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ABSTRACT 

In man, tolerance to an orthostatic stress varies widely. 

Compensatory cardiovascular responses to orthostatic stressors such 

as head-up tilt, +Gz acceleration, and lower body negative pressure 

(LBNP) have been identified. However, physiologic reactions asso

ciated with the capacity to withstand a presyncopal-limited ortho

static exposure requires additional clarification. 

The relationship between maximal oxygen uptake (V02 max) and 

presyncopal-limited LBNP tolerance was examined in adult male subjects 

categorized into high (HAC) and low (LAC) aerobic capacity groups. 

In addition to similar (N.S.) cardiovascular responses, the (mean) 

and cumulative LBNP stress indices (CSI) observed in the HAC (722 

torr·min) and LAC (784 torr·min) groups were also similar (N.S.). 

These data fail to support a relationship between LBNP tolerance and 

V02 max. 

Cardlovascular responses associated with LBNP tolerance were 

measured during the control period (pre-LBNP) and final minute (peak 

LBNP) of decompression. The CSI criterion distinguished high (HT, 

n = 10) and low (LT, n = 8) LBNP tolerant groups was 640 torr-min. 

A greater (p < 0.05) end-diastolic volume and cardiac output was 

observed in the HT subjects during pre-LBNP may have provided a 

larger reserve to utilize throughout exposure to LBNP. At peak LBNP, 

both groups demonstrated similar (N.S.) cardiac outputs despite a 

xi i i 
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higher (p < 0.05) HT heart rate. These data suggest that a major 

mechanism in prolonging LBNP tolerance may have been a greater LBNP

induced tachycardia. 

Blood samples were drawn to determine group differences in 

vasoactive neuroendocrine response. During peak LBNP, concentrations 

of norepinephrine increased (p < 0.05) in both groups. The HT group 

displayed greater (p < 0.05) LBNP-induced increases in vasopressin 

and plasma renin activity. These data suggest that HT subjects may 

have supplemented the catecholamine pressor response by involving the 

vasopressin and renin-angiotensin systems. 

The affect of cholenergic and beta-adrenergic blockades on 

cardiovascular responses to LBNP were examined in six HT and five LT 

subjects. CSI in both groups were unchanged (N.S.) by administration 

of atropine as compared to a placebo LBNP exposure. Propranolol 

however, reduced (p < 0.05) LBNP tolerance in both groups. This CSI 

reduction was greater (p < 0.05) in the HT subjects. The reduction 

in LBNP tolerance appeared closely associated with the negative 

chronotropic effect. 



CHAPTER 1 

INTRODUCTION 

Orthostatic Tolerance 

The primary function of the cardiovascular system is to provide 

essential organs, such as the brain, with a continuous supply of oxygen 

and substrates as well as to remove carbon dioxide and metabolic prod

ucts. A complex and redundant feedback system provides arterial 

pressure regulation through control of central and peripheral circula

tory functions. Throughout movement and various body postures this 

regulation system attempts to maintain an arterial pressure capable of 

continuous perfusion through essential organs. 

In the upright man, gravity creates a head to foot hydrostatic 

gradient which resists venous return beneath and impedes arterial flow 

above the level of the heart. Cerebral blood flow in the upright man 

is dependent on an arterial pressure which must overcome both vascular 

resistance and hydrostatic pressure gradient created by the column of 

blood in the arteries between the heart and brain. Quiet standing also 

results in a gravitational-induced increase in blood volume within the 

more compliant vessels beneath the heart. This "pooling" of venous 

blood sequentially results in a smaller effective circulating blood 

volume, reduced venous return, decreased stroke volume, and may reduce 

cardiac output and arterial pressure. Since there is a finite blood 

volume which must support the requirements of the entire body, an 
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orthostatic stress which reduces the effective circulating blood volume 

by venous pooling may pose a serious challenge to arterial pressure 

regulation. 

Continuous oxygen delivery is essential for central nervous 

function and despite a high capacity for autoregulation throughout a 

wide range of arterial pressures, cerebral blood flow can be reduced 

if arterial pressure becomes substantially decreased. Changes in 

posture from supine to upright can produce transient reductions in 

blood flow to the head and may result in cerebral hypoxia. Central 

nervous hypoxia has been associated with symptoms known collectively 

as orthostatic intolerance. In healthy individuals, cerebral blood 

flow is sustained during rapid positional changes and orthostasis 

through baroreceptor-mediated adjustments in cardiac output and 

systemic peripheral resistance. Reflex alterations in blood flow and 

arterial resistance regulate arterial pressure at a level capable of 

supporting perfusion to essential organs. 

It has been suggested that exercise conditioning, of the type 

which increases maximal oxygen uptake, reduces the sensitivity of the 

baroreceptor reflexes during orthostasis. Currently the relationship 

between orthostatic tolerance and maximal aerobic capacity remains 

controversial. A better understanding of this relationship could be 

used to more effectively prescribe exercise training programs for 

individuals with occupational risks resulting from exposure to pro

longed or intense orthostasis. 



The problem of orthostatic intolerance is of considerable 

interest to the study of aerospace physiology since military pilots 

may be exposed to high (6-10) +Gz forces for 10-30 second periods 

3 

during aerial combat maneuvers. Additionally, astronauts aboard the 

space shuttle have routinely been exposed to 20-30 minutes of low 

(1.5-2.0) +Gz forces during re-entry into the atmosphere. The intensity 

and duration of these mUltiple gravitational forces combine to place 

considerable orthostatic stress on the capacity of the cardiovascular 

system to maintain cerebral perfusion. Orthostatic intolerance, 

ultimately leading to syncope, may place the pilot in danger during a 

crucial period when concentration and coordination are essential. An 

understanding of the mechanisms associated with physiologic responses 

induced by orthostasis is necessary in order to develop prediction 

models which identify individuals predisposed to orthostatic intoler

ance. Application of this information would also be useful in the 

development of effective countermeasures. 

The ability of subjects to maintain arterial pressure during 

an orthostatic stress varies widely. The underlying physiologic 

mechanisms which account for resistance or predisposition to ortho

static intolerance have not yet been clearly described. The use of 

presyncopal cardiovascular responses as criteria for terminating 

orthostatic exposure allows all subjects to reach a similar degree of 

circulatory distress despite differing exposure intensities and 

durations. An experimental design which compares physiologic 

responses between subjects who demonstrate resistance to orthostatic 
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intolerance and those who appear predisposed to syncope would allow 

identification of response diveregencies. Differences in cardiovascu

lar, vasoactive neuroendocrine, and autonomic nervous responses between 

subjects with varying tolerance to an orthostatic stress may provide 

insight into the significance of various mechanisms which control 

blood pressure regulation. Physiologic mechanisms associated with 

syncopal predisposition and orthostatic resistance may then be inte

grated into a systems analysis model of blood pressure regulation 

during an orthostatic disturbance. 

Statement of the Problem 

To better understand arterial pressure regulation when 

challenged by orthostasis, the compensatory cardiovascular adjustments 

associated with resistance and predisposition to orthostatic intolerance 

must be identified. The purposes of this dissertation were: (1) to use 

a graded lower body negative pressure (LBNP) tolerance exposure to 

categorize subjects into high or low LBNP tolerant groups based on 

presyncopal cardiovascular criteria; (2) to examine the relationship 

between peak aerobic capacity, as an indicator of the cardiovascular 

adaptation to physical conditioning, and circulatory responses asso

ciated with tolerance to LBNP; (3) to compare LBNP-induced presyncopal 

cardiovascular and vasoactive neuroendocrine responses which may be 

associated with the control of cardiac output and systemic peripheral 

resistance between high and low LBNP tolerant subjects; (4) to examine 

the significance of beta-adrenergic and muscarinic-cholinergic systems 

with regard to LBNP tolerance. To accomplish the final purpose, 



cardiovascular responses to presyncopal-limited LBNP exposures were 

compared between high and low LBNP tolerant subjects before and 

after selected autonomic nervous blockades. 

5 



CHAPTER 2 

REVIEW OF LITERATURE 

Syncope 

Syncope, derived from the Greek meaning "a cutting short ll 

(106), is the medical term used to characterize the act of fainting. 

The loss of consciousness during syncope is the result of a substantial 

fall in arterial pressure which reduces cerebral perfusion and pro

duces central nervous hypoxia. Acute cer~bral ischemia resulting in 

syncope may also be the consequence of many pathologic conditions such 

as cardiovascular pathologies, hemorrhage, and neurological disorders 

(31). In healthy individuals, the system regulating arterial pressure 

attempts to prevent syncope through compensatory cardiovascular adjust

ments. The inability to provide sufficient circulatory reactions to 

upright or orthostatic exposures may also result in syncope (10). 

During severe or prolonged challenges to blood pressure regulation, 

syncope is preceded by symptoms which are associated with increased 

sympathetic nervous activity and circulatory distress. These pre

syncopal symptoms as described by Engel (31) include sweating, facial 

pallor, lightheadedness, nausea, a sense of muscular weakness and 

blurred vision. 

A common factor in pathologic and environmental conditions 

which ultimately result in syncope is the inability to maintain an 

arterial pressure capable of sustaining cerebral perfusion. Syncope 

6 



and the preceding symptoms may be due to the failure of one or more 

components within the physiologic system which regulates arterial 

pressure. The following evidence supports the development of a 

systems analysis model describing arterial pressure regulation during 

orthostasis. 

Systems Analysis 

The advantages of using a systems analysis model to describe 

regulation in physiologic systems has be~n reviewed by Houk (55). 

7 

This model allows for a clear statement of system function, and 

interactions of system components can be graphically identified. The 

gain, output to input ratio, of the system can also be determined. An 

illustration of a systems analysis model of a simple, regulated system 

is presented in Figure 1. A systems analysis model for arterial pres

sure regulation during orthostatic disturbance is presented in Figure 

2. This adaptation of an engineering model attempts to organize and 

describe the interactions of the significant physiologic systems 

responsible for protecting arterial pressure from transient positional

dependent alterations. A summarization of the model displayed in 

Figure 2 precedes existing evidence for each component presented in 

the review of literature. 

The input (set point) for arterial blood pressure is considered 

to originate in the brainstem. This activity provides a baseline 

stimulation to the medulla oblongota which acts as the integrator for 

arterial pressure regulation. Adhering to this model, the integrator 

compares the brainstem set point with feedback originating from blood 
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Figure 1. Systems Analysis Model of a S!mple Regulated System. a:> 
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pressure receptors. The integrator then produces neuronally mediated 

error signals which are proportional to the input-feedback difference. 

Error signals from the integrator activate or inhibit organs 

which act as controllers. Controllers of blood pressure regulation 

include the autonomic nervous system, adrenal medulla, neurohypophysis, 

and juxtaglomerular apparatus. These controllers modulate effector 

signals which are in the form of autonomic nervous efferent tone and 

vasoactive neuroendocrine concentrations. Effector signals are capable 

of altering the activity of target organs and tissues, such as the 

heart and vascular smooth muscle. Adjustments in the activity of these 

contractile tissues control the two predominate circulatory functions 

(cardiac output and systemic peripheral resistance). Coordinated 

reactions of these two controlled systems provide regulation of 

arterial pressure which is the output of the system. 

Arterial pressure can be affected by an orthostatic stress 

(external disturbance) which reduces the effective circulating blood 

volume by pooling blood in the lower body. Rapid adjustments in 

cardiac output and systemic peripheral resistance attempt to maintain 

an arterial pressure capable of perfusing the brain and other essen

tial organs. During orthostasis, the onset of presyncopal symptoms 

indicate a severe challenge to arterial pressure regulation. If the 

intensity or duration of the disturbance is great, the capability of 

compensatory cardiovascular adjustments may be overwhelmed and 

orthostastically-induced syncope will ensue. The following review 

of literature describes many aspects of the complex system of regulation 
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which commonly prevent orthostatic intolerance during rapid positional 

chang~s and upright exposures. 

Input 

The importance of the central nervous system in cardiovascular 

regulation was recognized by Bernard (12) who observed a profound de

pressor response after cervical spinal transection. The input (set 

point) for arterial pressure regulation is considered to originate from 

spontaneously active neurons in the medullary-pontine region(2). These 

pools appear to send both excitatory and inhibitory descending fibers 

in common neuronal pathways to the cardiac and vasomotor centers in the 

medulla oblongata. Our understanding of the neural control of circula

tion has been limited because of the complexity of the nervous system. 

Integrators, and Error Signals 

The medulla oblongata was indicated by Owjannikow (88) to be 

involved in cardiovascular dynamics. Stimulation of regions in the 

medulla oblongata have profound effects on heart rate and peripheral 

vascular resistance (5). The medulla oblongata appears to be the 

primary site of integration responsible for cardiac and peripheral 

vascular responses (8,87,115). Bayliss (10) introduced the concept 

of biomodal vasomotor center which demonstrates both vasoconstrictor 

and vasodilator actions. These cardiac and vasomotor (VMC) centers 

have compartments which control pressor and depressor activity (5,87). 

The pressor and depressor integrators within the medulla 

oblongata appear influenced by many areas of the brain. The cerebral 
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cortex provides the VMC with feed forward (central command) information 

frequently associated with fear and anxiety (94). The hypothalamus, 

limbic system, cerebellum, and Fields of Forell have also been asso

ciated with central nervous control of blood pressure (2). The medulla 

integrates the set point with feedback information originating from 

peripheral receptors (31) and feedforward signals originating from 

higher brain centers (54). The products of integration are neuronally

transmitted error signals which modulate autonomic nervous and vaso

active humoral responses. The integration centers are dependent on 

continuous feedback originating from peripheral receptors. 

Receptors 

Peripheral vascular receptors playa significant role in 

providing feedback to the medulla oblongata. High pressure arterial 

baroreceptors appear to act in a piezoelectric manner (2). Many of 

these receptors have been identified as free nerve endings with 

thickened neurofibrillar end-plates which lie in the inner layer of 

the adventitia of the blood vessels within the carotid sinus and 

aortic arch (2). These baroreceptors are activated by stretch or 

deformation of the vessel. These receptors display a sensitivity 

range between 30 and 200 torr of arterial pressure and appear more 

sensitive to pulsatile compared to mean arterial pressure (94). 

The aortic arch baroreceptors demonstrate a reduced gain as 

compared to the carotid sinus baroreceptors (95). This reduced 

sensitivity is considered the result of the thicker, less compliant 

wall of the aorta (2). Afferent signals from carotid sinus and aortic 



arch baroreceptors travel to the VM C via the glossopharyngeal and 

vagus nerves, respectively (2). 

Evidence for high pressure baroreceptors was supported in 

1957 by Ernsting and Parry (37) who stimulated the carotid sinus in 

man through the use of a cervical suction apparatus. These authors 

observed a transient bradycardia, reduction in arterial pressure, 

13 

and decreased forearm blood flow resulting from cervical suction (37). 

Bevegard and Shepherd (14) observed almost a linear relation

ship between the intensity of neck suction and the blood pressure 

responses in resting men. LBNP-induced reductions in mean arterial 

pressure have coincided with decreases in splanchnic blood flow (61). 

These data suggest that arterial baroreceoptors control peripheral 

resistance through splanchnic vascular beds. High pressure barorecep

tors provide protection against arterial pressure fluctuations during 

orthostasis. Orthostatically-induced blood pooling in the lower body 

which produce decreased pulse pressure and arterial baroreceptor 

stimulation has been associated with cardiovascular adjustments 

which attempt to maintain arterial pressure (1,14,23,30,58,109,122, 

124). 

Cardiovascular responses induced by orthostasis include 

initial regional redistributions of blood flow which occur prior to 

reductions in arterial pressure and could account for high pressure 

baroreceptor pressure activation (93). Cardiopulmonary or low 

pressure baroreceptors were identified in the atria and adjacent 

great veins by Nonidez in 1937 (84). The afferent signals from atrial 
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baroreceptors have been demonstrated to innervate the medulla via the 

stellate nerves (90). These cardiopulmonary receptors are very sensi

tive to small changes in blood volume. A change in left atrial trans

mural pressure of 1 to 7 cm of water has been reported to simulate a 

10 to 20 percent change in total blood volume (60). Small reductions 

in atrial transmural pressure have been observed to increase the 

concentration of plasma vasopressin (60), which demonstrates potent 

vasocontrictive actions (36). 

LBNP exposures at -10 torr have been reported to produce a 

59% reduction in central venous pressure and reflex-mediated decreases 

in forearm blood flow (124). Low pressure cardiopulmonary receptors 

appeared responsible for these reactions since heart rate, mean, 

systol ie, and pulse pressures were unaffected by LBNP (124). Atrial 

pressure reductions have coincided with decreases in forearm blood flow 

suggesting a reflex mechanism for skeletal muscle and skin vasoconstric

tion (61). During the initial stages of orthostasis, increased 

sequesteration of venous blood in the lower body results in decreased 

venous return and subsequent cardiopulmonary baroreceptor acti~3tion. 

Reflex skeletal muscle and skin arterial vasocontriction provides the 

initial circulatory response attempting to compensate for a reduced 

effective circulating blood volume. Integration of cardiopulmonary 

feedback appears to be processed differently during the Bainbridge 

reflex, since atrial distension, produced by rapid venous infusion of 

saline, produces an uncharacteristic tachycardia and increased mean 

arterial pressure (118). 
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Delineation of high and low pressure baroreceptor responses 

has been addressed by simultaneously activating low pressure baro

receptors through LBNP and high pressure baroreceptors by cervical 

suction (1). These authors concluded that low pressure baroreceptors 

exert dominant influence over forearm vascular resistance whereas 

carotid baroreceptors affect heart rate and splanchnic blood flow (1). 

These data indicate that integration of high and low pressure baro

receptor feedback may result in regional sympathetic nervous responses. 

Specific or regional responses appear inconsistent with the "fight or 

flight" systemic response once considered the hallmark of sympathetic 

activation. 

Stretch receptors have also been located within the epicardium 

and myocardium of the ventricles (2). These receptors appear to be 

active during both systole and diastole. Endocardial receptors have 

C-fiber afferents which travel to the VMC via the vagus nerve (86). 

These receptors have been associated with a reflex inhibition of 

vasoconstrictor tone on renal arteries and a bradycardia resulting 

from vagal domination (86). The physiologic role of these receptors 

has been suggested in vasovagal syncope. A severe reduction in end

diastolic volume resulting from decreased venous return produces 

deformation of these receptors. Ventricular stretch receptor activa

tion appears to initiate the withdrawal of sympathetic pressor activity 

and dominance of parasympathetic tone associated with a vasovagal 

syncope (34). 
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Controllers and Effector Signals 

Feedback integration results in formulation of effector signals 

which modulate the actions of neural and endocrine controllers. The 

controllers which appear to be most involved in blood pressure regula

tion during orthostasis include the autonomic nervous system, adrenal 

medulla, neurohypophysis, and juxtaglomerular apparatus (122). 

Barcroft (7) demonstrated the presence of sympathetic vasoconstrictor 

nerves which control blood flow through skeletal muscle. In addition 

to identifying a mechanism for vasoconstriction, Barcroft also observed 

forearm blood flow was reduced during fainting after adrenergic block

ade (7). These observations led to the concept of sympathetic va so

cilator fibers serving skeletal muscle, alpha and beta adrenergic 

receptors have subsequently been associated with vasocontriction and 

vasodilation in skeletal muscle, respectively (59). In man, the 

physiologic significance of beta receptors in the control of skeletal 

muscle blood flow remains controversial. 

In animal preparations stimulation of the lumbar sympathetic 

chain caused initial vasodilation followed by vasoconstriction in 

skeletal muscle vasculature (38). Pure vasodilation was observed when 

this experiment was performed after complete adrenergic blockade. 

During this experiment, atropine treatment blocked the vasodilation 

response (38). These data suggested existence of a cholinergic 

vasodilator system which was later suggested to originate in the 

cerebral cortex (56). The functional significance of the sympathetic 

cholinergic vasodilator system appears species specific and the 



contribution of this system in human blood pressure regulation is 

unclear (94). 
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In addition to arterial control, evidence exists for reflex 

venoconstriction which is capable of reducing splanchnic blood volume 

by 50% in as little as 20 seconds (102). Splanchnic and skeletal 

veins appear to be activated by different mechanisms since barorecep

tor reflexes in the physiologic range failed to induce measurable 

reductions in forearm blood flow (34). 

In addition to effector signals to vascular smooth muscle, 

the autonomic nervous system controls chronotropic and inotropic 

myocardial functions. Sympathetic efferents innervate the heart 

through cardiac nerves and effector signals may influence both cardiac 

inotrophy and chronotrophy (13). Tachycardia resulting from beta

adrenergic receptor stimulation acts to accelerate pacemaker cells 

in the sinoatrial node and decreases conductance time through the 

atrioventricular node (2). A greater ventricular ejection fraction, 

generally associated with sympathetic stimulation, results from an 

increased contractility which is a direct effect of catecholamines on 

prolonging the excited state in both cardiac muscle (59). The source 

of catecholamines which affect cardiac function may be directly through 

sympathetic nerve endings or blood born from the adrenal medulla. 

Orthostasis has been reported to increase plasma concentrations of 

catecholamines (44). 

Cardiac parasympathetic effector signals appear to originate 

in the dorsal motor nucleus of the medulla and descend via the vagus 
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nerves to the sinoatrial and atrioventricular nodes (13). The para

sympathetic nervous system1s inhibition of heart rate can be ablated 

by vagotomy or atropine 9dministration while stimulation of the vagus 

nerve elicits a negative chronotropic effect (31). 

Excitation of renal sympathetic nerves result in beta receptor

mediated release of renin from the juxtaglomerular apparatus (27,51). 

Augmented plasma renin concentration catalyzes the formation of angio

tensin I which has minimal vasoconstrictive properties. Converting 

enzyme, present in the circulation, catalyzes angiotensin I to angio

tensin I I which demonstrates potent vasoconstrictive actions (18,52). 

When compared to placebo treatment, a significant reduction in mean 

arterial pressure was reported during -20 torr LBNP after converting 

enzyme was blocked by capopril (17). These data suggest that the 

renin-angiotensin system is involved in blood pressure regulation 

during orthostasis. 

