONTROL -10 -20 -30 -40 -50 

FOREARM V 3.9±0.4t 3.2±O.3t 2.3±0.2t 2.O±O.2t 1.7±O.2t 1.5±O.2t 
BLOOD 0 3.6±O.3 3.1±O.3t 2.8±O.3t 2.5±O.2t 2.3±O.2t 1.7±O.1t 
FLOW A from V -O.7±O.3 -1.6±O.4 -1.8±O.3 -2.2±O.3 -2.4±O.3 

(mIl100mllmln) Control 0 -O.5±O.1 -O.8±O.1· -1.1±O.2· -1.3±O.2* -1.9±O.2 

FOREARM V 25.8±2.5 31.2±3.7 44.5±5.4t 49.3±6.0t 61.1±9.5t 69.5±11.0t 
VASCULAR 0 27.1±2.9 32.7±4.1t 36.3±4.2t 40.9±5.1t 45.8±5.6t 58.0±6.1t 

RESISTANCE A from V 5.4±2.3 18.7±4.1 23.5±4.1 35.2±8.2 43.7±9.4 
(units) Control 0 5.5±1.6 9.2±1.6· 13.8±2.5 18.7±3.1 30.9±4.0 

%A from V 21±8 76±17 91±11 137±24 167±26 
Control 0 19±4 33±4· 50±8* 69±8· 118±15 

FOREARM V 61±5 56±5 58±5 60±7 62±8 61±7 
SKIN 0 55±12 53±12 54±12 54±13 60±14 67±15t 

BLOOD A from V -5±2 -3±3 -1±4 1±6 0±6 
FLOW Control 0 -2±1 -1±2 0±2 4±5 8±8 

(%Maxlmal) 

V 1.6±O.2 1.8±O.3 1.7±O.2 1.8±O.4 1.9±O.4 1.8±O.4 
FOREARM 0 4.5±2.6 4.7±2.6 3.4±1.3 4.5±2.2 6.9±4.9 7.5±5.6 

SKIN A from V O.2±O.1 O.1±O.1 O.2±O.3 O.2±O.3 O.2±O.3 
VASCULAR Control 0 O.2±O.1 -1.2±1.4 -1.1±1.3 -1.4±1.6 -1.3±1.6 

RESISTANCE %A from V 8±4 5±6 7±10 9±13 7±11 
(units) Control 0 7±3 -4±8 -3±9 -2±13 -2±16 

Values are mean ± SE. tP< 0.05 vs control. 'P< 0.05 vs young. I-' 
\0 
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TABLE C9. ORTHOSTATICALLY TOLERANT SUBJECTS 
Values for antecubital plasma catecholamine concentrations at each level of 
lower body negative pressure (LBNP) in the young 00 and older (0) subjects. 

LEVEL OF LBNP {mmHg} 
CONTROL -10 -20 -30 -40 -50 

PLASMA Y 217±26 234±30 261±31 281±21 347±32t 497±91t 
NOREPINEPHRINE 0 228±14 248±18 266±10 318±24t 377±21t 492±28t 

(pglml) ~from Y 19±8 38±11 85120 149±38 264±27 
Control 0 21±8 38±18 64±14 127±24 261±82 

PLASMA Y 
EPINEPHRINE 0 30i5 28±5 29±5 34±6 41±7 56±7t 

(pglml) & from Y 19±4 12±4 14±3 22±4 28±7t 35±6t 
Control 0 -5±3 -3±3 1±3 9±5 15±5 

-2±3 -1±1 4±5 l0i5 24±8 

Values are mean ± SE. tP< 0.05 vs control. 

I-' 
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TABLE Dl. Values for mean. systolic. and diastolic blood pressures 
during a cold pressor test In the young M and older (0) 
subjects. 

CONTROL 1.0 2.0 

MEAN Y 94±4 98±4 ll2±4t 
ARTERIAL 0 94±3 101±3t 107±4t 
PRESSURE ~ from Y 3±2 l8±3 

(mmHg) Control 0 6±1 l3±3 

SYSTOUC Y 1 33±5 1 36±7 1 54±6t 
BLOOD 0 l44±2 1 53±3t- 1 63±6t 

PRESSURE ~ from Y 2±4 2l±4 
(mmHg) Control 0 9±1 19±5 

DIASTOUC Y 77±4 8l±3t 93±2t 
BLOOD 0 74±3 80±4t 85±5t 

PRESSURE ~ from Y 4±1 l6±2 
(mmHg) Control 0 6±1 11±3 

Values are mean ± SE. tP< 0.05 vs control. -P< 0.05 vs young. 



196 

TABLE D2. Values for heart rate. stroke volume. cardiac output. and 
systemic vascular resistance during a cold pressor test 
In the young M and older (0) subjects. 

CONTROL 1.0 2.0 

HEART V 70±3 82±4t 75±3 
RATE 0 63±3 72±4t 71±4t 

(btlmln) Do from V 11±2 4±4 
Control 0 9±3 8±4 

STROKE V 109±14 106±15 116±15 
VOLUME 0 128±13 130±13 137±20 

(mllbt) Do from' V ~3±7 7±7 
Control 0 2±16 9±13 
%Do from V ~3±7 7±7 
Control 0 8±17 6±9 

CARDIAC V 8.3±1.3 8.7±1.5 8.7±1.3 
OUTPUT 0 8.2±O.8 9.4±O.9 9.8±1.4 

(Umln) Do from V O.5±O.3 O.4±O.3 
Control 0 1.3±O.8 1.6±O.8 
%Do from V 5±4 6±5 
Control 0 20±15 17±10 

SVSTEMIC V 13.1±1.5 13.2±1.7 14.8±1.7t 
VASCULAR 0 12.4±1.1 11.4±1.0 12.6±1.5 

RESISTANCE Do from V O.1±O.7 1.7±.8 
(units) Control 0 ~1.0±1.4 O.1±O.6 

%Do from V 1±5 15±7 
Control 0 ~5±8 0±5 

Values are mean ± SE. tP< 0.05 vs control. 'P< 0.05 vs young. 
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TABLE D3. Values for forearm blood flow and vascular resistance, 
and forearm skin blood flow and vascular resistance 
during a cold pressor test In the young M and older 
(0) subjects. 

CONTROL 1.0 2.0 

FOREARM Y S.2±O.S 6.9±1.3 4.O±O.6 
BLOOD 0 S.O±O.B 6.0±1.1 4.0±0.B 
FLOW ~ from Y 1.7±1.0 ~1.2±1.0 

(mI100mllmln) Control 0 1.O±O.7 ~O.8±O.4 

FOREARM y 19.4±2.1 22.0±4.S 3S.9±S.3t 
VASCULAR 0 2S.B±7.7 26.0±8.6 31.5±6.8t 

RESISTANCE ~ from Y 2.6±3.S 16.6±S.3 
(units) Control 0 O.2±1.4 S.7±1.8 

%~ from Y 11±18 97±36 
Control 0 ~2±7 36±13 

FOREARM Y 61±13 56±8 65±6 
SKIN BLOOD 0 S0±9 49±10 62±16 

FLOW ~from Y ~6±6 4±13 
(°/omax) Control 0 ~1±1 12±10 

FOREARM Y 2.O±O.7 2.3±O.S 1.8±O.2 
SKIN 0 2.2±.S 2.4±O.S 2.2±0.6 

VASCULAR ~from Y O.2±O.1 ~O.1±O.6 

RESISTANCE Control 0 O.2±O.1 O.O±O.2 
(units) %~from Y 1B±10 17±24 

Control 0 10±2 1±9 

Values are mean ± SE. tP< 0.05 vs control. ·P< 0.05 vs young. 



TABLE D4. 

CALF 
BLOOD 
FLOW 

(mI100mllmln) 

CALF 
VASCULAR 

RESISTANCE 
(units) 

Values· for calf blood flow and vascular resistance during 
a cold pressor test In the young 0f) and older (0) subjects. 

CONTROL 1.0 2.0 

V 6.O±O.S 6.6±O.7 S.S±O.6 
0 S.S±1.3 5.S±1.3 S.B±1.3 

~ from V O.6±O.7 -O.6±O.B 
Control 0 -O.1±O.2 -O.1±O.3 

V 17.6±2.2 17.1±2.4 23.1±3.0 
0 23.3±6.2 26.6±B.6 26.2±6.9 

~ from V -O.5±2.4 S.5±2.9 
Control 0 3.2±2.S 2.9±O.B 
0/0.1 from V 9±5 42±20 
Control 0 4±14 13±4 

Values are mean ± SE. tP< 0.05 vs control. ·P< 0.05 vs young. 
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TABLE DS. 

PLASMA 

Values for antecubital plasma catecholamine 
concentrations during a cold pressor test in 
the young M and older (0) subjects. 

CONTROL 2.0 

Y 232±24 343±40t 
NOREPINEPHRINE 0 315±48 344±39 

(pglml) ~from Y 111±31 
Control 0 29±28 

PLASMA Y 73±20 118±26t 
EPINEPHRINE 0 38±11 SO±7· 

(pglml) ~from Y 44±10 
Control 0 12±7· 

Values are mean ± SE. tP< 0.05 vs control. ·P< 0.05 vs young. 
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