Orthostasis also stimulates the release of vasopressin from 

the neurohypophysis (9). Since there is I ittle or no changes in 

plasma osmolality during orthostasis, low pressure baroreceptors 

rather than osmoreceptors are considered to stimulate vasopressin 

release (104). Vasopressin demonstrates strong vasoconstrictive 

actions which increase vascular resistance during tilt-induced 

orthostasis (28,29). Compensatory responses in the form of neural or 

hormonal effector signals produce modifications in the controlled 

systems ultimately responsible for arterial pressure regulation. 
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Controlled Systems 

Since arterial pressure varies as the product of cardiac output 

and systemic peripheral resistance (123), then a reduction in blood 

pressure must be the result of changes in at least one of these 

variables. During orthostasis, heart rate appears to be controlled by 

autonomic effector signals resulting from arterial baroreceptor inte

gration (61). Sympathetic activation may increase chronotropic and 

inotropic cardiac responses while vagal stimulation is characterized 

by a negative chronotropic reaction. Stroke volume depends primarily 

on ventricular filling pressure which determines end-diastolic volume 

(94) and relies less on autonomic control when compared to heart rate. 

During orthostasis, an increase in venous blood pooled in the 

lower body results in decreased venous return which reduces end

diastolic volume and the subsequent stroke volume. A smaller stroke 

volume can decrease systolic pressure through reduction in the Frank

Starling myocardial length-tension relationship (94). During ortho

stasis, a reflex tachycardia minimizes the impact of decreased stroke 

volume on cardiac output. Sympthatetic stimulation may also increase 

cardiac contractility which may be manifested in a greater ventricular 

ejection fraction than in the normal resting state (94). Reduced 

venous return may obscure the sympathetically-mediated increases in 

contractility by decreasing the end-diastolic ventricular length

tension relationship. Reduced ventricular filling and the subsequent 

decrease in intrinsic cardiac contractility acts to reduce the ejection 
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fraction and oppose cardiac inotrophic responses produced by adrenergic 

stimulation. 

Sympathetic activation has profound effects on systemic 

peripheral resistance, the other controlled system supporting cardiac 

output. Relative systemic peripheral resistance can be calculated by 

dividing mean arterial pressure by cardiac output (123). The sympathe

tic nervous system supplies fibers to arterioles (13). Larger veins 

and arteries receive sympathetic innervation, but their functional 

contribution to maintaining arterial pressure appears less important 

than that of the microcirculation (31). 

Sympathetic stimulation acts on vascular smooth muscle to 

alter the cross-sectional area of the vessel lumen. Reducing the 

diameter of the arterioles increases resistance to flow and results 

in reduced capillary blood flow. Arterial resistance vessels in 

skeletal muscle demonstrate both alpha- and beta-adrenergic receptors 

which can produce constriction or dilation, respectively (59,94). 

Sympathetic nervous activation usually produces a norepinephrine

induced vasoconstriction resulting in increased resistance in 

arterioles and decreased compliance in veins. Increased vascular tone 

has occurred after propranolol administration. Since propranolol 

blocks skeletal vasodilation (69), low levels of circulating epine

phrine appear to be an effector for beta-induced vasodilation of 

resistance vessels. 

Stimulation of the renal nerve has been shown to increase 

plasma renin activity (27). This mechanism for increasing the plasma 
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concentration of the potent vasocontrictor angiotensin II suggests a 

potential role for the renin-angiotensin system in controlling peri

pheral resistance (17,74). Skeletal musscle vasoconstriction and 

increased plasma vasopressin (27) have been reported after low 

pressure baroreceptor stimulation. Increased plasma concentrations of 

norepinephrine and vasopressin did not appear temporarily related 

although activation of both endocrine systems were suggested to be 

mediated by low pressure baroreceptors (44). Low pressure barorecep

tors provide a possible mechanism for vasopressin release and suggest 

a potential contribution of this polypeptide in the control of 

peripheral resistance. 

The sympathetic nervous system appears to act synergistically 

with vasopressin and angiotensin II to produce increased systemic 

peripheral resistance during orthostasis. The synchronized responses 

of cardiac output and systemic peripheral resistance act to regulate 

arterial pressure, the output of the systems analysis model. 

Disturbances 

Gravity creates a head-to-foot hydrostatic pressure gradient. 

In upright man, this orthostatic gradient induces an increase in venous 

blood stored in more compliant vessels beneath the level of the heart 

(81). Similar responses have been reported during LBNP (82). 

Sequestration of venous blood reduces the effective circulating blood 

volume which must support the metabolic, acid-base, and thermoregula

tory requirements of the body. 
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An orthostatically-induced reduction in venous return sequen

tially decreases central venous pressure (preload), end-diastolic 

volume, and stroke volume (78). Without baroreceptor-mediated 

increases in heart rate and peripheral resistance, cardiac output and 

arterial pressure would fall. Continued orthostasis will cause addi

tional reductions in stroke volume, and may eventually result in the 

activation of ventricular mechanoreceoptors which appear to initiate 

the vasovagal reflex (86). During vasovagal syncope, withdrawal of 

sympathetic pressor activity and expression of parasympathetic tone 

result in a profound bradycardia and vasodilation (11). This fall 

in cardiac output and systemic peripheral resistance causes a precipi

tous reduction in arterial pressure and syncope rapidly ensues. 

An orthostatic disturbance to arterial pressure homeostasis 

can be provided by exposure to head-up tilt, +Gz acceleration, and 

lower body negative pressure (LBNP). Generally, the physiologic 

responses to these orthostatic stressors have appeared similar because 

they all induce venous pooling in the lower body. However, difficul

ties arise when comparing the quantitative cardiovascular adjustments 

in application of orthostatic stress may explain the variations between 

testing modes. The intensity of the head-to-foot hydrostatic gradient 

can be altered by +Gz acceleration but not by tilt. The orthostatic 

stress induced by LBNP is homogeneous beneath the waist compared to a 

head-to-foot gradient produced by the other two modes (122). 

Variations in the end-point criterion used to terminate 

orthostatic exposure may also be reason for inconsistency among 
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previous investigations. Criteria commonly used to terminate stress 

exposure have included syncopal end point or a completion of a pre

determined duration (9,11,14,35). Considerable individual variability 

has been reported in physiologic responses during a duration-limited 

orthostatic exposure (111). 

Historically, passive tilt has been used since the 1930 l s to 

investigate the cardiovascular responses related to orthostasis. 

Passive head-up tilt has been reported to produce a 20% reduction in 

cardiac output as compared to the pre-tilt measurement (106). Tilt

induced reduction in right atrial pressure and diminished rate of 

ventricular filling were reported in 1950 by Kjellberg (63). Peripheral 

vascular changes, including leg blood pooling which accounted for a 

13-19% reduction in effective circulating blood volume, were reported 

during 20-30 minutes of tilt in 1938 (113) while Mayerson (76) observed 

tilt to attenuate peripheral blood flow. Sjostrand (105) reported that 

the immediate source of blood used to maintain cardiac output, i.e., 

the central venous reservoir, was reduced by tilt. 

Despite these circulatory changes, Scheinberg (98) observed 

that health individuals maintained adequate cerebral circulation with 

a 34% reduction in cerebral arterial pressure. This reduction in 

cerebral arterial pressure produced only a 21% fall in cerebral blood 

flow. These data emphasizes the importance of cerebrovascular auto

regulation in the preservation of cerebral circulation during ortho

stasis. Although autoregulation maintains cerebral blood flow 

throughout a wide range of arterial pressures, cerebral blood flow 
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may be reJuced when mean arterial pressure falls below 70 mm Hg (31). 

During +Gz acceleration, Sandler and Rossitano (96) reported the net 

velocity of temporal artery blood flow appeared to be negligible a few 

seconds prior to blackout and that systolic pressure during this period 

fell below 50 torr. 

Several investigators have used lBNP to induce and investigate 

vasovagal syncope (78,80,101,110). Incrementally-applied lBNP provides 

a noninvasive method of pooling blood in the lower body and reducing 

the effective circulating blood volume in a controlled and reproducible 

manner. The use of a graded presyncopal-limited lBNP exposure allows 

determination of the physiologic end points related to orthostasis. 

Graded lBNP also can allow development of a lBNP dose-response curve 

describing the sensitivity of cardiovascular and neuroendocrine 

responses at various degrees of orthostasis. 

Epstein et al. (34,35) reported predictable physiologic 

responses that precede lBNP-induced syncope. These investigators 

reported a biphasic response to progressive lBNP (35). The initial 

phase was characterized by phasic variations in blood pressure with a 

slow decline in mean arterial pressure, tachycardia, increase in 

forearm vascular resistance, and a slow reduction in central venous. 

pressure. The second phase was distinguished by a precipitous reduc

tion in arterial pressure, bradycardia, fall in forearm vascular 

resistance, and rise in venous tone. Reduced mean arterial pressure 

observed in phase one decreased the afterload on the heart and the 

lBNP-induced reduction in venous return decreased cardiac preload. 
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A smaller end-diastolic volume and reduced resistance to ventricular 

outflow during systole may have compressed intracardiac receptors 

which have been associated with the vas0vaga1 reflex (86). Presyncopa1 

venous return limitation on cardiac output was supported by a 22% 

reduction in stroke volume at -40 torr of LBNP (3). Stevens (111) 

attempted to identify physiologic responses associated with fainters 

and nonfainters. In this study, nonfainters displayed higher resting 

peripheral resistances, lower resting heart rates, and greater arterial 

and pulse pressures during the first 3-5 minutes of LBNP, compared to 

subjects who fainted (111). Previous investigations indicate that 

LBNP approximates vascular volume shifts (5&0 and cardiovascular 

responses observed during head-up passive tilt (110,81). 

Muscarinic-cholinergic Blockade 

Post-atropine increases in cardiac output and arterial pressure 

have been attributed to vagal blockade which increased heart rate (94). 

Muscarinic-cholinergic blockade has also been suggested to block 

sympathetic-cholinergic vasodilation, which results in an apparent 

increase in peripheral vasocontriction (80). The atropine-induced 

tachycardia and vasodilation blockade have been hypothesized to prolong 

orthostatic tolerance (80). A clinical dose (0.01 mg Kg) of atropine 

was effective in preventing orthostatic intolerances in an athletic 

population (108). Muscarinic-cholinergic blockade can be used to 

examine parasympathetic control of arterial pressure regulation. 
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Beta-Adrenergic Blockade 

Beta-adrenergic blockade has been associated with bradycardia 

and peripheral vasoconstriction (72). During orthostasis, propranolol 

has been reported to attenuate the orthostatic-induced tachycardia, 

although orthostatic tolerance and mean arterial pressure appeared 

unaffected by beta-adrenergic blockade (69,72). A propranolol-induced 

bradycardia apparently provided greater ventricular filling time which 

increased stroke volume. Leoppky (69) suggested that cardiac output 

and mean arterial pressure were maintained by larger stroke volumes 

which effectively compensated for the reduction in heart rate induced 

by beta blockade. A higher systolic pressure after beta blockade (69) 

appeared to be due to a greater stroke volume associated with the 

Frank-Starling mechanism, since propranolol has also demonstrated 

negative inotropic effects (40). It has also been suggested that 

propranolol attenuates left ventricular mechanoreceptor responsiveness 

(40). Parasympathetic withdrawal appears to be the mechanism for the 

orthostatic-induced tachycardia after beta-adrenergic blockade (72). 

Orthostatic Tolerance and 
Maximal Aerobic Capacity 

Great emphasis has been placed upon aerobic conditioning and 

physical fitness in the selection and- training of pilots, astronauts 

and cosmonauts. Recent publications have suggested that endurance 

exercise training may reduce orthostatic tolerance (65,71,73,91). 

Reduced baroreceptor sensitivity has been suggested by Stegemann et 

al. (109) as a mechanism for reduced orthostatic tolerance in 



aerobically trained subjects. Evidence for an inverse relationship 

between maximal oxygen uptake and orthostatic tolerance has not been 

consistent (64). Convertino et al. (26) demonstrated a significant 

increase in maximal oxygen uptake without a concomitant reduction in 

orthostatic tolerance. The relationship between training-induced 

alterations in-arterial pressure regulation and tolerance of an 

orthostatic stress is confounded when the effects of deconditioning 

are considered. 
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The effects of deconditioning on maximal oxygen uptake and 

orthostatic tolerance have appeared more dramatic in endurance trained 

subjects when compared to untrained controls. During weightlessness 

simulation by bedrest and water immersion, aerobically trained athletes 

demonstrate accelerated rates of deconditioning compared to non-athletes 

(46,108,112). Exercise performed during water immersion appeared to be 

more effective in minimizing deconditioning in sedentary compared to 

highly-trained subjects (108). These authors reported insignificant 

correlations between maximal aerobic capacity and associated decreases 

in plasma volume during water immersion (108). Subjects with high 

aerobic capacity displayed a smaller diuresis-induced reduction in 

blood volume, while demonstrating greater difficulty with 10 minutes 

of passive tilt when compared to counterparts possessing lower maximal 

aerobic capacities (108). A bedrest study of 35 to 40 year old men 

used +3 Gz acceleration to test orthostatic tolerance and observed 

that pre-bedrest resting heart rate was invesely related to the 
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relative decrease in post-bedrest +Gz tolerance (r = -0.89, P < 0.02) 

(112). These observations suggest that a high maximal aerobic capacity 

pre-space flight may result in greater orthostatic intolerance upon 

re-entry. 

Caution should be taken in interpreting results from cross

sectional studies since this experimental design cannot account for 

all predisposing or genetic factors. In contrast to these cross

sectional studies, a recent report tested orthostatic tolerance pre

and post-endurance training and found no change in orthostatic 

tolerance compared to pre-training values (26). Klein et al. (64) has 

also reported that maximal aerobic capacity was a poor predictor of 

tilt and +Gz acceleration tolerance. The relationship between maximal 

aerobic capacity and blood pressure regulation during orthostasis 

remains controversial and deserves distinct consideration from 

deconditioning studies. 

In this context, there is a need for a 'comprehensive investi

gation examining concurrent cardiovascular and neuroendocrine responses 

during a graded orthostatic stress. This dissertation attempted to 

identify and describe the sensitivity of the blood pressure regulating 

system during graded presyncopal-limited LBNP exposure. Physiologic 

mechanisms central to arterial pressure regulation were investigated 

by: (1) examining the relationship between maximal aerobic capacity 

and LBNP tolerance; (2) quantifying the cardiovascular and neuro

endocrine responses associated with resistance and predisposition to 
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LBNP Intolerance; and (3) measuring the effects of autonomic blockade 

on LBNP tolerance. 

To accomplish these purposes, concurrent echocardiographic 

measurements of stroke volume, heart rate and ejection fraction were 

used to indicate alterations in the controlled system of cardiac out

put. Impedance plethysmographic indices of leg volume and blood flow 

were measured as indicators of peripheral vascular resistance and 

compliance, respectively. Plasma concentrations of vasoactive hormones 

were measured in order to suggest potential mechanisms. Selected auto

nomic nervous blockade was used to indicate the significance of beta

adrenergic and muscarinic-cholinergic systems during orthostasis. 

Comparison of the output, controlled systems and effector signals 

between subjects who demonstrate resistance or predisposition to LBNP 

intolerance allowed the identification of significant responses which 

appeared to be related to LBNP tolerance. 



CHAPTER 3 

EXPERIMENTAL PROCEDURE AND METHODOLOGY 

Procedure 

Selection of Subjects 

Subjects were recruited from the area surrounding NASA-Ames 

Research Center, Moffett Field, California. Each subject passed a 

physical examination used for the selection of NASA Class I I I Payload 

Specialists prior to participation. This study included eighteen 

healthy men between the ages of 29 and 51 years. Participants selected 

for this study were voluntarily recruited from applicants desiring to 

participate in a scheduled bedrest project entitled "Athletic Condi

tioning and Repeated Weightlessness Exposures. 11 The experiments 

included in this dissertation were conducted four weeks prior to the 

start of the bedrest investigation. Subjects were asked to maintain 

their routine of daily activities without altering the duration or 

intensity of physical training throughout this four week period. 

Participants were asked not to exercise 24 hours prior to testing. 

Peak Oxygen Uptake Testing 

Subjects were instrumented with three ECG electrodes positioned 

on the chest in the standard V5 configuration and a sphygmomanometer 

was positioned around the right brachium prior to treadmill testing. 

Each subject performed a standard Bruce protocol (Figure 3) on a 
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treadmill (21). Each exercise stage duration was three minutes in 

duration. Treadmill work was intensified by increasing both treadmill 

speed and grade at the end of each stage. An initial speed of 1.7 miles 

per hour (mph) was increased by no more than 0.9 mph per stage. The 

initial 10% grade was raised by 2% at the end of first stage and addi

tional 2% grade elevations were applied at the end of each subsequent 

stage. Oxygen uptake was measured during the last 30 sec of the final 

two or three treadmill stages in order to ensure measurement of peak 

oxygen uptake. Peak oxygen uptake was measured in the final 30 sec of 

treadmill work immediately prior to volitional test termination. Tests 

were terminated when subjects could no longer maintain or increase work 

rate after receiving verbal encouragement. Subjects wore a head appara

tus which held an Otis-McKerrow breathing valve, mouthpiece, and connec

tive tubing necessary to measure ventilation and collect 0.5 1 of 

sample of expired gas. 

Body Composition Determination 

The percentage of body fat of each subject was calculated using 

the densitometric method described by Brozek et al. (63). An initial 

nude body weight was measured while the subject stood on a balance 

scale. The subject then entered the water, performed a maximal volun

tary expiration, and then the subject rested quietly under the surface 

of the water while his weight was measured to +50 grams. Repeated 

(4-8) underwater measurements were performed in order to establish the 

greatest consistent weight. During the pre-participation physical 

examination, vital capacity of each subject was measured by spirometry. 
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Body density was calculated using a two-component body density equation 

from the residual lung volume (estimated from vital capacity), standing 

nude weight, and greatest consistent underwater weight. 

Lower Body Negative 
Pressure Tests 

Subjects in a post-absorptive state reported to the Biomedical 

Research Division, NASA-Ames Research Center at least two hours prior 

to testing. Subjects were dressed in gym shorts and allowed to rest 

in the supine position for the following instrumentation. At least 30 

minutes prior to LBNP testing, each subject had a 21-gauge needle with 

polyethylene catheter introduced into an antecubital vein of the left 

upper extremity. Patency to this catheter was maintained after needle 

removal by occasional flushings with heparinized saline. Depending on 

the experiment being conducted, the catheter was used to; (1) introduce 

placebo or drugs which altered autonomic nervous function; (2) remove 

blood samples during LBNP testing; and (3) act as a precautionary 

intravenous site in case of a medical emergency. The skin on the chest 

was prepared for placement of three disposable electrocardiographic 

(ECG) electrodes. These electrodes were positioned in the standard V5 

configuration and were used in the ECG measurement of heart rate. 

Doppler transcutaneous flowmeters were secured with tape over bilateral 

temporal arteries to allow medical personnel to monitor LBNP-induced 

changes in the velocity of the temporal arteries. The skin of the 

supine resting subject was then prepared for placement of ten disposable 

ECG electrodes which were used for measurement of impedance 
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plethysmographic indices of lower body blood pooling and flow. Elec

trodes were placed on bilateral anterior deltoid muscles; anterior 

pelvis (adjacent to the medial aspect of the anterior superior iliac 

spine); anterior quadriceps femoris muscle (approximately one-half the 

distance between the knee and the hip); adjacent and posterior to the 

lateral malleoli; and on the dorsum of the feet over the distal meta

tarsals. A pen with permanent ink was used to mark the skin immediately 

adjacent to the electrodes. This was performed in order to maintain 

day-to-day consistency in electrode placement. While the subject rested 

in the supine position, repeated leg circumference measurements were 

recorded at three centimeter intervals between the ankle and mid-thigh 

electrodes. Circumferences were also measured at the waist, at the 

level of the umbilicus and mid-gluteal region. These measurements 

were used to calculate resting geometric volumes for the pelvic-mid

thigh and bilateral mid-thigh-leg body segments. These volumes were 

used in impedance plethysmographic measurements. 

After instrumentation, the subjects were assisted into the 

supine position within the plexiglass LBNP chamber. An arterial 

pressure microphone was secured with tape on the medial aspect of the 

uncatheterized arm between the biceps and triceps brachia muscles. This 

microphone was used to record brachial artery Korotkoff sounds. A 

blood pressure cuff was secured around the arm over the microphone. 

This upper extremity was then positioned at the level of the heart on 

a 5upport. A foam-padded saddle was used to stabilize the subject in 

the LBNP environmental chamber. The saddle was adjusted to comfortably-
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support the subject and prevent LBNP-induced movement of the subject. 

The saddle post length was recorded and the same length was used for 

that subject during all LBNP tests. This ensured day-to-day consistency 

in the volume of the lower body exposed to decompression. A nylon 

skirt and velcro belts were used to secure an airtight seal between the 

chamber and the waist of the subjects (identified by the iliac crest). 

The subject then underwent a momentary exposure (5-10 sec) to 

-50 torr LBNP to check for pressure leaks and saddle comfort. Imme

diately prior to LBNP testing the subject and chamber were rotated 30 

degrees to the subject's left. Positioning the subject in the right 

anterior oblique position allowed the heart to move away from under the 

sternum which provides optimal echocardiographic measurements (3). 

Echocardiographic dimensions were recorded during each stage of LBNP 

exposure by a hand-held transducer placed over the left sternal border 

at the fourth or fifth intercostal space. 

The LBNP protocol was modified from previous investigations 

(77,80). This protocol (Figure 4) was initiated by five minutes of 

resting control measurements (PreLBNP). PreLBNP was followed by a 

3-minute period during which the ambient barometric pressure in the 

environmental chamber was reduced by 30 torr. Decompression below the 

waist was then increased to -50 torr, relative to ambient barometric 

pressure, for five minutes. Supplemental increments of -10 torr every 

5-minutes were added until test termination. Cessation of LBNP tests 

were based on: (1) completion of 5-minutes at -100 torr; (2) onset of 

presyncopal symptoms such as a precipitous decrease in systolic 
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pressure greater than 15 torr between 30-second measurements and/or a 

sudden bradycardia greater than 15 beats per minute; (3) progressive 

diminution in systolic pressure below 80 torr during a 30-second 

measurement; or (4) at the subject's request because of distress such 

as dizziness, nausea or discomfort. On only one occasion during the 

58 LBNP exposures performed during this investigation was the fourth 

termination criteria used and on no occasion was the first criteria 

used. 

During the final minute of each LBNP test stage heart rate, 

systolic and diastolic pressures, impedance measurements of lower body 

blood flow and volume as well as echocardiographic representations of 

left ventricular dimensions were measured and analyzed as mean one 

minute samples. 

All subjects underwent two graded presyncopal-limited LBNP 

exposures on each test day. Exposures were separated by a 30-45 

minute supine rest period. A 30-minute rest period was determined 

(NASA technical reports) sufficient to allow cardiovascular variables 

to return to baseline values. Eleven subjects underwent two days of 

LBNP exposures which were separated by two weeks. Immediately prior 

to the initial LBNP exposure on each test day these subjects received 

a 5-ml injection of sterile saline. Before the second test these 

subjects were treated with atropine or propranolol. The order of drug 

administration was unknown to the subjects. In these subjects, plasma 

volume measurements were performed on the day before LBNP testing. 



Seven subjects underwent two LBNP exposures on one test day. 

These subjects received identical instrumentation as the previous 

eleven subjects but no drug or placebo injections were given through 
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the venous catheter. The measurement of plasma volume in these subjects 

were conducted immediately after instrumentation. approximately 45 

minutes prior to LBNP testing. 

Plasma Volume Measurement 

Plasma volume was measured at rest utilizing a modified Evans 

blue dye dilution method (48). After a pre-injection 5-ml blood sample 

was drawn from the antecubital catheter. a precisely weighed amount 

of Evans blue dye was injected into the catheter. To ensure a complete 

delivery of the dye into the vasculature. an injection of approximately 

5 ml of saline immediately followed the injection of dye. After a 10-

minute dilution period, a 5-ml blood sample was again drawn from the 

venous catheter. 

Methods 

LBNP Tolerance 

Peak LBNP was defined as the final decompression test stage 

entered prior to test termination. A cumulative stress index (CSI) 

for each decompression exposure was calculated by summing the products 

of LBNP (torr) and exposure time (min) for each LBNP test stage 

entered (71,80). In Chapters 5-7 of this dissertation, subjects were 

categorized into high (HT) and low (LT) tolerance groups based on a 

CSI criterion of 640 torr min which was measured during the first 



LBNP exposure (Figure 4). This criterion was equal to entrance into 

the -70 torr LBNP test stage. This stress intensity was based on 

previous investigations which reported -60 torr LBNP to frequently 

result in syncope (78,111). 

Heart Rate 
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Heart rates were measured with a Hewlett-Packard monitor 

(model 78203A). This monitor provided a digital display of the 

beat-to-beat heart rate from the R-R interval of the ECG signal 

recorded from electrodes positioned on the subjects chest in the 

standard V5 configuration. Heart rates were measured every 15 seconds 

and recorded by a Vidar Autodata magnetic tape system. Heart rates 

were averaged and one-minute samples were reported. 

Blood Pressures 

Systolic and diastolic pressures were recorded every 30 seonds 

using a L. M. Electronics automated system (model BAA-40W). A micro

phone recording of Korotkoff sounds from the right brachial artery were 

superimposed upon the graphic representation of the calibrated descend

ing brachial cuff pressure ramp using a nine channel Brush recorder. 

Transcriptions of first and fourth Korotkoff sounds were used to identi

fy systolic and diastolic pressures, respectively. Systol ic and 

diastolic pressures were recorded by a Vidar Autodata magnetic tape 

system. Mean arterial pressure was calculated as the sum of systolic 

and twice the diastolic pressures divided by three (83). Blood pressure 

measurements were mea ned and presented as one-minute values. 
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Echocardiography 

A Hewlett Packard Ultrasound Imaging System (model 77020A) 

using M-mode scanning was employed to record left ventricular dimensions 

following the procedure described by Popp and Harrison (89). Dimensions 

were measured during each LBNP test stage and immediately prior to test 

termination. The transducer of this instrument produces 1000 pulses per 

second at 2.25 mega Hertz. The transducer acts as a sound transmitter 

for 1 msec, and as a sound receiver for the remaining 999 msec until a 

subsequent pulse is transmitted. Measurements were recorded from a 

standard transducer placement in the fourth or fifth intercostal space 

at the sternal border. Left ventricular dimensions were measured from 

the endocardial echo of the posterior left ventricular wall to the 

endocardial echo of the left side of the interventricular septum (Figure 

5) • Dimensions were measured at the end of systole and diastole. The 

mean dimensions from at least three cardiac cycles were used to deter-

mine ventricular volumes. 

Popp and Harrison (89) reported that previous angiographic 

investigations suggested the shape of the left ventricle to approximate 

a prolate elipse. End-diastolic and end-systolic dimensions were used 

in the following equation to compute ventricular volumes at the end 

of systole and diastole, respectively: 

v = (1T /6) x K x D3 
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Where: 

V Ventricular volume 

D M-mode echocardiographic dimension 

K 2.0 (a constant proportional to the length of the left 

ventrical's long axis) 

7T = 3.14159 
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This calculation assumes that the shape of the ventricle is a 

prolate (elongated) elipse. This determination of a ventricular volume 

assumes that the relationship between chamber length and diameter 

remains constant during systole and diastole. An angiographic investi

gation determined a mean ratio of diastolic length to diameter to be 

1.9, whereas the systolic length to diameter ratio averaged 2.3 (97). 

A constant (k = 2.0) has been determined to represent a length-diameter 

ratio throughout the cardiac cycle. Stroke volume can be calculated 

as the difference between the end-diastolic and end-systolic volumes 

using the equation (89): 

Where: 

SV EDV ESV 

SV = Stroke volume 

EDV = End-diastol ic volume 

ESV = End-systol ic volume 

Dd = End-diastolic dimension 

Ds = End-systolic dimension 



K 2.0 (a constant proportional to the length of the left 

ventricle's long axis) 

~ = 3.14159 

The error of this method compared to angiography for normal 

subjects has been reported as 10% and has demonstrated a strong 

correlation (r = 0.996) with stroke volumes simultaneously measured 
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by the standard Fick method (89). Left ventricular ejection fraction 

was calculated by dividing stroke volume by end-diastolic volume. The 

product of stroke volume and heart rate was used to determine cardiac 

output. 

Impedance Plethysmography 

Measurements of baseline and pulse resistances were measured 

using a tetrapolar Beckman Impedance Rheograph (model BR-100). At the 

beginning of each day of testing, baseline impedance on the two 

plethysmograph channels were calibrated using known resistances. The 

pelvic-midthigh channel was calibrated with 15 and 50 ohms, whereas 

the midthigh-leg channel used 50 and 150 ohms. During LBNP exposures, 

baseline resistances were recorded by a Vidar Autodata magnetic tape 

system at 30-second intervals. This instrument sends a high frequency 

(100.4 KHz), low amperage (0.7 rnA R.M.S.) electrical current between 

the injecting electrodes located on the anterior deltoids and dorsum 

of the feet. The skin acts neither as a resistor or capacitor when 

conducting this high-frequency, low-amperage alternating current (85). 
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The inner six pairs of receiving electrodes define the pelvic-

midthigh and midthigh-leg volume segments as previously described 

by Montgomery (77). The voltage difference between the constant 

current injected at the feet and shoulders and the voltage measured 

by the receiving electrodes is due to the resistance of the tissue 

between the receiving electrodes. This resistance is directly 

related to the length between receiving electrodes and is inversely 

proportional to the cross-sectional area of the limb. The Nyboer (85) 

model for the claculation of impedance limb volume treats the con-

ductive tissue between the receiving electrodes as a resistivity 

factor which can be converted into volume measurements. Whole blood 

with a hematocrit of 45 has demonstrated a resistivity of 150 ohm-cm 

(85). Baseline resistance records were analyzed to determine a 

segment electrical volume index during each LBNP stage using the 

following equation (85): 

Ve = ----
RO 

Where: 

Ve = Volume of the segment determined by impedance 
plethysmography (ml) 

p = Resistivity of whole blood (150 ohm· cm) 

L Length of the segment (cm) 

RO Baseline resistance of the segment (ohms) 



Inter-subject variability in the resistance factor may be 

great because of individual differences in subcutaneous fat, muscle 

muss, and hematocrit. A method has been developed by Montgomery 
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(64,70) to better quantify the impedance measurement of I imb volume. 

This method calculates an effective resistivity factor for each subject. 

This factor is determined by equating the electrical volume to the 

anthropometrically determined resting geometric volume. The product 

of the segment volume measured by impedance plethysmography (Ve) and 

resistivity factor (p) was considered proprortional to the geometri

cally determined resting volume (Vg) and effective resistivity factor 

(q) using the equation, Ve x p = Vg x q. 

Since Ve, p, and Vg are measured or known, the individual's 

effective resistivity factor (q) can be determined by a restatement 

of the same equation: 

q 
Ve x p 

Vg 

Use of the effective resistivity factor allows impedance 

plethysmographic measurements to be quantitatively similar with other 

methods of plethysmography. During orthostasis, this technique was 

highly correlated (r = +0.99) with Whitney strain gauge measurements 

of leg volume (70). 

The anthropometric circumference measurements recorded during 

instrumentation of the subject were used to approximate a geometric 
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volume for the midthigh-leg segment. This equation assumed the 

midthigh-leg segment had the shape of a cylinder: 

Vg (M-L) 

Vg (M-L = L x (C 2 / 4v) 

Where: 

Vg (M-L) Geometric volume of the bilateral midthigh-leg 

segment (ml) 

L Length between the receiving electrodes defining 

the midthigh-leg segment (cm) 

r = radius of the mean midthigh-leg measurement (cm) 

C Mean circumference measurement of the midthigh-leg 

segment (cm) 

v = 3.14159 

The geometric volume of the pelvic-midthigh segment was 

approximated using the following model. The pelvic volume was repre-

sented by a large cylinder. The two midthigh volumes were represented 

by two cylinders. The equation used to approximate the pelvid-

midthigh volume was: 

2 2 Vg (P-M) = (L /6v) x (t + c ) 
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Where: 

Vg (P-M) = Geometric volume of the pelvic-midthigh segment 

(ml) 

L = Length between the receiving electrode defining 

the pelvic-midthigh segment (cm) 

t = Mean of the waist and midguteal circumferences (cm) 

c = Mean of the right and left midthigh circumferences 

recorded at the midthigh electrode (cm) 

1T = 3.14159 

Impedance Rheography 

An impedance rheographic technique was used to measure blood 

flow in the pelvic-midthigh and midthigh-leg segments. Initially, the 

volume of blood entering into the segment per heart beat was measured. 

A linear extrapolation of the end systol ic slope was determined from 

the pulse resistance record (Figure 6). The vertical height, was 

measured from the intersection of the back extrapoation along a verti-

cal line formed at the initiation of the systolic pulse curve (4,85, 

114). This vertical displacement or change in resistance (~R) is 

proportional to the amount of blood entering the segment during each 

heart beat (85). Pulse volumes were then calculated for the midthigh-

leg and pelvic-midthigh segments using an equation derived for the 

Beckman BR-100 (114): 

-6 2 Pv = p x 10 x 6R x L x K 
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Where: 

Pv Systolic pulse volume (ml) 

p = Resistivity of blood (150 ohm.cm) 

~R = Change in resistance measured through back extrapolation 

of the analog pulse curve (mm) 

L Length between the receiving electrodes (em) 

K = Internal scaling factor (ohm- 6• mm- 1) 

The average pulse volume (APV) was defined as robust mean of 

seven pulse volumes. Segment blood flow was calculated by multiplying 

the APV by heart rate. Both APV and blood flow have been expressed 

per 100 ml of geometric volume in order to minimize intersubject 

variations in size. 

Plasma Volume 
Determination 

Plasma volume (PV) was measured using a modified Evans blue 

dye dilution method (48). After a 30-minute rest in the supine 

position, an initial 5-ml blood sample was drawn from an antecubital 

venous catheter. Immediately following this withdrawal, a precisely 

weighed amount of 0.5% (4.54 mg per ml) aqueous stock dye solution 

(Harvey Laboratories, Inc., Philadelphia, PA) was injected into a 

superficial antecubital vein on the uncatheterized arm. The exact 

amount of dye injected was determined from the measured weight of the 

syringe and 21-gauge needle before and after the injection of dye. 

Following a 10-minute dilution period, a 5-ml blood sample was drawn 
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from the venous catheter. The blood samples were drawn slowly into 

heparinized tubes and plasma samples were separated from red cells by 

centrifugation at 3,000 g for 12 minutes. 

The procedure for treatment of plasma samples, the determina

tion of the subject's Evans blue dye concentration and the subsequent 

computation of plasma volume were performed in the following manner 

(24) • 

The Evans blue stock standard was prepared by diluting 1 ml of 

commercial (0.5%) stock dye preparation to 50 ml with distilled water. 

The internal standard was prepared with 0.2 ml of Evans blue diluted 

standard solution mixed with 2 ml of control plasma. The quantity of 

Evans blue recovered from the plasma mixture was analyzed spectro

photometrically and served as the internal standard. The internal 

standard and plasma samples Were mixed thoroughly with 15 ml of Teepol

phosphate, a detergent that displaced the dye from protein. The 

mixture was transferred gently onto a pulp column prepared with Solka

Floc sw-40A (Brown Co., Boston, MA). The column was rinsed with 5 ml 

of Teepol-Phosphate. Interfering substances such as protein, pigments, 

and chylomicrons were washed from the column with 2% disodium hydrogen 

phosphate. With this technique, any additional interference due to 

hemolysis can be minimized or eliminated completely. The flow rate 

of the eluate in the chromatographic columns were regulated with a 

stopcock to about one drop per second. The dye was then eluated from 

the column with a freshly prepared alkaline acetone-water mixture 

(1:1) without adjustment of pH. The light absorption of plasma blanks, 
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standards, and the dye recovered from plasma was measured at 615 mu 

using a Beckman DU-2 spectrophotometer. The plasma volume was calcu

lated from the following equation: 

Where: 

EBi x Estd X V 
PV (m 1) 

Epl x EBstd x 1.03 

Ebi = weight in grams of Evans blue dye injected 

Estd absorbance of Evans blue extracted from the plasma 

standard mixture 

V volume of plasma used for determination of standard 

(m1) 

Epl = absorbance of Evans blue extracted from the subject's 

plasma sample 

EBstd = the amount of Evans blue added to the internal standard 

(ml of Evans blue x 1/50 x 0.2) 

1.03 the corrections for the estimated 3% Evans blue absorbed 

by the tissues during the 10-minute dilution period 

Percent changes in plasma volume (%6PV) were calculated from 

changes in the corrected hematocrit according to the formulas described 

by van Beaumont et a1. (116,117): 

(100/(100 - Hct pr)) x 100(Hct pr - Hct po) 

MPV Hct po 
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Where: 

PV = plasma volume 

Hct hematocrit 

pr = pre-treatment or control sample 

po post-treatment sample 

Total blood volume (TBV) was calculated from the PV value and 

hematocrit using the following equation (25): 

100 
TBV (ml) = PV x --------

100 - (0.91 x Hct) 

Where: 

0.91 = correction factor for venous/total body hematocrit (22). 

The validity of this technique has been established against 

the 1311 technique (49). PV measured by the Evans blue dye technique 

was consistently lower than those values measured using 131 I. The 

difference appears to be due to more 1311 leaving the vascular space 

and being sequestered by tissues. 

Chemical Analysis 
of Blood Samples 

After the venous catheter was cleared by withdrawing 1-2 ml of 

blood into a disposable syringe, a 10-ml venous sample was withdrawn 

into a second disposable syringe for distribution. Immediately after 

withdrawal, 3 heparinized microcapillary tubes were filled for 

determination of hematocrit and 4 ml of whole blood was placed into a 
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chilled tube with EDTA, while the remaining 6 ml Was deposited in a 

chilled heparinized collecting tube. Both whole blood samples were 

placed on ice and immediately transported to be centrifuged (2000 G) 

for 30 minutes at 4°c. The protocol for blood sample analysis is 

outlined below: 

+ 
Hct 
15 micro
liters 

Hematocrit 

Whole Blood (10 ml) 

oJ. 
Heparinized Tube 
4 ml 

+ 
Centrifugation 

+ 
Plasma Removed 

+ 
-200 C Plasma Frozen 

+ 
Thawed at 4°c 

+ 
Plasma Renin 
Activity and 
Vasopressin Analyses 

• 
-I-

EDTA Tube 
6 ml 

+ 
Centrifugation 

+ 
Plasma Removed 

+ 
-70°C Plasma Frozen 

+ 
Thawed at 4°c 

+ 
Norepinephrine 
Analysis 

Immediately following whole blood withdrawal, 3 heparinized 

microhematocrit tubes were centrifuged at 3,000 g for 12 minutes. 

Packed cell volume was measured with an International Microcapillary 

Reader (model CR, International Equipment Co., Needham Heights, MA). 

Hematocrits were corrected for venous to whole body hematocrit by 

mUltiplying by 0.91 (21). 



Plasma Vasopressin 

The concentration of plasma vasopressin (pVp) was determined 

following the radioimmunoassay method described by Keil and Severs 

(62). An outline of the vasopressin extraction and assay procedures 

are presented graphically in Figure 7. 
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The vasopressin extraction was performed following the proce

dure described below. The plasma samples which had been collected 

in EDTA tubes were thawed at 4°C. One ml of plasma from each collect

ing tube was transferred into separate tubes containing 0.5 ml of 1 

N Hcl. Three mg of bentonite (mixed thoroughly in 1 ml of water) was 

added to each sample and the tubes were mixed by gentle rocking for 

20 minutes. The tubes were then centrifuged at 2000 g for 20 minutes. 

The supernatants were then removed and discarded. Next, 1 ml of 

80% acetone and 20% N HCl solution was added to each tube and mixed 

by vortexing for 30 seconds. The tubes were then centrifuged at 2000 

g for 10 minutes. The supernatants were then transferred into tubes 

containing 1 ml of petroleum ether. The tubes were then mixed briefly 

by vortexing, and allowed to stand for 10 minutes. The upper (ether) 

phase was then decanted and discarded while the lower phase was placed 

under a gentle stream of compressed air ov~rnight to dry. The tubes 

were then sealed and stored at -20 degrees C until thawing for the 

assay procedure. 

The assay procedure for vasopressin determination started with 

the preparation of standards. All dilutions of arginine vasopressin 

(AVP) standards were made with 0.05 M phosphate buffer, pH 7.4, con

taining 0.125% bovine serum albumin (Sigma Co.), 0.01% Sodium axide 



RADIOIMMUNOASSAY FOR PLASMA VASOPRESSIN 

BLOOD SAMPLE 

+ 
HEPARIN+ CENTRIFUGE@ 4°C 

FREEZE+PLASMA 

• THAW PLASMA 

* ABSORB AVPc BENTONITE 

+ 
CENTRIFUGE AND DISCARD SUPERNATANT 

ELUTE PRECIPITA~EC ACID ACETONE 
+ -

DRY@ 37°C 
+O.Sml ASSAY BUFFER, pH= 7.4 

• 0.2ml EXTRACT 
0.1ml AVP ANTISERUM 
0.1ml ASSAY BUFFER 

• 24 hr INCUBATION @ 4°C 

+ 
0.1ml [125 I] IODO-AVP 

~ 
4 DAYS INCUBATION@ 4°C 

+ 
0.1ml RABBIT SERUM 

0.4ml ANTI-RABBIT GAMMA GLOBULIN 

~ 
24 hr INCUBATION@ 4°C 

+ CENTRIFUGE AND DISCARD SUPERNATANT 
COUNT PRECIPITATE 

AVP 
EXTRACTION 

ASSAY 
PROCEDURE 

+ COMPAREcSTANDARD CURVE----~ AVP (pg/ml) 

Figure 7. Vasopressin Extraction and Assay Procedure. 
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and 0.001 M EDTA. Standards were prepared from serial dilutions of 

stock solutions containing 1 microgram AVP per m1. All standards were 

assayed in quadruplicate with each incubation tube containing 0.1 m1 

of standard, 0.1 m1 [1251] iodo-AVP and 0.2 m1 assay buffer. 

The assay procedure was initiated by thawing dried plasma 

extracts at 4°C and reconstituting samples of 0.5 m1 with AVP assay 

buffer. Duplicate 0.2 m1 a1iquots of extract were then transferred 

to individual incubation tubes containing 0.1 m1 antiserium and 0.1 

m1 of assay buffer. After a 24-hour incubation period at 4°c, 0.1 m1 

of [125 1] iodo-AVP was added to all assay tubes and tubes were then 

incubated for an additional 4 days at 4°c. Separation of bound from 

free hormone was accomplished by adding 0.1 m1 of a 1:20 dilution of 

normal rabbit serum and 0.4 m1 of diluted goat antirabbit gamma globu

lin (Antibodies Inc., Davis, CAl befo~e incubation at 4°c overnight. 

The tubes were then centrifuged (2000 g) fro 20 minutes at 4°C and a 

0.5 m1 a1iquots of supernantant Were transferred into tubes for gamma 

counting. Gamma counting of the supernantant was performed using a 

well-type solid-cyrsta1 scintillation counter, Searle Automated Gamma 

System (model 1197). 

The mean recovery of known quantities of vasopressin after 

extraction have been reported as 62% whereas the within-assay coeffi-

cient of variation was 9% and between assay variation was reported as 

12% (119). 



Plasma Renin 
Act ivi ty 
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Plasma renin activity (PRA) was determined using a New England 

Nuclear Radioimmunoassay kit (Cat. No. NEA-026,022) following the 

method described by Haber et al. (50). An overview of the method is 

presented below while Figure 8 graphically describes this procedure. 

Ten microliters of dimercaprol solution and 10 microliters of 

8-Hydroxyquioline solution were added to 1 ml of thawed plasma stored 

in EDTA and mixed by 'Iortexing. Two ml of pH 6.0 malate buffer were 

added to each sample and vortexed thoroughly. One ml aliquots were 

transferred into two tubes. One tube was incubated at 37°C for 

exactly 1 hour, while the second tube remained in an ice bath (4°c) 

for the same incubation period. Both 37°C and 4°C tubes were cooled 

in an ice bath being stored at -20oC. On a separate day, samples 

were thawed at 4°c while standards were prepared. 

Standards were prepared as follows: 1) blanks (tubes 1 and 

2) were filled with 500 microliters of assay buffer and 100 microliters 

of 5% bovine serium albumin (BSA); 2) "Zero" standard (tubes 3 and 4) 

were filled with 100 microliters of 5% BSA; 3) standard 1 (tubes 5 and 

6) contained 100 microliters of 0.1 ng/ml standard; 4) standard 2 

(tubes 7 and 8) contained 100 microliters of 0.25 ng/ml standard; 

5) standard 3 (tubes 9 and 10) contained 100 microliters of 0.50 ng/ml 

standard; 6) standard 4 (tubes 11 and 12) contained 100 microliters 

of 1.0 ng/ml standard; 7) standard 5 (tubes 13 and 14) contained 100 
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RADIOIMMUNOASSAY FOR PLASMA RENIN ACTIVITY 

BLOOD SAMPLE 

+ EDTA +CENTRIFUGE@ 4°C 

+ 
FREEZE PLASMA 

+ THAW PLASMA@ 4°C 

1ml PL~ASMA 
+101-ll DIMERCAPROL (BAL) 

+101-liS-HYDROXYQUINOLINE 
+2ml MALEATE ·BUFFER, pH= 6.0 

! 
I I 

1ml REMAINDER 

I I 
1 hr@ 37°C 4°C 

I 
4°C 

I 
1001-ll EXTRACT 1001-l L EXTRACT· 

I I 

5001-ll ANTISERUM 

+ 
1001-ll ANGIOTENSIN I [125 I] 

+ INCUBATE 18-24 hr@ 4°C 

~ 
ADD CHARCOAL, CENTRIFUGE 

. ~ 

COUNT SUPERNATANT 

~ 
COMPAREcSTANDARD CURVE 

+ [ng/ml/hr] @ 37°C- [ng/ml/hr] @ 4°C = PRA 

Figure 8. Plasma Renin Activity Assay Procedure. 

ANGIOTENSIN 
GENERATION 

ASSAY 
PROCEDURE 



59 

microliters of 2.5 ng/ml standard; 8) standard 6 (tubes 15 and 16) 

contained 100 microliters of 5.0 ng/ml standard. 

One hundred microliter aliquots of the first plasma sample 

incubated at 37°C was pipeted into two tubes (tubes 17 and 18). Tubes 

19 and 20 contained 100 microliters of the corresponding 4°c sample. 

Sequential samples were transferred in dupl icate follm .... ing the same 

procedure. One hundred microliters of tracer solution was then 

pipeted into all tubes. Five hundred microliters of antiserum was 

pipeted into all tubes, except tubes 1 and 2, and the solutions were 

mixed by vortexing. All tubes were then incubated at 4°c for 24 

hours. After incubation, 1.0 ml of charcoal suspension was pipeted 

into each tube and mixed by vortexing. Tubes were centrifuged (2000 

g) at 4°C for 15 minutes. The supernatants were then decanted into 

fresh tubes for counting. Counts of the tubes containing supernatant 

were performed in s~quence using a well-type solid-crystal scintilla

tion counter, Searle automated Gamma System (model 1197). 

The percent blood [1 25\] iodo-angiotensin \ was determined 

by the following equation (50): 

average net counts of standard or sample 
Normalized % bound = --------------------------------------- x 100 

average net counts of Ilzeroll standard 

The determination of amount of angiotensin \ in ng for each 

plasma aliquot was interpolated from the standard curve. PRA 

(ng/ml/hour) was calculated by mUltiplying the difference between the 

37°C and 4°C sample concentration by 30. 



Plasma Norepinephrine 

Plasma concentration of norepinephrine was determined using a 

coupled liquid chromotography with electrochemical (LCEC) method as 

described by Goldstein (45). Heparinized plasma samples stored at 

o 40 -70 C were thawed at C. Samples were analyzed in duplicate using 

1-ml aliquots. The liquid chromotography-electrochemistry (LCEC) 

analyzer (Bioanalytical Systems, Inc.) is a high resolution solution 

separation system. 

Initially, 25 milligrams of acid washed alumina and 50 micro-

liters of 5 mM sodium metabisulfite Were added to freshly .thawed l-ml 

plasma samples. To this were added 50 microliters of 10 ng/ml DHBA, 

the internal standard; and 400 microliters of 1M Tris-2 gm% EDTA which 

has been adjusted with HCl to a pH of 8.6. The sample was shaken for 

ten minutes, centrifuged, and the supernatant discarded. The alumina 

was washed twice with 1.5 cc water and catecholamines were then 

described with 100 microliters of 0.1 M perchloric acid containing 

0.1 mM sodium metabisulfite. The tube was mixed gently by vortexing 

so not to inject particles of alumina, and centrifuged. Fifty ml of 

the supernatant were injected onto the LCEC column. 

Mobile phase was provided by a constant-flow (1.0 ml/min), 

reciprocating piston pump to a standard six-port injection valve, 

where samples were introduced. Electrochemical detection is based 

on a controlled potential amperometry. A predetermined potential 

difference (+0.72 V, determined by the redox behavior of norepine-

phrine) was applied between the reference and working electrodes. 
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The applied potential served as a driving force for the electrochemical 

reaction. As an oxidizable solute (norepinephrine) passed into the 

flow cell from the column, solute molecules immediately adjacent to 

the electrode surface became oxidized by the applied potential. The 

resulting current was monitored as a function of time. Since the 

rate of material conversion by the electrochemical reaction was propor-

tional to the instantaneous norepinephrine concentration, the current 

was directly related to the amount of norepinephrine eluated as a 

function to time. 

Plasma norepinephrine samples were analyzed at Stanford 

University under the direction of Robert Kates, Ph.D. Correlations 

between the LCEC and catechol-o-methyl-transferase radioenzymatic 

(COMT-RE) determined concentrations on the same sample have been 

reported as r = 0.99 (45). 

Peak Oxygen 
Uptake 

The flow of expired gas through an Otis-McKerrow respiratory 

valve was measured by a Parkinson-Cowen high-velocity, low-resistance 

flowmeter (model CD-4). The gas meter was previously calibrated with 

a Tissot tank using a steady flow technique. During the final 30 

seconds of each treadmill work stage (Figure 3), and during the last 

30 seconds of the test immediately prior to test termination, venti la-

tions were measured and an expired gas samp~e (0.5 1) was drawn by a 

vacuum pump into an evacuated two liter anesthesia bag. The concen-

trations of oxygen and carbon dioxide were measured using a 
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Perkin-Elmer mass spectrometer (model 1100). The gas analyzer was 

calibrated with a standard gas analyzed by the Scholander technique 

(99) prior to testing. Oxygen uptake was calculated using the Haldane 

transformation described by Wilmore and Costill (121): 

[ 

1 - (Fe02 + FeC02 1 
v02 = Ve x ----------'- x 0.2093 - (Ve x Fe02 0.7903 

Where: 

V0 2 Oxygen consumption (1 /mi n) 

Ve Rate of expired ventilation (l/min) STPD 

Fe0
2 

Fraction of oxygen in expired gas sample 

FeC02 Fraction of carbon dioxide in expired gas sample 

0.2093 Fraction of oxygen in inspired air 

0.7903 Fraction of carbon dioxide in inspired air 

Body Composition 

The percentage of body fat of each subject was determined 

using a densitometric method described by Brozek et al. (20). Body 

density was initidlly calculated using the following equation: 

Wa 
Db 

[(Wa - Ww)/Dw] - RV 

Where: 

Db Density of the subject's body (gm/ml) 

Wa = Mass of the nude subject weighed in air (kg) 



Ww = Greatest consistent mass of the subject weighed under-

water (kg) 

Dw Density of the water (gm/ml) 

Rv = Residual lung volume (1) 

Rv was estimated from vital capacity using an equation modi-

fled from Gaens1er and Wright (42): 

Rv = 0.314 x vital capacity 

Percent body fat was then calculated from body den~ity using 

a two compartment model (20): 

% SF = [ 
4.570 1 - 4.142 x 100 

Db 

Where: 

% SF = Percent body fat 

Db = Density of the subject's body 



CHAPTER 4 

ASSOCIATION OF PEAK AEROBIC CAPACITY WITH CARDIOVASCULAR 
RESPONSES DURING SIMULATED ORTHOSTASIS 

Introduction 

orthostatic intolerance is commonly manifested by the onset 

of presyncopal symptoms during exposure to passive tilt, acceleration, 

lower body negative pressure (LBNP), or prolonged motionless standing 

(26,64,65,67,71,73,77,91). Several investigations have demonstrated 

that over a wide range of maximal oxygen uptakes (V02 max), endurance

trained subjects, identified by high V02 max values, display reduced 

orthostatic tolerance (64,71,73,91,109). These cross-sectional rela-

tionships have suggested endurance training induces circulatory 

adaptations which may be responsible for diminished orthostatic 

tolerance. Luft et al. (71) concluded that IIrunnersll had a greater 

tendency for fluid accumulation in the legs than "nonrunners" during 

an orthostatic exposure. 

Although Mangseth and Bernauer (73) reported no relationship 

between fainting and leg blood pool ing, they suggested that endurance-

trained fainters displayed a IIfundamental difference in the regulation 

of total peripheral resistancell compared to active controls. Stegemann 

et al. (109) noted a reduced carotid baroreceptor responsiveness in 

endurance-trained athletes during cervical transmural pressure 

exposures. Recently, Raven et al. (91) observed a diminished 

64 
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tachycardia per change in systol ic pressure in Ilfitll subjects compared 

to Ilaverage fitll controls during submaximal lower body negative pres-

sure (LBNP) exposure. 

Contrary to these cross-sectional observations, Convertino 

et al. (z6) demonstrated a training-induced increased in VOz max of 

8.3% without a reduction in tilt table tolerance. These authors 

suggested that genetic predisposition may have a considerable influence 

on blood pressure regulation and activity preference. 

The initial purpose of this investigation was to test the 

hypothesis that orthostatic tolerance was inversely related to peak 

oxygen uptake. The fundamental purpose was to identify possible 

mechanisms which may account for differences in LBNP-induced cardio-

vascular adjustments among groups of subjects who were categorized 

based on a peak oxygen uptake criterion. 

Methods 

Eighteen healthy males, ages Z9-51 years, gave informed 

written consent to participate as subjects in this investigation. 

Within an eight day period, each subject underwent tests for 

determination of peak oxygen uptake (peak VOz), body composition, 

plasma volume, and two graded exposures to LBNP. Subjects were 

asked to refrain from strenuous exercise z4 hours prior to all testing. 

LBNP trials and peak VOZ determinations were conducted on separate 

days. 
. . -1 -1 

A criterion peak VOZ value of 50 ml·kg ·min was selected to 
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separate the subjects into high (HAC) and low (LAC) aerobic capacity 

groups. 

Peak aerobic capacity was measured during the final minute of 

a standard Bruce (21) treadmill protocol. During this period the 

subjects could not increase or maintain treadmill work rate. Subjects 

breathed through an Otis-McKerrow respiratory valve while the volume 

of expired gases was measured with a Parkinson-Cowan high-velocity, 

low-resistance flowmeter. Expired gas samples were drawn from a 

mixing chamber and analyzed for oxygen and carbon dioxide concentra

tion utilizing a Perkin-Elmer mass spectrometer. The Haldane trans

formation was used to calculate Peak V02 from ventilation and expired 

gas measurements (121). 

Body composition was determined using the hydrostatic 

technique described by Brozek et al. (20). Residual lung volume was 

estimated from a fixed percentage (31.4%) of the vital capacity by 

following a method described by Gaensler and Wright (42). 

Following a 30-min supine resting control period, plasma 

volume (PV) was measured using a modified Evans blue dye (T-1824) 

dilution method (48). Values for microhematocrit (Hct) were 

determined in triplicate and 'corrected for whole body Hct by multi

plication with the factor 0.91 (22). Total blood volume (TBV) was 

calculated from PV and Hct (25). 

The protocol for LBNP exposure was modified from previous 

investigations (77,80). Following a 5-min resting control period, 

the barometric pressure within the LBNP chamber was decreased by 30 
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torr for a 3-min period. Decompression was further increased to -50 

torr, relative to ambient pressure, for 5 min. Stepwise increments 

of -10 torr every 5 min were added until test termination. Termina

tion was based on the following criteria: 1) completion of 5 min at 

-100 torr; 2) sudden onset of presyncopal symptoms such as a precipi

tous decrease in systolic pressure, greater than 15 torr per 3D-sec 

sample and/or an abrupt bradycardia, greater than 15 beats per min 

(bpm); 3) a progressive diminution in systolic pressure below 80 torr; 

or 4) request by the subject because of distress such as nausea or 

discomfort. 

At least 30 min prior to LBNP testing, a 21-gauge needle with 

a polyethylene catheter was introduced into an antecubital vein of the 

left arm while the subjects were supine. Patency of this precaution

ary medical intervention site was maintained by occasional flushings 

with a small amount of heparinized saline. Electrocardiographic (ECG) 

electrodes were positioned on the chest in the standard V5 configura

tion for heart rate determination. Ten ECG electrodes were placed on 

bilateral shoulders, anterior pelvis, midthighs, medial ankles, and 

dorsum of the feet for impedance rheographic measurements of lower 

body fluid volume change and arterial pulse volume. Repeated length 

and circumference measurements were recorded from pelvid-midthigh (P-M) 

and midthigh-leg (M-L) segments as defined by the inner six electrodes. 

The subject was then assisted into a plexiglass LBNP chamber 

and a foam-padded saddle was adjusted to stabilize the subject within 

the chamber. An airtight seal was secured between the chamber and the 



waist of the subject identified at the level of the iliac crests. 

Immediately prior to LBNP testing, the chamber and subject were 

rotated 30 degrees to the subject1s left in order to obtain optimal 

echocardiographic recordings. 
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Physiologic measurements were recorded during the fifth minute 

of the control period, the last minute of each LBNP stage, and through

out the final minute of LBNP exposure prior to test termination. 

Heart rates (HR) were measured using a Hewlett-Packard monitor (model 

78203A) which provided a digital display of integrated beat-to-beat 

heart rate from the R-R interval of the ECG signal. 

Noninvasive blood pressures were sampled every 30 sec from the 

right arm using an automated system developed by L. M. Electronics. 

Microphone recordings of the Korotkoff sounds were superimposed upon a 

calibrated ramp of descending brachial cuff pressures. The first and 

fourth Korotkoff sounds were used to identify systolic (SBP) and 

diastolic (DBP) pressures, respectively. Mean arterial pressure (MAP) 

was calculated by dividing the sum of SBP and twice DBP by three (83). 

Measurements of baseline (RO) and pulse (~R) resistances 

within the P-L and M-1. segments were recorded using a Beckman Impedance 

Rheograph (model BR-100). Impedance measurements of RO and ~R have 

been demonstrated to be proportional to limb volume and arterial pulse 

volume, respectively (85). The BR-100 instrument produces a high 

frequency (100.4 KHz), low amperage (0.7 mA RMS) electrical current 

between surface el~ctrodes located on the shoulders and feet of the 
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subject. RO and ~R measurments were recorded simultaneously between 

the electrodes defining the P-M and M-L segments (77). 

The values for RO were then used to calculate the electrical 

indices of segment volume (85). The mean control period indices of 

P-M and M-L electrical volumes were adjusted to corresponding resting 

geometric volumes derived from the anthropometric measurements recorded 

during instrumentation (77). LBNP-induced changes in P-M and M-L 

segment volumes were then computed from proportional alterations in 

electrical volume indices (77). 

strated a high correlation (r 

plethysmographic method (70). 

This impedance technique has demon-

0.995) with the Whitney strain 

The ~R measurements were used to calculate a mean arterial 

pulse volume (APV) which represents the average amount of blood that 

enters the segment during each heart beat (85,114). Blood flows in 

the M-L and P-M segments, expressed per 100 ml of segment geometric 

volume, were derived from the product of the HR and corresponding 

APV. Throughout the LBNP test, measurements of time, LBNP, HR, SBP, 

DBP, and RO were recorded by a Vidar Autodata Inc. magnetic tape 

system. 

A Hewlett-Packard ultrasonic echocardiograph system using 

M-mode imaging was employed to measure left ventricular end-systolic 

and end-diastolic dimensions. These dimensions were used to calculate 

end-systolic (ESV) and end-diastolic (EDV) volumes following the 

technique described by Popp and Harrison (89). Stroke volume (SV) 

was calculated as the difference between EDV and ESV and cardiac 
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output (CO) was determined from the product of HR and SV. The ejection 

fraction (EF) of the left ventricle was determined by dividing SV by 

EDV. Systemic peripheral resistance (SPR) was calculated in units of 

dynes.sec.cm- 5 (120) by dividing the product of 1332 and MAP by CO. 

A cumulative stress index of LBNP was derived by summing the 

products of negative pressure in torr and time in minutes during each 

test stage prior to test termination (71,80). The maximum decompres

sion tolerated by each subject was denoted as Peak LBNP. Compliance 

indices for the M-L and P-M regions were calculated from the 

decompression-induced change in segment volume divided by the corres

ponding cumulative stress index (71). 

Data contrasting HAC and LAC groups were analyzed using an 

inpaired two-tailed t-statistic. Paired t-tests were used to determine 

any change in cardiovascular responses during LBNP from control mea

surements within each group. Group comparisons using ANOVA for 

repeated measures design was performed on the data collected during 

the PreLBNP period, -30 torr, and -50 torr LBNP. test stages. The null 

hypothesis was rejected when p < 0.05 and nonsignificant differences 

were denoted by N.S. 

Results 

In the course of these experiments one subject requested LBNP 

test termination because of lightheadedness. Termination of LBNP tests 

in the remaining 17 subjects were based on reductions in systolic 

pressure or presyncopal signs. 
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The absolute values of peak V0 2 (mean ~ SE) determined for 

the HAC (3.99 ± 0.41- 1.min-1) was greater (p < 0.05) than the LAC 

group (3.04 ± 0.55 1.min-1). The HAC group demonstrated a 34% greater 

(p < 0.05) mean peak aerobic capacity than LAC subjects (Table 1). 

Consistent with this enhanced aerobic capacity were the observations 

that the HAC group was younger (p < 0.05), weighed less (p < 0.05), 

and was estimated to have almost one-half the percent body fat (p < 

0.05) of the LAC group. Contrary to these differences, the HAC and 

LAC groups demonstrated similar (N.S.) cumulative stress indices 

(mean ± SE) of 722 ± 135 torr·min and 784 ± 189 torr·min, respectively. 

These values correspond to a mean Peak LBNP exposure tolerance of -66 

torr. A second LBNP exposure was used solely to test the day-to-day 

reliability of LBNP tolerance. A strong correlation (r = +0.79, 

p < 0.05) in cumulative stress indices was determined between the 

first and second LBNP exposures. The groups were indistinguishable 

(N.S.) in height, TBV, PV, lean body weight, and geometrically deter

mined resting P-M and M-L volumes (Table 1). 

Exposure to Peak LBNP was associated with an increased 

(p < 0.05) HR in both groups (Table 2). Regardless of grouping, maxi

mal decompression produced reductions (p < 0.05) in MAP, SBP, EDV, ESV, 

SV, and CO as compared to PreLBNP values. Neither group demonstrated 

a consistent change (N.S.) from PreLBNP measurements in DBP, EF, or 

SPR. The only significant (p < 0.05) difference between the groups 

was a greater Pre LBNP to Peak LBNP (Pre-Pk) reduction in S6P observed 

in the HAC subjects. The values (mean ± SE) for the change in HR per 
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Table 1. Descriptive Data Related to Subjects Demonstrating High and 
Low Aerobic Capacities. 

HIGH LOW 
VARIABLE AEROBIC AEROBIC 

CAPACITY CAPACITY 

N 8 10 

Peak V02 55.6 36.8 i': 

( 1 k -1 . -1) ±2.6 ±1.9 m . g 'mln 

Age 33 44 * 
(yr) ±1 ±2 

Height 179 177 

(cm) ±1 ±2 

Weight 72.2 81.2 -;': 

(kg) ±2.7 ±2.3 

Percent body fat 12.6 24.2 "J': 

(Z) :t1.3 ±0·9 

TBV 5892 5611 

(ml) ±186 ±251 

PV 3713 3482 

(ml) ±'127 ±154 

Values are Mean ± SE 

* p < 0.05 LAC vs HAC group value 
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Table 2. Cardiovascular Measurements of High and Low Aerobic Capacity 
Subjects during LBNP. 

HIGH LOW 
AEROBIC AEROBIC 

CAPACITY CAPAC ITY 

PreLBNP Peak Change PreLBNP Peak Change 

HR 57 86 ,~ +30 61 87 *;,'~ +26 
(bpm) ±4 ±11 ±8 ±2 ±5 ±7 

SBP 110 78 'k -32 @ 100 83 ,~ -18 
( torr) ±4 ±4 ±2 ±4 ±3 ±4 

DBP 56 51 -5 53 50 -3 
( torr) ±2 ±3 ±3 ±2 ±3 ±4 

MAP 74 60 ,', -14 69 61 ok -8 
( torr) ±2 ±3 ±2 ±3 ±3 ±3 

EDV 146 74 ,~ -72 114 59 -56 
(ml) ±10 ±9 ±11 ±12 ±6 ±13 

ESV 58 36 ,~ -22 45 31 f'~ -14 
(ml) ±6 ±3 ±3 ±4 ±3 ±4 

SV 88 38 ,', -50 70 28 ,', -41 
(m 1 ) ±7 ±9 ±11 ±9 ±4 ±10 

EF 60 47 -14 60 46 -14 
(%) ±3 ±7 ±7 ±3 ±4 ±4 

CO -1 4972 2896 ,~ -2076 4130 2349 ,', -1782 
(m 1· mi n ) ±470 ±566 ±639 ±491 ±336 ±509 

SPR -5 1268 2751 +1483 1532 3202 +1670 
(sec·dyne·cm ) ±130 ±1037 ±1026 ±210 ±1123 ±985 

Values are mean ± SE. 
,,< P < 0.05 vs corresponding control value. 

@ p < 0.05 LAC vs HAC group value. 
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change in SBP were 1.35 ± 0.39 bpm/torr and 1.00 ± 0.28 bpm/torr (N.S.) 

for the LAC and HAC groups, respectively. 

Peak LBNP was associated with peripheral vascular changes 

including increased (p < 0.05) M-L volume indites in both groups 

(Table 6). LBNP exposure produced an increase (p < 0.05) in the P-M 

volume only in the HAC population. No differences between the groups 

in either P-M or M-L segment volumes were observed (N.S.). The M-L 

compliance index during Peak LBNP in the HAC group (0.47 ± 0.07 

-1 -1 ml·torr ·min ) was greater (p < 0.05) than that observed in the LAC 

subjects (0.29 ± 0.04 ml.torr- 1.min- 1). 

During Peak LBNP, both groups approached a 50% reduction 

(p < 0.05) in M-L and P-M segment indices of arterial pulse volume 

compared to the PreLBNP period (Table 3). The P-M pulse volume 

indices were consistently greater (p < 0.05) in the HAC group through-

out testing. The HAC group also displayed greater (p < 0.05) indices 

of blood flow, per 100 ml of segment volume in both lower body regions 

during PreLBNP (Table 3). Peak LBNP resulted in approximately a 25% 

reduction (p < 0.05) in M-L blood flow in both groups. In the P-M 

segment, both groups demonstrated reductions in blood flow (p < 0.05) 

which were greater than those observed in the M-L region. Although 

the HAC group displayed a greater (p < 0.05) Pre-Pk reduction in P-M 

blood flow, this group also demonstrated greater (p < 0.05) absolute 

P-M blood flow during Peak LBNP when compared to the LAC group. 

Cardiovascular measurements were also compared between the 

HAC and LAC groups during the PreLBNP, -30 torr, and -50 torr LBNP 



Table 3. Peripheral Vascular Measurements for High and Low Aerobic Capacity Subjects during LBNP. 

HIGH HIGH 
AEROBIC AEROBIC 

CAPACITY CAPACITY 

PreLBNP Peak Change PreLBNP Peak Change 

M-L Volume 9,172 9,454 * +282 10,283 10,519 ;': +236 
(ml) ±625 ±625 ±42 ±505 ±505 ±62 

P-M Volume 17,708 18,206 ;': +499 18,386 18,605 +220 
(ml) ±840 ±849 ±171 ±765 ±829 ±126 

M-L Pul se 8.0 4.3 * -3.7 6.4 3.5 * -2.9 
Volume (ml) ±0.7 ±0.5 ±0.6 ±0.4 ±0.3 ±0.4 

P-M Pulse 28.5 @ 9.6 o!:@ -18.9 15.0 6.6 ;': -8.4 
Volume (ml) ±3.8 ±1.3 t3.0 ±1.5 ±0.4 ±1.3 

M-L Bloo~lFlow -1 5·0 @ 3.9 * -1.1 3.8 2.9 ;': -0.9 
(ml·min .100 ml ) ±0.4 ±0.5 ±0.4 ±0.2 ±0.2 ±0.2 

P-M Bloo~lFlow -1 9.0 @ 4.5 ;':@ -4.5 @ 4.9 3.1 * -1.8 
(ml·min ·100 ml ) ±1.0 ±0.6 ±0.8 ±0.4 ±0.2 ±0.2 

Values are mean ± SE. 

p < 0.05 vs corresponding control value. 

@ p < 0.05 LAC vs HAC group value 
-....J 
\J"1 
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stages. Throughout these periods the HAC group demonstrated consis-

tently greater (p < 0.05) M-L APV and P-M APV values. Decompression 

of -30 torr and -50 torr resulted in changes (p < 0.05) from PreLBNP 

responses in all variables except DBP and EF. Cardiovascular reactions 

to -30 torr and -50 torr LBNP exposure demonstrated no (N.S.) LBNP by 

subject group interactions since responses appeared similar in magni-

tude and parallel in direction among the HAC and LAC subjects. 

Discussion 

Throughout exposure to LBNP both LAC and HAC groups demon-

strated increased in HR and leg volume, and decreases in MAP, SV and 

co. Similar cardiovascular responses to LBNP have been reported in 

investigations which were not designed to test for the influence of 

aerobic capacity on orthostatic tolerance (19,78,110). 

Klein et al. (65) reported a significant inverse relationship 

(r =0.60) between cumulative LBNP stress index and ~02 max using the 

data of Luft (71). Reduced tilt table tolerance has been I"eported for 

• -1" -1 
"endurance trained" (V02 max = 66.8 ml'kg 'min ) compared to "fit" 

(V02 max 52.0 ml.kg- 1.min- 1) subjects (73) and Stegemann et al. (109) 

observed reduced carotid sinus responses in athletes. It has been 

proposed from these data that V02 max may be a determinate of ortho

static intolerance. 

The HAC and LAC groups in the present study demonstrated 

similar peak V02 values to those reported by Luft et al. (71) for 

"runners" (50 ml.kg- 1.min- 1) and "nonrunners" (34 ml.kg- 1 'min- 1), 

respectively. Referring to Astrand (6), the age-related aerobic 
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capacity of the HAC group in the present study would have been 

considered Ilhigl\" whereas the LAC group would have been c1assified 

in the lower end of the "averagell range. However, we observed simi lar 

cumulative LBNP stress indices for both the HAC and LAC groups in the 

present investigation. These data agree with the observations of Klein 

et al. (64) who reported similar tolerance to head-up tilt exposure 

and +Gz acceleration among athletes (V02 max = 64.9 ml.kg- 1.min- 1) and 

• -1 -1 
students (V02 max = 43.9 ml·kg ·min ). 

HAC and LAC group differences were noted in percent body fat, 

weight, and age. Increased physical activity has generally been 

associated with enhancement of aerobic capacity and reductions in fat 

storage and weight (75). Lean body weights were similar between the 

groups, indicating that the greater fat weight observed in the LAC 

group accounted for the inter-group differences in total body weight. 

Unlike height, body weight has not been indicated as an important 

physical characteristic for the prediction of orthostatic tolerance 

(64). Similarly, age does not appear to be associated with tolerance 

of an orthostatic stress since no difference in mean tilt table 

tolerance was observed between groups of young (24 yr) and older 

(61 yr) subjects (67). In the present investigations, HAC and LAC 

group differences in age, weight, and percent body fat did not 

appear to influence orthostatic tolerance since there was no differ-

ence in Peak LBNP between the HAC and LAC subjects. 

The proposed mechanisms responsible for the relationship 

between high aerobic capacity and orthost~tic intolerance include 
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decreased IItachycardia responsell (91), "fundamental differencell in the 

regulation of SPR (73) and "greater tendency to accomodate fluids ll 

orthostatic tolerance is dependent upon the maintenance of arterial 

pressure. If peak V02 was related to decreased arterial pressure 

regulation during orthostasis then groups with significantly different 

maximal aerobic capacities should have diverged in physiologic 

mechanisms affecting CO and SPR. The only significant inter-group 

difference observed in the present study was a greater HAC group 

Pre-Pk reduction in S6P, Raven et al. (91) have reported a greater 

. -1 -1 L6NP-induced S6P decrease in IIfitli (V02 max = 70.2 ml·kg ·.min ) 

• -1 -1 compared to lIaverage fitll (V02 max = 41.3 ml·kg ·min ) subjects. 

In the present investigation, a reduction in S6P below 80 torr 

was used as a test termination criterion, and both HAC and LAC groups 

displayed similar S6P during Peak L6NP. In contrast to the data of 

Raven et a 1. (91), the greater Pre-Pk decrease in S6P observed in the 

HAC group appeared to be more influenced by initial resting S6P 

measurements than final values. Unlike this previous report (91), no 

HAC and LAC group differences were observed in the tachycardia per 

change in S6P ratio. This discrepancy may have been the result of 

differing criteria which were used to terminate L6NP exposures in the 

two investigations. In the present study, an inability to demonstrate 

a difference between HAC and LAC subjects failed to support the 

attenuated tachycardia concept which was suggested during submaximal 

L6NP exposures in "fitll compared to lIaverage fit" subjects (91). In 

fact, both HAC and LAC groups demonstrated similar measurements of 
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HR, SV, and CO during both PreLBNP and Peak LBNP periods. The HAC and 

LAC subjects also displayed equivalent LBNP-induced reductions in CO 

of 42% and 43%, respectively. These data indicate that arterial pres

sure regulation was equivalent between the HAC and LAC groups. 

In addition to the control of CO, regulation of MAP during 

orthostasis may be influenced by mechanisms controlling SPR. Peak 

LBNP produced similar relative increases in SPR in HAC (117%) and 

LAC (109%) subjects, although high intra-group variability prevented 

the two-fold increase from becoming significantly greater than Pre-LBNP 

measurements. Since both groups displayed comparable DBP and SPR 

during both PreLBNP and Peak LBNP periods, the response of resistance 

vessels appeared to have been equivalent. This is further supported 

by similar reductions in APV within the M-L region in the HAC (46%) and 

LAC (45%) groups. If aerobic capacity had been inversely related to 

orthostatic blood pressure regulation, HAC and LAC subjects should 

have demonstrated differing cardiovascular responses such as SV, HR, 

CO, M-L APV (an index of SPR), and/or blood pressures with subsequent 

lower Peak LBNP in the HAC group. Because no such differences were 

observed in the present study, the interdependency of Peak ~02 and 

orthostatic tolerance appears controversial. 

In both HAC and LAC groups, LBNP exposure produced dramatic 

reductions in the measurements of pulse volume and blood flow. The 

effect of increased vascular tone, indicated by reduced APV, on 

peripheral blood flow was minimized by a compensatory tachycardia. 

Throughout PreLBNP, blood flow to the lower body was greater in the 
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HAC group. Higher initial blood flows were the result of greater 

arterial pulse volumes entering the lower body segments. These data 

would appear to be consistent with an inverse relationship reported 

between maximal oxygen uptake and systemic peripheral resistance (73). 

Although the absolute values for P-M blood flow during Peak LBNP were 

greater in the HAC group, this group demonstrated a 50% reduction in 

P-M blood flow compared to a 36% decrease in the LAC subjects. The 

percent Pre-Pk reductions in M-L blood flow were 22% and 23% in the 

HAC and LAC groups, respectively. Although P-M blood flow was greater 

in the HAC group, the greater blood flow was not associated with a 

reduced LBNP tolerance time. In the present investigation, blood flow 

and pulse volume data failed to support an inverse relationship between 

V02 max and control of peripheral resistance during orthostasis. 

HAC and LAC group similarities were observed in peripheral 

venous as well as central circulatory responses. Significant group 

differences were not detected in the LBNP-induced increases in M-L 

volume. These observations were consistent with similarities reported 

among Ilendurance trained ll and Ilfi tIl subjects in the measurements of 

calf volume during head-up tilt (73). 

Caution should be used in the interpretation of the LBNP

induced volume changes within the P-M segment. Decompression may 

produce caudal displacement of viscera within this segmental region. 

Tissue movement combined with venous blood pool ing and vascular to 

interstitial fluid shifts, all contribute to measurable increases in 

P-M volume (41). Therefore LBNP-induced volume increases in the 



pelvic region probably overestimated the actual volume of blood 

sequestered in this segment. 
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It has been suggested that greater leg venous compliance and 

associated venous pooling in individuals with high aerobic capacities 

may contribute to lower orthostatic tolerance by impeding venous 

return (71), and subsequently reducing cardiac function necessary to 

maintain CO and MAP. In the present study, the index of M-L compliance 

was greater in the HAC group which was consistent with a greater com

pl iance previously reported in "runners" (71). In contrast to these 

findings of Luft et al. (71), greater compl iance in HAC compared to 

LAC was not associated with reduced LBNP tolerance. Indeed, group 

differences in M-L compliance did not appear to affect venous return, 

cardiac function or blood pressure control since there were no differ

ences in EDV, EF, CO, SBP, or MAP at Peak LBNP between the HAC and LAC 

subjects. 

In the present investigation, similar LBNP tolerances were 

observed among subjects with high and low age-related maximal aerobic 

capacities. The HAC and LAC groups resembled each other in almost all 

compensatory cardiovascular responses to presyncopal LBNP exposure. 

Previous cross-sectional investigations have suggested that endurance 

training resulting in high peak V02 values also contribute to decreases 

in orthostatic tolerance. The physiologic mechanisms through which 

high aerobic capacity were proposed to decrease orthostatic tolerance 

have included increased venous compl iance, reduced carotid baroreceptor 

responsiveness, decreased SPR, and diminished tachycardia response per 
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change (65,71,73,91). Data from the present study provided no direct 

support for the later two proposed mechanisms. Although carotid 

baroreceptors were not directly tested, LBNP produced similar inter

group reductions in SBP which is a stimulus for high pressure baro

receptor activation. Since both groups responded with similar SPR 

and CO responses, the sensitivity of the high pressure baroreceptors 

did not appear depressed in the HAC subjects. In agreement with a 

previous study (71), a greater leg compliance was observed in the HAC 

group; however, greater leg compliance did not appear to be a signi

ficant factor associated with LBNP tolerance since both HAC and LAC 

groups demonstrated similar cumulative stress indices. 

Genetic endowment for maximal aerobic capacity may affect 

results of investigation which utilize cross-sectional experimental 

designs. A longitudinal study in which orthostatic tolerance is 

measured before and after an exercise training program could best 

address this problem. Increases in maximal aerobic capacity can 

result from endurance or interval trair.ing programs, however the 

adaptations in blood pressure regulation during orthostasis may be 

different (33). Stating the mode, intensity, and duration of physical 

conditioning rather than VOz max values may best describe the 

circulatory adaptations to exercise training which may be associated 

with orthostatic tolerance. Results presented in this investigation 

question the use of maximal capacity as a reliable indicator for 

exercise conditioning-induced adaptations which may alter blood 

pressure regulation during orthostasis. Data from this study supports 



the conclusion stated by Klein et al. (64) that "Physical fitness, 

orthostatic tolerance, and resistance to +Gz forces are almost 

completely independent quantities of the human body.11 
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CHAPTER 5 

CARDIOVASCULAR DYNAMICS ASSOCIATED WITH TOLERANCE 
OF SIMULATED ORTHOSTASIS 

Introduction 

The cardiovascular adjustments to an orthostatic stressor such 

as lower body negative pressure (LBNP) have been investigated exten-

sively (19,57,71,77,78,79,81,110,122). Most studies have not been 

designed to identify cardiovascular mechanisms associated with 

predisposition or resistance to orthostatic intolerance. Fainters 

have been reported to demonstrate lower resting systolic pressures 

(111) as well as greater increases in heart rate and larger decreases 

in pulse pressure during passive orthostasis compared to nonfainters 

(103). In this investigation, decreases in the cardiac index of late 

fainters were twice as great as those observed in nonfainters, although 

both groups demonstrated similar reductions in stroke volume (103). 

Murray et al. (78) observed syncope in 4 of 7 subjects 

exposed to ~60 torr although the cardiovascular responses of syncopal 

and nonsyncopal subjects were not contrasted. These authors reported 

the onset of syncope was preceded by dramatic reductions in heart 

rate, cardiac output, and arterial pressures. Reductions in cardiac 

index induced by head-up tilt were reported to be similar to those 

observed during -60 torr of LBNP exposure (111). However, it remains 
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unclear what specific compensatory cardiovascular responses are 

associated with orthostatic intolerance in fainters. 
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The purpose of this investigation was to identify presyncopal 

cardiovascular responses which differentiated with subjects demon

strating high and low tolerance to LBNP. 

Methods 

Eighteen healthy males, 29-51 years of age, gave written 

consent to participate as subjects in this investigation. Within an 

eight-day experimental period, each subject underwent two presyncopal

limited LBNP exposures and measurement of plasma volume (PV), body 

composition, and peak oxygen uptake (Peak V02). A second LBNP 

exposure was used solely to determine day-to-day reproducibility of 

orthostatic tolerance. Categorization of subjects into high tolerant 

(HT) or low tolerant (LT) groups was based on an initial presyncopal

limited LBNP exposure. Entrance into the -70 torr LBNP test stage 

was the grouping criterion. This criterion was chosen based on the 

previous reports of LBNP-induced syncope (78,111). Peak LBNP was 

defined as the maximum decompression tolerated by the subject prior 

to test termination. A cumulative stress index (CSI) was calculated 

by summing the products of LBNP (torr) and time (min) during the 

decompression exposure (71,80). Completion of the -60 torr test 

stage corresponded to a CSI of 640 torr·min. 

Modified from previous investigations (77,80), the LBNP 

protocol consisted of a 5-min resting period prior to LBNP (PreLBNP), 

followed by a 3-min exposure to -30 torr, relative to ambient 
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barometri~ pressure. Decompression was then increased to -50 torr for 

5-min. Supplemental increments of -10 torr every 5-min were added 

until test termination (Figure 4, Chapter 3). Cessation of LBNP tests 

were based on: 1) completion of 5~min at -100 torr; 2) onset of 

presyncopal symptoms such as a precipitous decrease in systolic 

blood pressure (SBP) greater than 15 torr between adjacent 3D-sec 

measurements and/or a sudden bradycardia greater than 15 beats per 

min (bpm); 3) progressive diminution in SBP below 80 torr; or 4) the 

subject's request because of distress such as dizziness, nausea or 

discomfort. 

On LBNP testing days, subjects reported for instrumentation 

after a period of at least two hours following a light meal. While 

resting in the supine position, a 21-gauge polyethylene catheter was 

introduced into an antecubital vein. The patency of this precaution

ary catheter was maintained by occasional flushing with small amounts 

of heparinized saline. Three electrocardiographic (ECG) electrodes 

were placed on the chest in the standard V5 configuration for heart 

rate measurement. Ten ECG electrodes were placed on or near bilateral 

anterior shoulders, anterior superior Iliac spines, anterior mid

thighs, medial maleoli, and dorsum of feet for impedance plethysmor

graphic measurements (77). Multiple circumference and length 

measurements were recorded between the midthigh and ankle electrodes 

which defined the midthigh-leg (M-L) segment. Following at least 

3D-min rest after instrumentation, the subject was assisted into a 

supine position within a plexiglass LBNP chamber. Leads were 
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attached to electrodes and a foam-padded saddle was adjusted to 

stabilize the subject in the chamber. An air-tight seal was secured 

around the waist of the subject at the level of the iliac crests. 

The chamber was rotated 30 degrees to the subject's left just prior 

to testing to obtain optimal echocardiographic records. 

Physiologic measurements were recorded during the final minute 

of PreLBNP and during the final minute of LBNP exposure. All measure

ments were reported as average one-min samples. Heart rates (HR) were 

measured with a Hewlett-Packard monitor (model 78203A) which provided 

a digital display of the integrated beat-to-beat heart rate from the 

R-R interval of the ECG signal. Blood pressures were measured every 

30 seconds using an automated system developed by L. M. Electronics 

(model BAA-40W). The microphone recordings of the Korotkoff sounds 

were superimposed upon a calibrated ramp of descending brachial cuff 

pressures. Transcription of the first and fourth Korotkoff sounds 

were used to identify systolic (SBP) and diastolic (DBP) pressures, 

respectively. Mean arterial pressure (MAP) was calculated by divid

ing the sum of SBP and twice DBP by three (83). 

A Hewlett-Packard Ultrasound System (model 77020A) using 

M-mode scanning was employed to record left ventricle dimensions 

following a standardized procedure (89). The transducer was placed 

in the fourth or fifth intercostal space at the sternal border. Left 

ventricular dimensions were measured from the endocardial echo of the 

posterior left ventricular wall to the endocardial echo of the left 

side of the interventricular septum. Dimensions were recorded at the 
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end of both systole and diastole. These dimensions were used to 

compute end-diastolic (EDV) and end-systolic (ESV) volumes (89). 

Stroke volume (SV) was determined as the difference between EDV and 

ESV and the ejection fraction (EF) was calculated by dividing SV by 

EDV. Cardiac output (CO) was determined as the product of HR and SV 

and the cardiac index was calculated by dividing CO by body surface 

area (120). Systemic peripheral resistance (SPR) , expressed in units 

of dynes.sec.cm-5, was derived from the product of 1332 and MAP 

divided by CO (120). 

Baseline and pulse resistances in the lower limbs were 

measured using a Beckman Impedance Rheograph (model BR-100). This 

instrument produces a high frequency (100.4 KHz) low amperage (0.7 mA 

RMS) electrical current between the electrodes located on the 

shoulders and feet. The inner six pairs of receiving electrodes, 

connected in parallel, defined the pelvic-midthigh and midthigh-leg 

(M-L) segments as described by Montgomery et aI. (77). Impedance 

measurements of baseline and .pulse resistances have demonstrated 

proportion3lity to limb volumes and arterial pulse volumes, respec~ 

tively (85). Measurements of baseline resistances were initially 

used to determine the electrical indices of M-L segment volume (77). 

A relationship between the resting control electrical and PreLBNP 

geometrical volumes was determined (70). This relationship was 

applied to the electrical volume indices during each LBNP stage in 

order to calculate the geometric volume. This impedance technique 

has demonstrated a strong correlation (r = +0.995) with the Whitney 



strain gauge measurements of leg plethysmography (70). An index of 

M-L segment compliance was derived from the decompression-induced 

increase in M-L volume divided by the cumulative stress index (71). 

An arterial pulse volume (APV) , representing the amount of blood 

entering the M-L segment per heart beat, was calculated from pulse 

resistance measurements (85,114) during each LBNP stage. Blood flow 

(BF) in this region was derived from the product of HR and APV. 

Body composition was determined through the use of the 

densiometric technique described by Brozek et al. (20). The residual 

lung volume used in this equation was estimated as a fixed fraction 

(0.314) of the vital capacity following a technique described by 

Gaensler and Wright (42). Resting plasma volume (RV) was measured 

with a modified Evan's blue dye (T-1824) dilution method (48) and 

total blood volume (TBV) was calculated from hematocrit and PV 

measurements (25). 

Peak oxygen uptake (Peak 002) was defined as the oxygen 

consumed during the final minute of a Bruce treadmill protocol (21). 

During this period the subjects could not increase or maintain the 

treadmill work rate. Subjects breathed through an Otis-McKerrow 

respiratory valve while the volume of expired gas was measured with 

a Parkinson-Cowan flowmeter. Expired gas samples were drawn from a 

mixing chamber and analyzed for oxygen and carbon dioxide with a 

Perkin-Elmer mass spectrometer. Peak 002 was calculated from these 

variables using the Haldane transformation (121). 
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Data contrasting HT and LT groups were analyzed using an 

unpaired two-tailed t-statistic. Paired t-tests were used to deter

mine any change in cardiovascular responses during LBNP from PreLBNP 

measurements within each group. Group comparisons using ANOVA for 

repeated measures was performed on data collected during the PreLBNP, 

-30 torr and -50 torr LBNP test stages. The null hypothesis was 

rejected when p < 0.05 and nonsignificant differences were denoted 

by N.S. 

Results 

Physical characteristics of age, height, weight, Peak V02 , 

TBV, and resting M-L volumes were indistinguishable (N.S.) between 

the HT and LT groups (Table 4). Peak LBNP (mean ± SE) in the HT and 

LT groups correspond to 76 ± 3 torr and 54 ± 2 torr, respectively 

(p < 0.05). These values correspond to a cumulative stress index of 

1097 ± 123 torr·min in the HT group compared to 331 ± 69 torr·min in 

the LT subjects (p < 0.05). A significant correlation (r = +0.79, 

P < 0.05) was observed between the cumulative stress indices calcu

lated from the first and second LBNP tests. 

In both groups, Peak LBNP induced increases (p < 0.05) in HR 

and SPR as well as decreases (p < 0.05) in SBP, MAP, EDV, ESV, and 

SV relative to PreLBNP measurements (Table 5). The HT group displayed 

a reduced (p < 0.05) EF and co during Peak LBNP compared to PreLBNP 

values which was not observed in the LT subjects. However, the LT 

group demonstrated a decrease (p < 0.05) in DBP at Peak LBNP which 

was not seen in the HT group. 



Table 4. Physical Characteristics of High and Low LBNP Tolerant 
Subjects. 

HIGH LOW 
LBNP LBNP 

TOLERANT TOLERANT 

N 10 8 

Age 37 41 
(yr) ±2 ±3 

Height 178 177 
(cm) ±2 ±3 

Weight 79.1 74.8 
(kg) ±3.3 ±1.8 

Lean Body 64.0 59.9 
Weight (kg) ±2.1 ±1.6 

Percent Body Fat 18.5 19.7 
(%) ±2.3 ±2.3 

Total Blood Volume 5744 5725 
(ml) ±260 ±185 

Peak \/02 46.8 43.1 
-1 -1 ±3.8 ±3. I I (m 1 . kg • min ) 

Values are mean ± SE. 

*p < 0.05 HT vs LT corresponding values. 
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Table 5. Cardiovascular Measurements Associated with High and Low 
LBNP Tolerance. 

HIGH LOW 
. LBNP LBNP 

TOLERANT TOLERANT 

92 

PreLBNP Peak Pre-Pk PreLBNP Peak Pre-Pk 

HR 60 1 00 ~'~@ +40 57 70 * +12 
(bpm) ±3 ±6 ±6 ±3 ±5 ±5 

SBP 109 84 ~~ -25 99 76 ~'~ -23 
(torr) ±4 ±3 ±4 ±4 ±3 ±4 

DBP 55 54 @ -0.5 54 45 ~': -8 
(torr) ±2 ±3 ±4 ±2 ±2 ±2 

MAP 73 64 ,,~@ -9 70 57 ~': -13 
(torr) ±3 ±3 ±4 ±2 ±2 ±2 

EDV 143 @ 62 ,,: -82 @ 109 70 ,'~ -39 
(ml) ±10 ±7 ±8 ±12 ±9 ±12 

ESV 56 35 ~': -21 57 30 ,,: -14 
(ml) ±5 ±3 ±3 ±15 ±2 ±5 

EF 60 41 ,,: -20 60 53 -7 
(%) ±3 ±4 ±3 ±6 ±5 ±6 

SV 87 27 i~ -61 @ 65 39 ,,: -25 
(m 1 ) ±8 ±5 ±7 ±7 ±8 ±10 

CO -1 5155 @ 2675 ,,: -2544 3614 2488 -1123 
(m 1· min ) ±460 ±496 ±491 ±302 ±341 ±533 

SPR 1282 3657 ,,: +2375 1581 2183 ,,: +602 
(sec. dyne. cm- 5) ±216 ±1305 ±1142 ±lo4 ±456 ±517 

Values are mean ± SE. 
,,: p < 0.05 vs corresponding control values. 

@ p < 0.05 HT vs LT group value. 
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The comparison of HT and LT groups demonstrated similar 

(N.S.) PreLBNP measurements of HR, SBP, DBP, MAP, ESV, SV, and SPR 

(Table 5). The HT subjects displayed greater (p < 0.05) EDV and CO 

values during PreLBNP. To determine if body size was associated with 

this inter-group difference, measurements of CO during PreLBNP were 

compared to a corresponding body surface area adjusted cardiac index. 

CO displayed a strong correlation (r = 0.96, p < 0.05) with cardiac 

index values during PreLBNP. Consistent with the CO measurements, 

the cardiac index (mean ± SE) of the HT group (2.60 ± 0.27 

l.min- 1.min-2) was also observed to be significantly (p < 0.05) 

greater than that of the LT group (1.94 ± 0.16 l·min-1.min~2) during 

PreLBNP. 

Exposure to Peak LBNP produced increases in HR, SPR, and M-L 

volume as well as decreases in SBP, MAP, EDV, ESV, SV, CO, M-L APV, 

and M-L BF independent of grouping. During the final minute of LBNP 

exposure, the HT group exhibited greater (p < 0.05) HR, MAP, and DBP 

measurements than the LT subjects (Table 5). The remaining cardio-

vascular variables including CO and SV displayed no (N.S.) inter

group differences. During Peak LBNP, the HT group increased (p < 0.05) 

HR by 67% above PreLBNP compared to a 21% increase in the LT group 

(Table 5). The PreLBNP to Peak LBNP (Pre-Pk) reduction in EDV (57%) 

in the HT group was larger (p < 0.05) than that observed in the LT 

subjects (36%). The decreases in EDV resulted in a 70% reduction in 

SV for the HT subjects compared to 38% in the LT subjects (p < 0.05). 
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Peripheral indices of M-L volume, APV, and BF were similar 

(N.S.) between the groups throughout PreLBNP (Table 6). Maximal 

decompression produced increases (p < 0.05) in M-L volume and 

.decreases (p < 0.05) in M-L APV and M-L BF in all subjects. During 

Peak LBNP, the HT group demonstrated a 46% smaller (p < 0.05) M-L 

APV compared to LT subjects. Exposure to Peak LBNP resulted in a 

greater (p < 0.05) M-L APV reduction in the HT group (55%) compared 

to the LT group (34%). Changes in M-L BF were similar (N.S.) between 

groups during Peak LBNP. Peak decompression produced a M-L volume 

increase of 3.6% within the HT group compared to a smaller (p < 0.05) 

1.3% expansion observed in the LT group. The M-L segment compliance 

indices were similar (N.S.) betwen HT and LT groups at 0.33 ± 0.03 

ml.torr- 1.min- 1 and 0.41 ± 0.95 ml.torr- 1.min- 1, respectively. 

Cardiovascular measurements were also compared between the HT 

and LT groups during the PreLBNP, -30 torr, and -50 torr LBNP stages 

(Appendix A). Throughout these measurement periods, the HT groups 

demonstrated greater (p'< 0.05) EDV and CO values. Although 

decompression to -30 torr and -50 torr produced changes (p < 0.05) in 

all variables, HT and LT blood pressure and M-L volume responses 

displayed different (p < 0.05) patterns. During -50 torr LBNP, 

arterial pressures as typified by MAP in Figure 9, decl ined only in 

the LT group. During these same periods, M-L volume in the HT group 

increased steadily while the increase in the LT group followed a 

different (p < 0.05) nonlinear pattern and appeared to be smaller in 

magnitude (Figure 10). 
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Table 6. Peripheral Vascular Measuiements Associated with High and 
Low LBNP Tolerance. 

HIGH LOW 
LBNP LBNP 

TOLERANT TOLERANT 

PreLBNP Peak Pre-Pk PreLBNP Peak Pre-Pk 

M-L Volume 9433 9789 ~': +356 @ 10235 10368 i', +133 
(m 1) ±561 ±588 ±41 ±590 ±603 ±39 

M-L APV 7.2 3.2 ~~@ -4.0 @ 7.1 4.7 i', -2.4 
(m 1 ) ±0.7 ±0.3 ±0.5 ±0.5 ±O.3 ±O.3 

M-L BF -1 427 308 '#": -119 399 322 ~~ -78 
(m 1· min ) ±38 ±19 ±31 ±27 ±29 ±16 

Values are mean ± SE. 
i'\ P < 0.05 vs corresponding control value. 

@ p < 0.05 HT vs LT group value. 
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Figure 9. Mean Arterial Pressure during 0 Torr, -30 Torr, and -50 
Torr LBNP Exposures. 

Mean (±SE) values for high LBNP tolerant (solid line) and 
low LBNP tolerant (hatched line) groups. * P < 0.05 high 
tolerant versus low tolerant by LBNP interaction. 
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Figure 10. Midthigh-Leg Volume Increases at -30 Torr and -50 Torr 
LBNP. 

Mean (±SE) values for high tolerant (solid line) and low 
(hatched line) groups. * p < 0.05 high tolerant versus 
low tolerant by LBNP interaction. @ p < 0.05 high 
tolerant versus low tolerant difference. 
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Discussion 

Data obtained through the present investigation failed to 

demonstrate a significant relationship between orthostatic tolerance, 

as measured by LBNP endurance, and any of the physical characteristics 

of the subjects. Although orthostasis commonly results in blood 

pooling in the lower body, LBNP may be unique compared to other modes 

of orthostatic testing (64). During LBNP, the subject remained in the 

supine position. Standing height, associated with the length of the 

hydrostatic column of arterial blood between the heart and brain, pro

vides reduced resistance to flow during supine LBNP as compared to 

head-up tilt and +Gz acceleration orthostatic testing. Since both HT 

and LT groups exhibited similar heights and descriptive data, tolerance 

to LBNP appeared to be primarily affected by physiologic control of 

blood pressure rather than physical characteristics. 

Regulation of arterial pressure is necessary to ensu~e 

adequate cerebral blood flow and the prevention of syncope (11). CO 

and SPR are the systemic responses responsible for maintenance of MAP 

(123). Therefore, high or low LBNP tolerance must be associated with 

differential responses which impact these two controlling mechanisms. 

In the present study, the inter-group comparisons of PreLBNP cardio

vascular measurements were similar with the exceptions of EDV and 

CO. The resting control measurements of CO and EDV do not appear to 

be related to group differences in stature since the mean body surface 

area adjusted cardiac index of the HT group was also greater than in 

the LT subjects. In all subjects, maximally tolerated decompression 
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produced Pre-Pak increases in HR and SPR as well as decreases in MAP 

and peripheral blood flow which was consistent with other reported 

responses to LBNP (19,78,122). 

Larger PreLBNP measurements of EDV in the HT group coupled 

with similar inter-group measurements of resting HR, EF, and TBV 

suggest a greater innate capacity for venous return in the HT sub

jects. A capability for increased venous return could have minimized 

the LBNP-induced loss of central blood volume through a more rapid 

recirculation of unsequestered blood. 

Peak LBNP failed to reduce DBP from PreLBNP values in the HT 

group despite an almost three-fold greater Pre-Pk increase in M-L 

volume as compared to the LT subjects. Exposure to Peak LBNP resulted 

in a M-L volume increase of 356 m1 and 133 m1 in the HT and LT groups, 

respectively. During Peak LBNP, the reduction in effective blood 

volume attributed to vascular fluid sequestered within the M-L segment 

simulated a 6.3% pseudohemorrhage in the HT group compared to 2.2% in 

the LT subjects. Murray et a1. (79) concluded that at least 500 m1 

are lost from the effective circulation in order to precipitate pre

syncopal symptoms. In addition to the reported M-L volume increases 

there were apparent enlargements in the pe1vic-midthigh regions which 

were not measured. Wo1thuis et al. (122) have also suggested differ

ent temporal patterns of blood pooling in the legs and pelvis during 

orthostasis. LBNP-induced volume increases in the pelvic area have 

been reported to include caudally displaced viscera as well as venous 

pool ing and vascular fluid shifts (41). These data were not reported 
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in the present investigation because the increased volume resulting 

from movement of tissue into the pelvic region would have resulted 

in an over-estimation of the sequestered blood. 

Gilbert and Stevens (43) measured a 20% increase in forearm 

venous tone during -60 torr LBNP. However, LBNP-induced skeletal 

muscle venoconstriction has not consistently been reported (34). 

Limb compliance data. i.e. change in M-L volume per CSt, from the 

present investigation suggest that the LT and HT groups demonstrated 

similar venoconstriction responses. 

Since arterial pressure varies as the product of CO and SPR 

(123) and MAP during Peak LBNP was higher in the HT group, then either 

CO, SPR, or both must have been higher in this group compared to LT 

subjects. Although not statistically different at the 0.05 level, 

mean SPR in the HT group was 40% greater during Peak LBNP than that 

observed in the LT group and HT subjects displayed a mean Pre-Pk 

increase in SPR of 184% compared to a 38% increase in the LT subjects. 

This four-fold' greater Pre-Pk increase in SPR in the HT group was 

associated with a DBP at Peak LBNP which was unchanged from PreLBNP 

and was greater than observed in the LT. Wolthuis et ale (122) 

reported that LBNP often produces small increases in DBP. Consistent 

with this higher SPR were observations of smaller M-L APV during Peak 

LBNP and larger Pre-Pk reductions in M-L APV in the HT subjects. 

Therefore, an important mechanism contributing to greater maintenance 

of MAP in the HT subjects appears to be a greater capacity to increase 

SPR apparently via peripheral arterial vasoconstriction. 
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Both HT and LT groups terminated LBNP exposures with similar 

measurements of CO. These data suggest that when output falls below 

a common critical level, increases in peripheral resistance can no 

longer provide sufficient compensatory adjustments to maintain 

arterial pressure. The HT group displayed greater CO during PreLBNP, 

suggesting that the HT subjects may have been endowed with a larger CO 

reserve to utilize during decompression. This concept appears 

supported by Pre-Peak reductions in CO Were 49% and 31% in the HT 

and LT groups, respectively. The relative Pre-Pk reductions in CO 

observed in the HT and LT groups were comparable to decreases in CO 

reported by Stevens and Lamb (110) during -80 torr (45%) and -60 

torr (33%), respect i ve ly. 

To maintain similar levels of CO at Peak LBNP, the HT group 

required a higher Peak HR since Pre-Pk decrease in SV was greater in 

the HT (70%) compared to LT (38%) subjects. Pre-Pk EDV, which is 

indicative of venous return, decreased 57% and 36% in the HT and LT 

groups, respectively. A limitation in venous return has been 

associated with reduced central venous pressure during LBNP (57,110). 

Data from the present investigation suggest that progressive reduction 

in venous return limited CO in both groups and that this limitation 

resulted in the significant reduction in EF observed in the HT group 

during Peak LBNP. In both I-IT and LT groups, the Peak LBNP-induced 

reductions in EF appeared to result from a venous return limitation 

which produced inadequate ventricular filling beyond the compensatory 

range of increased contractility. Therefore, reductions in EDV, ESV, 



and SV suggest that the CO in all subjects was limited by venous 

return. 

In conclusion t decreases in EDV in all subjects suggested 
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that CO during Peak LBNP was limited by venous return. However, 

tolerance to LBNP does not appear to be solely associated with the 

absolute volume of blood pooled in the legs. Both groups demonstrated 

LBNP-induced reductions in leg blood flow which would be consistent 

with increases in SPR. During Peak LBNP compensatory increases in SPR 

and HR sustained DBP near PreLBNP values in the HT group despite a 

three-fold greater volume of blood pooled in the midthigh-leg region. 

CO in both groups decreased to similar levels at Peak LBNP although 

CO in the HT group appeared to be maintained more effectively by a 

greater ta~hycardia. An innate capability for increased rate of 

venous return may have provided the larger EDV and a higher CO 

observed in the HT group during PreLBNP. A larger HT group reserve t 

created by a greater initial CO, appeared to allow prolonged exposure 

to LBNP before CO reached a level which was incapable of sustaining 

arterial pressure despite increases in SPR as indicated by reductions 

in leg blood flow. 

With regard to the implication for spaceflightt this data 

suggests that the measurement of resting cardiac output may be a 

useful prediction of subjects with high or low orthostatic tolerance. 

In addition, presyncopal-limited LBNP exposure may also be beneficial 

for the identification of astronaut candidates who demonstrate greater 

capabil ity to sustain arterial pressure and cardiac output through 
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increased tachycardia and arterial vasoconstriction. These cardio

vascular responses appear to be closely related to increased 

tolerance to an orthostatic stressor such as LBNP. 



CHAPTER 6 

VASOACTIVE NEUROENDOCRINE RESPONSES ASSOCIATED 
WITH LBNP TOLERANCE IN MAN 

Introduction 

The onset of orthostatic-induced syncope can be prevented by 

maintaining sufficient arterial blood pressure to ensure continuous 

cerebral perfusion (11). During orthostasis, arterial pressure 

regulation varies as the product of cardiac output and systemic . 
peripheral resistance (123) and has been associated with increased 

vasoactive neuroendocrine responses including norepinephrine, vaso-

pressin, and angiotensin (9,17,28,37,44,47,92). Although high 

tolerance to an orthostatic stress may be associated with an earlier 

or greater release of these pressor substances, few investigators 

have systematically examined these hormonal responses and associated 

cardiovascular adjustments to determine physiologic mechanisms 

related to high orthostatic tolerance (78,103). 

The purpose of this investigation was to identify the 

interrelationship between cardiovascular and vasoactive neuroendocrine 

responses associated in men with high (HT) compared to low (LT) 

tolerance to lower body negative pressure (LBNP). 

104 
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Methods 

Sixteen healthy males, ages 29-51 years, gave informed 

written consent to participate as subjects in this investigation. 

Within an eight-day experimental period, each subject underwent 

tests to determine peak oxygen uptake (Peak V02), plasma volume, and 

tolerance to graded LBNP exposure. Subjects were asked to report 

for testing at least two hours after a light meal and to refrain from 

strenuous exercise 24 hours prior to all testing. LBNP trials and 

peak V02 determinations were conducted on separate days. 

Peak aerobic capacity was measured during the final minutes 

of a standard Bruce treadmill protocol (21). Subjects breathed 

through an Otis-McKerrow respiratory valve while the volume of 

expired gas was measured with a Parkinson-Cowan high-velocity, low

resistance flowmeter. Expired gas samples were drawn from a mixing 

chamber and analyzed for oxygen and carbon dioxide with a Perkin

Elmer mass spectrometer. The Haldane transformation was used to 

calculate peak V02 from ventilation and expired gas measurements 

(121). 

Within 48 hours prior to LBNP testing, plasma volume (PV) 

was measured using a modified Evans blue dye (T-1824) dilution 

method (48). Values for microhematocrit (Hct) were determined in 

triplicate and corrected for whole body Hct by multiplication with 

the factor 0.91 (22) and total volume (TBV) was calculated from PV 

and Hct (25). 
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The protocol for LBNP exposure was modified from previous 

investigations (77,80). Following a 5-min rest period prior to LBNP 

exposure (PreLBNP), the barometric pressure within the LBNP environ

mental chamber was decreased by 30 torr for a 3-min period. Decom

pression was further increased to -50 torr, relative to ambient 

pressure, for 5 min. Stepwise increments of -10 torr every 5 min were 

added until test termination. Termination was based on the following 

criteria: 1) completion of 5 min at -100 torr; 2) sudden onset of 

presyncopal symptoms such as a preciptious decrease in systolic 

pressure greater than 15 torr per 30-sec sample and/or an abrupt 

bradycardia greater than 15 beats per min (bpm); 3) a progressive 

diminution in systolic pressure below 80 torr; or 4) request by the 

subject because of distress such as nausea or discomfort. The sub

jects were categorized as either high (HT) or low (LT) LBNP tolerant 

based upon entrance into the -70 torr test stage or surpassing the 

equivalent cumulative stress index of 640 torr·min prior to test 

termination. 

At least 30 min prior to LBNP testing~ the supine resting 

subjects received the following instrumentation. A 21-gauge needle 

with polyethylene catheter was introduced into an antecubital vein of 

the left arm. Patency of the catheter was maintained by occasional 

flushings with a small amount of heparinized saline. Electrocardio

graphic (ECG) electrodes were positioned on the chest in the standard 

V5 configuration for heart rate measurements. Ten ECG electrodes 

were placed on bilateral shoulders, anterior pelvis, midthighs, 



107 

medial ankles, and dorsum of the feet for impedance rheographic 

measurements of lower body volume change and arterial pulse volume. 

Repeated length and circumference measurements were recorded from 

the midthigh-leg (M-L) segment as defined by the corresponding 

electrodes. The subject was then assisted into a plexiglass LBNP 

chamber and a foam-padded saddle was adjusted to stabilize the 

subject. An airtight seal was then secured between the chamber 

and the waist of the subject at the level of the iliac crests. 

Immediately prior to LBNP testing, the chamber and subject were 

rotated 30 degrees to the subject's left to obtain optimal echocardio

graphic recordings. 

Physiologic measurements were recorded throughout the fifth 

minute of the resting PreLBNP period, the last minute of the -50 torr 

LBNP stage, and during the final minute of LBNP exposure prior to 

test termination. All measurements were reported as the average of 

1-min samples. Heart rates (HR) were measured with a Hewlett-Packard 

monitor (model 78203A) which provided a digital display of integrated 

beat-to-beat heart rate from the R-R interval of the ECG signal. 

Noninvasive blood pressures were sampled every 30 sec using an auto

mated system developed by L. M. Electronics automated system. Micro

phone recordings of the Korotkoff sounds were superimposed upon a 

calibrated ramp of descending brachial cuff pressures. The first and 

fourth Korotkoff sounds were used to identify systolic (SBP) and 

diastolic (OBP) pressures, respectively. Mean arterial pressure (MAP) 

was derived by dividing the sume of SBP and twice OBP by three (83). 
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Measurements of baseline (RO) and pulse (~R) resistances 

within the M-L segment were recorded using a Beckman Impedance 

Rheograph (model BR-l00). Nyboer (85) demonstrated impedance mea

surements of RO and ~R to be proportional to limb volume and 

arterial pulse volume (APV), respectively. Simultaneous RO and ~R 

measurements were recorded between the electrodes defining the M-L 

segment (77). The values for RO were then used to calculate a 

bilateral M-L segment volume (77). The ~R measurements were used to 

calculate a mean M-L APV which represented the average amount of 

blood that entered the segment during each heart beat (85,114). Blood 

flow was derived from the product of the HR and the corresponding 

M-L APV. Impedance measurements were expressed per 100 ml of M-L 

segment geometric volume in order to minimize body size differences. 

A Hewlett-Packard ultrasound imaging system (model 77020A) 

usihg M-mode was employed to measure left ventricular end-systolic 

and end-diastolic dimensions. These dimensions were used to calculate 

end-systolic (ESV) and end-diastolic (EDV) volumes (89). Stroke 

volume (SV) was calculated as the difference between EDV and ESV and 

cardiac output (CO) was determined from the product of HR and SV. 

During PreLBNP, a cardiac index was calculated bY,dividing CO by 

body surface area (120). The ejection fraction (EF) of the left 

ventricle was determined by dividing SV by EDV. Systemic peripheral 

resistance (SPR) was calculated in dynes'sec.cm- 5 by dividing the 

product of 1332 and MAP by CO (120). 
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A cumulative stress index was derived by summing the products 

of negative pressure in torr and time in minutes during each test 

stage prior to test termination (71,80). The maximal decompression 

tolerated by each subject was denoted as Peak LBNP. Compl iance 

indices for the M-L region were calculated from the decompression

induced change in segment volume divided by the cumulative stress 

index (71). 

Venous blood samples were drawn during the final minutes of 

the PRELBNP, -50 torr LBNP stage, and immediately prior to LBNP test 

termination. Test tubes containing samples were immediately placed 

on ice and Hct was determined in tripl icate. Blood samples were 

centrifuged at 4°c. After centrifugation, plasma samples were then 

removed and frozen at -600 c for future analysis. Plasma renin 

activity (PRA) was determined using a New England Nuclear radio

immunoassay kit following the procedure described by Haber et al. 

(50). Concentrations of plasma vasopressin (pVp) were determined 

by radioimmunoassay (62). A technique which couples liquid chromato

graphy and electrochemistry was utilized to measure the plasma 

norepinephrine (NE) concentration (45). Changes in PV were calculated 

from changes in PreLBNP and LBNP test Hct using the previously 

measured resting PV (48). Because Peak LBNP occasionally resulted in 

severe forearm vasoconstriction (68), Hct for Peak LBNP were occasion

ally determined during the initial 30 sec of the recovery period. 

Total circulating contents of Ne (cNE), PRA (cPRA), and pVP (cpVP) 

were derived as the products of hormone concentration and PV (116). 
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Comparisons of cardiovascular and neuroendocrine responses 

during PreLBNP, -50 torr, and Peak LBNP between HT and LT groups 

were analyzed using an unpaired two-tailed t-statistic. Paired t-

tests were used to determine changes from PreLBNP to -50 torr and 

from PreLBNP to Peak LBNP within each group. The Mann-Whitney test 

(nonparametric equivalent to the t-test) was performed to substantiate 

t-test trends. The null hypothesis was rejected when p < 0.05 and 

nonsignificant differences were denoted by N.S. 

Results 

The HT and LT groups displayed similar (N.S.) values for age, 

height, weight, midthigh-leg volume, TBV, and peak V02 (Table 7). 

However, maximal tolerance to LBNP was greater (p < 0.05) in the HT 

(74 ± 3 torr) compared to the LT subjects (53 ± 2 torr). The Peak 

LBNP tolerances corresponded to cumulative stress indices of 1062 ± 

166 torr·min in the HT compared to 335 ± 53 torr·min in the LT group 

(p < 0.05). Resting PreLBNP HR, SBP, DBP, MAP, EF, SV, and ESV were 

similar (N.S.) in both groups (Table 8). PreLBNP EDV and CO were 

greater (p < 0.05) in the HT compared to LT group (Figure 11). The 

cardiac index in the HT group (2.56 ± 0.24 l.min- 1.m-2) was also 

greater (p < 0.05) than that observed in the LT subjects (1.92 ± 0.28 

-1 -2 
l·min ·m ). 

Similar (N.S.) peripheral vascular indices of M-L APV and M-L 

BF were also observed among the two groups of subjects during PreLBNP 

(Table 9). Furthermore, no statistical (N.S.) inter-group differences 
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Table 7. Descriptive Data of High and Low Tolerant Subjects. 

HIGH LOW 
LBNP LBNP 

Variable TOLERANCE TOLERANCE 

N 9 7 

Age 37 41 
(yr) ±2 ±3 

Height 179 176 
(cm) ±1 ±2 

Weight 79.1 75.0 
(kg) ±3.7 ±2.1 

M-L Volume 9471 9631 
(m 1 ) ±638 ±490 

Peak V02 49.3 44.8 
-1 -1 ±3.8 ±3.8 (ml.kg ·min ) 

PreLBNP TBV 5945 5811 
(ml) ±196 ±168 

Values are Mean ± SE. 

* P < 0.05 HT vs LT corresponding value. 



Table 8. Cardiovascular Measurements Induced by LBNP. 

HIGH LOW 
LBNP LBNP 

TOLERANCE TOLERANCE 

PreLBNP -50 Peak Pre-50 Pre-Pk PreLBNP -50 Peak Pre-50 Pre-Pk torr torr 

HR 60 68 ,': 97 *@ +9 +37 56 67 -l: 70 ,': +10 +13 
(bpm) ±3 ±4 ±7 ±2 ±6 ±3 ±4 ±5 ±4 ±4 

SBP 107 102 @ 87 ,': -5 @ -20 102 85 ,': 81 i: -17 -21 
( torr) ±4 ±4 ±4 ±3 ±6 ±4 ±3 ±4 ±3 ±1 

DBP 55 56 53 +1 @ -2 58 50 ,': 49 ,': -8 -:9 
( torr) ±2 ±3 ±4 ±2 ±4 ±2 ±3 ±3 ±2 ±1 

MAP 73 72 @ 65 -1 @ -8 73 61 ,': 60 ,': -11 -13 
( torr) ±2 ±3 -±4 ±2 ±4 ±2 ±3 ±4 ±1 ±1 

EDV 149 @ 112 ,':@ 85 ,': -37 -65 120 82 i: 77* -39 -44 
(ml) ±9 ±9 ±12 ±7 ±9 ±6 ±8 ±9 ±5 ±7 

ESV 64 50 *@ 39 ,': -15 -25 52 35 ,': 34 i: -17 -18 
(ml) ±7 ±6 ±5 ±4 ±5 ±3 ±2 ±1 ±3 ±4 

SV 85 62 ,': 45 ,': -23 -39 68 47 ,': 43 ,': -22 -26 
(m 1 ) ±5 ±4 ±8 ±6 ±10 ±7 ±8 ±9 ±8 ±9 

EF 57 56 53 -1 -4 56 55 52 -1 -4 
(%) ±3 ±3 ±3 ±3 ±5 ±3 ±4 ±5 ±6 ±7 N 



Table 8--Continued 

HIGH 
LBNP 

TOLERANCE 

PreLBNP -50 Peak Pre-50 torr 

CO (ml· 5037 @ 4226 @ 4325 -811 
-1 min ) ±357 ±337 ±808 ±437 

SPR (dyne. 1209 1416 1446 +206 
sec.cm- 5) ±113 ±108 ±204 ±111 

Values are mean ± SE. 

* p < 0.05 vs corresponding control value. 

@ p < 0.05 HT vs LT group value. 

LOW 
LBNP 

TOLERANCE 

Pre-Pk PreLBNP -50 Peak Pre-50 Pre-Pk torr 

-713 3819 2956 2776 -863 -1043 

±845 ±354 ±401 ±474 ±524 ±644 

+236 1624 1867 2097 +244 +473 

±215 ±191 ±274 ±394 ±329 ±468 

....., 
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Figure 11. Cardiac Output Associated with LBNP Tolerance. 

Mean (±SE) values measured _ during PreLBNP (0), -50 torr 
LBNP (-50), and Peak LBNP (P). Open bars represent high 
tolerant (HT) and closed bars represent low tolerant (LT} 
groups. * p < 0.05 HT vs LT group corresponding values. 



Table 9. Midthigh-Leg Vascular Measurements Induced by LBNP. 

HIGH LOW 
LBNP LBNP 

TOLERANCE TOLERANCE 

PreLBNP -50 
torr Peak Pre-50 Pre-Pk PreLBNP -50 

torr Peak Pre-50 Pre-Pk 

M-L APV .082 .050 ,,: .041 * -.032 -.041 @ .073 .048 ,,: .048 ,,: -.025 -.025 
(m 1·100 ±.007 ±.004 ±.003 ±.o04 ±.005 ±.006 ±.004 ±.005 ±.003 ±.003 

ml-1) 

M-L BF 4.80 3.32 ,,: 3.82 ,,: -1.48 -0.98 4.05 3.19 * 3.34 * -0.87 -0.71 
-1 ±.17 ±.35 ±.19 ±.38 ±.33 ±.35 ±.41 ±.23 ±.22 (ml .mi n . ±.32 

100 m 1-1 ) 

M-L Volume +2.0 @ +4.1 @ +1.3 +1.3 

Increase ±t.3 ±1.3 ±0.3 ±0.3 
(ml.100 m1) 

Values are mean ± SE. 

* p < 0.05 vs. corresponding control value. 

@ p < 0.05 LT vs HT group value. 

U1 
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were measure~ during PneLBNP in PV or any of the three vasoactive 

hormone conc~ntrations ~r total circulating hormone contents in this 

period (Tabl~ 10). 

During the -50 Itorr LBNP stage, the HT group continued to 

maintain a greater (p < 0.05) EDV (Figure 12) and CO. Throughout 

this stage, the HT group also exhibited higher (p < O.O~) ESV, SBP 

and MAP as c~mpared to;LT subjects (Figures 12 and 13). While the 

LT group dempnstrated mreater (p < 0.05) PreLBNP to -50 torr (Pre-50) 

reductions i~ all threE~ arterial pressure variables. As compared to 

PreLBNP values, blood pressure measurements in the HT group during 

the -50 torr period, were unchanged (N.S.) whereas the LT group 

demonstrated significapt (p < 0.05) reductions in all three variables. 

The HT group. displayed: a greater (p < 0.05) relative M-L segment 

volume incr~ase duringl the -50 torr stage (Figure 14). The index for 

-1 -1 
M-L compliallce was 0.0

1
57 ± 0.07 ml·torr 'min in the HT group and 

-1 -1 0.44 ± 0.07 ml·torr ·min in the LT group (N.S.). LBNP at -50 

torr did not result in inter-group differences (N.S.) in M-L APV, 

M-L BF, or ~V. Concentrations of pVP, PRA, or NE were also similar 

among the s~bjects during -50 torr LBNP. The Pre-50 increase in 

total circujating NE (cNE) was greater (p < 0.05) in the LT group. 

During Peak LBNP, the HT group demonstrated a greater (p < 

0.05) HR an~ PreLBNP to Peak LBNP (Pre-Pk) increase in HR compared 

to the LT subjects (F~gure 15). M-L APV and M-L BF during the Peak 

LBNP were similar (N.~.) between groups. Despite these similarities, 

the Pre-Pk reduction in M-L APV was greater (p < 0.05) in the HT 
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Figure 12. End-Diastol ic, Stroke, and End- Systol ic Volumes Asso
ciated with LBNP Tolerance. 

Mean (±SE) values measured for end-diastolic (EDV), 
Stroke (SV) , and end-systolic (ESV) volumes. * p < 0.05 
high tolerant (solid lines) versus low tolerant (hatched 
lines) corresponding value. 
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Figure 13. Arterial Pressures Associated with LBNP Tolerance. 

Mean (±SE) values measured during LBNP. * P < 0.05 
high tolerant (solid lines) versus low tolerant (hatched 
lines) corresponding value. 
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Figure 14. Increases in Midthigh-Leg Arterial Pulse Volumes Asso
ciated with LBNP Tolerance. 

Mean (±SE) values measured during LBNP. * p < 0.05 high 
tolerant (solid lines) versus low tolerant (hatched lines) 
corresponding value. 
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Figure 15. Heart Rate Associated with LBNP Tolerance. 

Mean (±SE) values measured during PreLBNP (0), -SO torr 
LBNP (-SO), and Peak LBNP (P). Open bars represent high 
tolerant and closed bars represent low tolerant groups. 
* p < O.OS HT vs LT group corresponding values. 
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group (Figure 16). The HT subjects also demonstrated greater (p < 

0.05) relative M-L volumes during Peak LBNP as well as Pre-Pk 

increases in M-L volume as compared to the LT group. Mean M-L 

-1 . -1 . compl iance indices were 0.39 ± 0.04 ml·torr ·mln In the HT and 

-1 -1 0.39 ± 0.08 ml·torr ·min in the LT subjects (N.S.). Maximal 

decompression resulted in a greater (p < 0.05) Pre-Pk decrease in 

PV within the HT group (Table 10). During Peak LBNP, the concentra-

tion of pVP was greater (p < 0.05) in the HT group (Figure 17), and 

so were the total circulating contents of pVP (cpVP) and PRA (cPRA). 

These differences were consistent with greater (p < 0.05) Pre-Pk 

increases in PRA and pVP concentrations and contents observed in the 

HT group. Both HT and LT groups increased (p < 0.05) NE concentra-

tions during Peak LBNP when compared to PreLBNP measurements (Figure 

18). The concentrations of NE during Peak LBNP were similar between 

the HT and LT groups. 

Discussion 

The HT group demonstrated greater EDV and CO during PreLBNP 

which suggests that SV may also have been greater in these subjects. 

Trends were demonstrated toward a greater SV during PreLBNP, and -50 

torr LBNP test stages (p < 0.08) in the HT subjects. This t-test 

observation was supported by a greater (p < 0.05) Mann-Whitney test 

statistic. These initial inter-group differences cannot be explained 

by body size since both groups had similar heights and weights. The 

HT group also displayed a greater PreLBNP body surface area adjusted 

cardiac index when compared to the LT group. However, these intial 
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Figure 16. Midthigh-Leg Arterial Pulse Volumes Associated with LBNP 
Tolerance. 

Mean (±SE) values measured during LBNP exposure. * p < 
0.05 high tolerant· (solid lines) versus low tolerant 
(hatched lines) corresponding value. 



Table 10. Vasoactive Endocrines Associated with LBNP Tolerance. 

HIGH LOW 
LBNP LBNP 

TOLERANCE TOLERANCE 

PreLBNP -50 Peak Pre-50 Pre-Pk Control -50 Peak Pre-50 Pre-Pk torr torr 

PV 3697 3724 3430 ,', +28 -267 @ 3643 3742 ,~ 3535 ,~ +99 -109 
(ml) ±120 ±122 ±112 ±38 ±66 ±114 ±137 ±112 ±39 ±27 

PRA 1.06 1.20 3.98 ,,: +0.14 +2.92 @ 0.91 0.97 0.96 +0.06 +0.06 
(ng Ang ±0.21 ±0.31 ±1.43 ±0.17 ±1.26 ±0.27 ±0.35 ±0.36 ±0.09 ±0.10 
I I· h r- 1 ) 

pVP -1 1.5 1.9 8.7 '':@ +0.4 +7.2 @ 0.9 2.7 3.1 +1.8 +2.2 
(pg.ml ) ±0.4 ±0.6 ±2.0 ±0.3 ±2.0 ±0.3 ±1.0 ±1.0 ±1.0 ±1.0 

NE -1 366 448 870 ,,: +82 +504 317 597 ,,: 582 ,,: +279 +264 
(pg·ml ) ±60 ±63 ±228 ±50 ±203 ±71 ±144 ±142 ±90 ±86 

cPRA 3778 4271 12767 '':@ +493 +8989 @ 3220 3482 3268 +261 +48 
(ng ±652 ±998 ±3889 ±635 ±3396 ±910 ±1226 ±1153 ±344 ±262 
Ang II) 

CpVP 5337 6995 28517 *@ +1657 +23180 @ 3382 9951 10992 +6569 +7609 
(pg) ±1419 ±2048 ±5520 ±1189 ±5520 ±1122 ±3548 ±3276 ±3690 ±3529 

cNE 1349 1654 2962 ,', +305 @ +1612 1119 2175 ,,: 1993 * +1057 +874 
(pg) ±230 ±222 ±761 ±186 ±674 ±225 ±481 ±434 ±319 ±261 

Values are mean ± SE. * P < 0.05 resting control vs corresponding -50 torr or Peak LBNP value. N 
w 

@ P < 0.05 HT vs LT corresponding value. 
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Figure 17. Plasma Vasopressin Responses to LBNP. 

Mean (±SE) values measured during PRELBNP (0), -SO torr 
LBNP (-50), and Peak LBNP (P). Open bars represent high 
tolerant and closed bars represent low tolerant groups. 

· * p < 0.05 HT vs LT PreLBNP to Peak LBNP group difference. 



Plasma 

Renin 

Activity 

-1 
(ng Ang I I · h r ) 

5 

4 

3 

2 

@ 

0 -50 p 

LBNP (torr) 

Figure 18. Plasma Renin Activity Responses to LBNP. 
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Mean (±SE) values measured during PreLBNP (0), -SO torr 
LBNP (-SO), and Peak LBNP (P). Open bars represent high 
tolerant and closed bars represent low tolerant groups. 
* p < O.OS HT versus LT PreLBNP to Peak LBNP group dif-
ference. 



126 

differences in CO between HT and LT subjects were not present at 

Peak LBNP. These data suggest that a greater CO during PreLBNP may 

have provided HT subjects with a larger cardiac reserve to utilize 

during the -50 torr test stage and throughout LBNP-induced ortho

stasis. During PreLBNP and the -50 torr test stage, SV rather than 

HR appeared to contribute to a greater CO in the HT subjects. Larger 

EDV during the PreLBNP and -50 torr test periods suggest that HT 

subjects may have been predisposed with a greater capacity for venous 

return. 

In addition to these cardiac differences, the HT group dis

played a trend toward lower PreLBNP values of SPR (p < 0.07) which 

was supported by significant (p < 0.05) Man Whitney test results. 

These data suggest that reduced arterial constriction in the HT 

group provided an important contribution to the regulation of MAP 

during PreLBNP. 

At Peak LBNP, CO decreased in both groups to a level which 

appeared insufficient to sustain SBP above the test termination 

criterion. Measurements of SV were similar between the groups at 

Peak LBNP whereas HR was greater in the HT subjects. These data 

suggest that CO during Peak LBNP may have been greater in the HT 

group. A greater tachycardia rather than greater SV appeared to 

be the primary cardiac mechanism which was associated with maintain

ing CO during Peak LBNP. 

Exposure to LBNP at -50 torr resulted in M-L volume increases 

of 127 ml in the LT group and 194 ml in the HT group. Blood pool ing 
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of these magnitudes could account for about a 2-3% reduction in effec

tive circulating blood volume. In addition to blood pooling in the 

M-L segment, the larger pelvic-midthigh region also provided a 

venous reservoir during LBNP. LBNP-induced pelvic volume increases 

have been reported to include caudally displaced viscera (41). In

clusion of viscera in the measurement of sequestered venous blood in 

this region results in an overestimation of vascular fluid shifts 

(41). For this reason pelvic-midthigh volume changes were not pre

sented in this investigation. 

When compared to PreLBNP measurements, the LT group demon

strated a significant increase (88%) in NE concentration compared to 

22% (N.S.) in the HT group during -50 LBNP. Graboys et al. (47) 

observed increased NE concentration during -50 torr LBNP. Interest

ingly, a four-fold greater Pre-50 increase in NE in the LT subjects 

was associated with similar cardiac and peripheral vascular effects. 

Compared to PreLBNP values, both HT and LT groups increased HR by 

15% and 18% as well as decreased M-L APV by 34% and 39% respectively. 

Interestingly, an 88% increase in NE concentration observed in the LT 

group during -50 torr LBNP coincided with a 15% reduction in MAP in 

these subjects while the HT group sustained MAP near PreLBNP levels 

with only a 22% elevation in NE. 

During -50 torr LBNP, maintenance of DBP in the HT subjects 

cannot readily be explained by greater vasopressin or angiotensin 

actions since neither group increased pVP or PRA concentrations 

above PreLBNP levels. In contrast to our data, Fasola and Martz (39) 
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reported a 463% increase in PRA after 30 min of -50 torr LBNP 

exposure. Head-up tilt for 15 min has also been associated with a 

72% increase in PRA (28). LBNP was maintained at -50 torr for only 

5 minutes in the present study. A shorter duration of orthostatic 

stress, as compared to previous investigations, may have been 

insufficient to increase PRA. Similarly, orthbstatic-induced 

increases in pVP appear dependent upon duration and intensity of 

orthostasis (9,17,28). Davies et al. (28) reported moderate increases 

in pVP concentration only after 30 minutes of passive tilt whereas 

increases in PVP have been dramatic when the development of hypoten

sive symptoms have been induced (9). In the present investigation, 

failure to increase pVP above PreLBNP levels in HT or LT groups during 

-50 torr LBNP was similar to observations of Bonde-Petersen et al. 

(17) in which pVP remained at resting control levels after 10 minutes 

of -40 torr LBNP. 

Peak LBNP induced similar blood pressure responses between 

the groups, although DBP and MAP in the HT group were not signifi

cantly depressed from PreLBNP values. During PEAK LBNP, both groups 

demonstrated compensatory cardiovascular responses such as increased 

HR and decreased M-L BF, which would have been consistent with 

increased sympathetic nervous stimulation. When compared to the 

PreLBNP measurements, plasma concentrations of NE increased 138% and 

83% in the HT and LT groups, respectively. The almost two-fold 

greater Pre-Pk increase in NE concentration observed in the HT group 

was associated with nearly a three-fold greater Pre-Pk increase in 
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cardiac chronotrophy (67%) compared to the LT group (24%). The 

higher Peak LBNP NE concentration did not appear to be associated 

with increased inotrophy since EF remained near PreLBNP values. 

Possible mechanisms for increased cardiac chronotrophy and a larger 

Pre-Pk reduction in M-L APV observed in the HT group include greater 

LBNP-induced increases in NE concentration and/or increased ad reno

receptor sensitivity to NE. 

Sympathetic nervous activity has been reported to be a potent 

stimulator of the renin-angiotensin system (66). The Pre-Pk increase 

in PRA was 275% in the HT subjects was greater than 7% increase 

observed in the LT group. A trend (p < 0.07) toward a greater Peak 

LBNP concentration of PRA within the HT group was supported by a 

significant (p < 0.05) Mann-Whitney test result (Figure 19). Possible 

explanations for the inability of the LT group to elevate PRA may be 

related to a smaller Pre-Pk increase in NE, or a reduced sensitivity 

to NE. The shorter duration of LBNP exposure in the LT subjects may 

have been insufficient to manifest a PRA increase. During Peak LBNP 

in the HT subjects however, increased vasoconstriction associated 

with maintenance of DBP, cannot solely be attributed to NE since HT 

subjects also displayed larger Pre-Pk increases in renin activity 

and vasopressin. 

Although LBNP termination was not determined by loss of 

consciousness in either HT or LT groups in the present study, 

impending hypotension was demonstrated by reductions in SBP of 19% 

in the HT group and 21% in the LT subjects. These SBP reductions 
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were associated with Pre-Pk increases in pVP of 480% and 244% in the 

HT and LT groups, respectively. Since LBNP test termination was 

based on presyncopal symptoms, a precipitous increase in pVP, which 

has been associated with vasodepressor syncope (9,44), was seldom 

observed. Increases in pVP similar to those observed in the HT 

group at Peak LBNP, have been associated with prolonged presyncopal 

exposure to an orthostatic stress (28,29,92). 

Greater HT group Pre-Pk increases in pVP and PRA in addition 

to a strong trend for a greater NE concentration were associated with 

effects consistent with greater vasoconstriction such as larger 

reductions in M-L APV and maintenance of DBP near PreLBNP values. 

During Peak LBNP, these greater vasoconstrictive reactions were not 

supported on the systemic level since Pre-Peak LBNP elevations in SPR 

were 20% and 29% in the HT and LT groups, respectively. Although HT 

subjects displayed greater concentrations of vasoconstrictive hormones 

and higher indices of arterial vasoconstriction, increased tolerance 

to LBNP appeared most related to a greater compensatory tachycardia 

which minimized the effect of LBNP-induced SV reductions on co. This 

hypothesis is further supported by observations of Pre-Peak LBNP 

reductions in SV which were 46% and 38% while co decreased 14% and 

27% during the same period in HT and LT groups, respectively. 

In the present study, subjects who tolerated greater LBNP 

exposure demonstrated a larger resting CO which was not associated 

with subject siz~, TBV, or Peak ~02. The higher resting CO in the 

HT group may have provided greater cardiac reserve before a level of 
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systemic flow inadequate to sustain SBP developed. At Peak LBNP, a 

greater tachycardia minimized the effect of a reduced SV, thus 

maintaining CO for a longer duration. Furthermore, HT subjects 

demonstrated increases in pVP, PRA, and NE during Peak LBNP whereas 

the LT group increased only NE, suggesting that the renin-angiotensin 

and pVP systems may have contributed to sustaining DBP and MAP by 

vasoconstrictive actions. Data from this investigation suggest that 

increased tolerance to LBNP may be related to increased responsive

ness or sensitivity of several vasoactive neuroendocrine systems. 



CHAPTER 7 

EFFECTS OF CHOLINERGIC AND BETA-ADRENERGIC BLOCKADE 
ON CARDIOVASCULAR RESPONSES DURING ORTHOSTASIS 

Introduction 

Healthy individuals display considerable variability in 

their tolerance to an orthostatic stress. Efferent autonomic nervous 

responses controlling cardiac output and systemic vascular resistance 

play integral roles in the regulation of arterial pressure and may be 

one source of the observed variation in tolerance. Cardiovascular 

responses to an orthostatic stress, such as lower body negative 

pressure (LBNP), have commonly included autonomic nervous mediated 

increases in heart rate as well as peripheral vasoconstriction (78, 

93). 

The influence of the autonomic nervous system on orthostatic-

induced circulatory adjustments has been investigated through use of 

beta-adrenergic and cholinergic blocking drugs (69,80). Propranolol-

induced beta-adrenergic blockade has attenuated a passive tilt-

induced tachycardia, although arterial pressure was maintained and 

orthostatic tolerance appeared unaffected (69,72). After propranolol 

treatment, maintenance of arterial pressure dur"ing orthostasis was 

attributed to a larger stroke volume and increased systolic pressure 

(69). Beta-adrenergic blockade has elso been suggested to block 
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sympathetically mediated peripheral vasodilation in skeletal muscle 

which may have resulted in an increased systemic peripheral resistance 

(72) • 

Cholinergic blockade through atropine treatment was hypothe

sized to increase tolerance to lower body negative pressure through 

increased tachycardia (80). Desp~te an increased heart rate, para

sympathetic blockade demonstrated little effect on hemodynamic 

responses to graded LBNP, suggesting baroreceptor-mediated responses 

maintained arterial pressure through smaller increases in peripheral 

vasoconstriction (80). These studies however, failed to compare 

cardiovascular responses before and after autonomic blockade with 

reference to physiologic mechanisms which may relate to resistance 

or predisposition to orthostatic intolerance. 

Few investigations have compared the cardiovascular or 

endocrine responses among fainters and nonfainters (11,104,111). 

During passive head-up tilt, fainters demonstrated smaller 

orthostatic-induced tachycardia and greater reduction in cardiac 

index compared to nonfainters, although inter-group comparisons of 

stroke volume were similar (111). Contrary to these observations, 

Weissler et al. (120) reported no difference in the cardiac index of 

subjects during syncope before and after atropine treatment. There

fore, syncopal predisposition and resistance to an orthostatic 

stressor may be associated with sympathetic and parasympathetic 

efferent mechanisms controlling cardiac output and systemic peri

pheral resistance. To test this hypothesis, cardiovascular responses 



of 11 men, categorized as having high or low tolerance to graded 

presyncopal-limited LBNP, were compared before and after atropine 

or propranolol administration. 

Methods 
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Eleven healthy males, ages 35-51 years, gave written consent 

to participate as subjects in this investigaticn. Within a three

week period, each subject underwent tests for determination of peak 

aerobic capacity (Peak V02) , body composition, plasma volume, and 

four graded presyncopal-limited exposures to lower body negative 

pressure (LBNP). Subjects were asked to report for testing at least 

two hours after a light meal and to refrain from strenuous exercise 

24 hours prior to all testing. LBNP exposures and peak V02 deter

minations were conducted on separate days and paired LBNP tests 

were separated by two weeks. 

Peak aerobic capacity was measured during the final minute 

of a standard Bruce treadmill protocol (21). Expired gas was measured 

with a Parkingson-Cowan high-velocity, low-resistance flowmeter. 

Expired gas samples were drawn from a mixing chamber and analyzed for 

oxygen and carbon dioxide concentration using a Perkin-Elmer mass 

spectrometer. The Haldane transformation was used to calculate Peak 

V0
2 

from ventilation and expired gas measurements (121). Body 

composition was determined by the densitometric technique described 

by Brozek et a 1. (20). 
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Twenty-four hours prior to the initial LBNP exposure, plasma 

volume (PV) was measured using a modified Evans blue dye (T-1824) 

dilution method (48) following a 3D-min supine resting control period. 

Values for microhematocrit (Hct) were determined in triplicate and 

corrected for whole body Hct by multiplication with the factor 0.91 

(22). Total blood volume (TBV) was calculated from PV and Hct (25). 

The protocol for LBNP was modified from previous investiga

tions (77,80). Following a 5-min rest period prior to LBNP exposure 

(PreLBNP), the barometric pressure within the LBNP environmental 

chamber was decreased by 30 torr for a 3-min period. Decompression 

was further increased to -50 torr, relative to ambient pressure, for 

5-min. Stepwise increments of -10 torr every 5 minutes were added 

until test termination. Termination was based on the following 

criteria: 1) completion of 5-min at 100 torr; 2) sudden onset of 

presyncopal symptoms such as a precipitous decrease in systol ic pres

sure greater than 15 torr per 3D-sec sample and/or an abrupt 

bradycardia greater than 15 betas per min (bpm); 3) a progressive 

diminution in systolic pressure below 80 torr; 4) request by the 

subject because of distress such as nausea or discomfort. A 

cumulative stress index was determined by summing the products of 

LBNP in torr and time in minutes during each test stage prior to 

test termination (71,80). During each test, the maximal decompres

sion tolerated by each subject was denoted as Peak LBNP. The 

subjects were categorized as either high (HT) or low (LT) LBNP 

tolerant based upon entrance into the -70 torr test stage or 
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surpassing the equivalent cumulative stress index of 640 torr·min 

prior to test termination during the initial placebo LBNP exposure. 

At least 30-min prior to LBNP exposure, the supine resting 

subject received the following instrumentation. A 21-gauge needle 

with polyethylene catheter was introduced into an antecubital vein of 

the left forearm. Patency of the catheter was maintained by 

occasional flushings with a small amount of heparinized saline. 

Electrocardiographic (ECG) electrodes were positioned on the 

chest in the standard V5 configuration for heart rate measurements. 

Ten ECG electrodes were placed on bilateral shoulders, anterior 

pelvis, midthighs, medial ankles, and dorsum of feet for impedance 

rheographic measurements of leg blood flow and volume change. Leg 

circumferences were measured every 3 cm from the midthigh to the ankle 

electrodes which defined the midthigh-leg (M-L) segment. Subjects 

were assisted into the LBNP chamber and a foam-padded saddle was 

adjusted to stabilize the subject. An air-tight seal was secured 

between the chamber and the waist of the subject at the level of the 

iliac crests. Immediately prior to LBNP testing, the chamber and 

subject were rotated 30 degrees to the subject's left to obtain 

optimal echocardiographic recordings. 

To minimize day-to-day variability, each subject underwent 

two LBNP exposures on each of two test days. Immediately prior to 

the initial exposure, subjects received an intravenous injection of 

approximately five ml of sterile saline. The single blind design 

minimized subject bias, while the prolonged actions of some of the 
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medications dictated a fixed order of treatment. On the first 

test day 30 min after the completing of the initial (placebo) LBNP 

exposure, subjects were injected with atropine (0.035 mg kg- 1) through 

the forearm catheter. Following the placebo LBNP exposure on the 

second test day, propranolol (0.05 mg.kg- 1) was administered 

following the same procedure. The muscarinic-cholinergic and beta

adrenergic LBNP tests were initiated within 10 minutes after injec

tions were completed. 

Physiologic measurements were recorded during the fifth minute 

of the resting PreLBNP period and during the final minute of LBNP 

exposure prior to. test termination. All measurements were reported 

as average 1-min samples. Heart rates (HR) were measured with a 

Hewlett-Packard monitor (model 78203A) which provided a digital 

display of integrated beat-to-beat heart rate from the R-R interval 

of the ECG signal. Noninvasive arterial pressures were sampled 

every 30 sec from the right arm using an automated system developed 

by L. M. Electronics. Microphone recordings of the Korotkoff sounds 

were superimposed upon a calibrated ramp fo descending brachial cuff 

pressures. The first and fourth Korotkoff sounds were used to 

identify systolic (SBP) and diastolic (OBP) blood pressures, respec

tively. Mean arterial pressure (MAP) was calculated by dividing 

the sum of SBP and twice OBP by three (83). 

Simultaneous measurements of baseline and pulse resistances 

within the M-L segment were recorded using a Beckman Impedance 

Rheograph (model BR-100) following a procedure described by 
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Montgomery et al. (77). Baseline resistance values were used to 

calculate bilateral M-L segment volume changes (85). Pulse resist

ances were used to calculate an average pulse volume (APV) which 

represented the mean volume of blood which entered the M-L segment 

during each heart beat (85,114). Blood flow (BF) was derived from 

the product of HR and APV. Measurements of BF were expressed per 

100 ml of M-L volume to minimize leg size differences. 

A Hewlett-Packard ultrasonic echocardiograph system employing 

M-mode imaging was used to measure left ventricular end-systolic and 

end-diastolic dimensions. These dimensions were used to calculate 

end-systolic (ESV) and end-diastolic (EDV) volumes (89). Stroke 

volume (SV) was calculated as the difference between EDV and ESV, 

while cardiac output (CO) was determined from the product of HR and 

SV. The ejection fraction (EF) of the left ventricle was determined 

by dividing SV by EDV. Systemic peripheral resistance (SPR) was 

calculated in units of dynes.sec.cm- 5 by dividing the product of 

1332 and MAP by CO (120). 

Comparisons of cardiovascular responses during PreLBNP and 

Peak LBNP were compared between the placebo and drug testing using 

paired t-tests. Paired t-tests were also used to determine changes 

in cardiovascular measurements between PreLBNP and Peak LBNP. 

Unpaired two-tailed t-statistics were used to compare HT and LT 

cardiovascular responses. The null hypothesis was rejected with 

p < 0.05 and nonsignificant differences were denoted byN.S. 
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Results 

The HT and LT groups were similar in age, weight, lean body 

weight, height, PV, TBV, and Peak V02 measurements (Table 11). Atro

pine treatment had no effect on LBNP tolerance whereas Peak LBNP was 

significantly reduced from placebo after propranolol treatment 

(Figure 20). l~ all subjects, similar Peak LBNP measurements (Table 

12) were observed among the two placebo LBNP exposures and a signi

ficant correlation (r - 0.9135, p < 0.05) was determined between the 

two Peak LBNP values measured during the placebo LBNP exposures. 

A supplementary study was conducted in order to determine 

possible interactions between the first and second LBNP exposures 

performed on a given test day. Seven additional subjects underwent 

instrumentation and repeated LBNP exposures which were separated by 

at least a 30 min rest period. This procedure was identical to that 

experienced by the subjects in this investigation however, placebo 

or drugs were not administered to these seven volunteers. The results 

of this study are presented in Appendix B. The cumulative stress 

indices for the repeated LBNP exposures Were similar (N.S.), as were 

all the Peak LBNP cardiovascular variables. The only differences 

observed between the first and second decompressions were lower 

PreLBNP measurements of HR, SBP, DBP, and MAP before the second LBNP 

exposure. After the first exposure there was an apparent reduction 

in subject apprehension, which resulted in greater relaxation and a 

reduction in heart rate and arterial pressures prior to the second 

LBNP trial. These data suggest that a 30 min rest period was 
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Table 11. Physical Characteristics. 

HT GROUP LT GROUP 

N 6 5 

Age 40 43 
(yr) ±3 ±2 

Weight 82.9 76.6 
(kg) ±3.6 ±2.7 

Lean Body Weight 63.7 59.0 
(kg) ±2.1 ±2.0 

Height 177 178 
(cm) ±2 ±3 

PV 3396 3455 
(ml) ±222 ±163 

TBV 5513 5621 
(ml) ±356 ±296 

Peak V02 3.28 2.90 

(1'min- 1) ±0.20 ±0.30 

Values are mean ± SEe 

* p < 0.05 HT vs LT corresponding values. 
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Table 12. Tolerance to LBNP Associated with Autonomic Nervous Blockade. 

HT GROUP LT GROUP 

Plac Atrop Plac 2 Prop Plac Atrop Plac 2 

Peak 78 @ 82 @ 78 @# 63 @ 54 48 52 # 
LBNP ±5 ±7 ±5 ±4 ±4 ±5 ±2 
(torr) 

Cumulative 
Stress 1219 @ 1331 @ 1268 @# 639 @ 311 253 303 #,,: 
Index ±181 ±272 ±252 ,': ±166 ±99 ±65 ±48 
(torr. min) 

@ p < 0.05 HT vs LT corresponding values. 

# p < 0.05 placebo and corresponding drug value. 

* p < 0.05 HT vs LT placebo-drug difference. 

Prop 

46 
±4 

186 
±42 

..l:
v.> 
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sufficient to allow full recovery of cardiovascular variables and that 

reproducible cardiovascular measurements could be recorded during 

repeated LBNP exposures on the same day. 

During placebo treatments, Peak LBNP induced M-L volume 

increases (mean ± SE) of 393 ± 69 ml in the HT and 142 ± 38 in the 

LT group (p < 0.05). These leg poolings were associated with compen

satory increases (p < 0.05) in HR (Tables 13 and 14). Arterial 

vasoconstriction, as indicated by decreases (p < 0.05) in M-L APV 

(Tables 15 and 16) were also observed during the placebo decompres

sion exposures. LBNP also was associated with reductions (p < 0.05) 

in SV and MAP (Tables 13 and 14). At peak LBNP, the HT group 

demonstrated greater (p < 0.05) increases in HR and decreases in M-L 

APV compared to LT subjects. At Peak LBNP, the HT group was able 

to maintain MAP at PreLBNP levels while MAP decreased (p < 0.05) in 

the LT subjects. 

The dosage (mean ± SE) of atropine administered to the sub

jects was 1.62 ± 0.05 mg. Although muscarinic-cholinergic blockade 

had no effect (N.S.) on LBNP tolerance (Figure 20), atropine demon

strated effects on several cardiovascular responses. After atropine 

treatment, the combined groups displayed an increase (p < 0.05) in 

HR throughout LBNP testing (Figure 21) while EDV and SV (Figure 22) 

were reduced (p < 0.05) by atropine during the PreLBNP period. CO and 

SBP were unaffected (N.S.) by atropine treatment, whereas MAP (Figure 

23) and DBP (Figure 24) were greater (p < 0.05) during PreLBNP after 

cholinergic blockade. Throughout LBNP testing, treatment with 
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Table 13. Cardiovascular Measurements Associated with Placebo 1 and 
Atropine LBNP Exposures. 

HT GROUP LT GROUP 

Pre Peak Pre Peak 

PLACEBO 

HR 60 98 ;~@# 59 68 
{bpm} ±4 ±4 ±4 ±7 

SBP 108 87 ;~@ 94 77 'it.: 

{torr} ±6 ±4 ±4 ±1 

DBP 54 56 52 45 
{ torr} ±4 ±3 ±2 ±2 

MAP 72 66 @ 66 56 ;~ 

{ torr} ±4 ±3 ±2 ±2 

EDV 137 55 ;~ 103 69 ;': 
{ml} ±14 ±5 ±18 ±13 

ESV 55 34 ;~ 41 28 
{m 1 } ±4 ±5 ±7 ±3 

SV 83 21 ,~# 61 41 
(m 1) ±12 ±6 ±12 ±11 

CO -1 4872 2118 ,~ 3436 2517 ,,: 
{m 1 ·mi n } ±629 ±606 ±452 ±471 

EF 59 36 ,':@ 60 55 
(%) ±4 ±6 ±3 ±6 

SPR 1384 5057 1614 2173 
{dynes·sec.cm-5} ±335 ±2026 ±162 ±628 

ATROPINE 

HR 83 121 ,~# 88 98 
(bpm) ±6 ±8 ±4 ±9 

SBP 108 85 -/: 99 68 ,,: 
( torr) ±5 ±6 ±5 ±5 

DBP 60 57 59 45 ;~ 

( torr) ±2 ±4 ±3 ±4 

MAP 76 66 72 53 ,~@ 

(to r r) ±3 ±5 ±2 ±3 
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Table 13--Continued. 

HT GROUP LT GROUP 

Pre Peak Pre Peak 

EDV 117 65 -;': 93 56 -;': 

(ml) ±13 ±7 ±10 ±8 

ESV 56 35 -.' .. 42 29 
(ml) ±7 ±5 ±5 ±5 

SV 61 30 i': 51 27 -;': 

(ml) ±8 ±3 ±8 ±5 

CO -1 4985 3718 it: 4550 2713 i': 

(ml·min ) ±585 ±576 ±788 ±634 

EF 52 47 +55 47 
(%) ±3 ±5 ±4 ±6 

SPR -5 1290 1566 1414 2021 
(dyne.sec.cm ) ±126 ±226 ±212 ±520 

,'; P < 0.05 PreLBNP value vs corresponding Peak LBNP value. 

@ p < 0.05 HT vs LT corresponding value. 

# p < 0.05 HT vs LT Pre-Pk difference in corresponding value. 
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Table 14. Cardiovascular Measurements Associated with Placebo 2 and 
Propranolol LBNP Exposures. 

HT GROUP LT GROUP 

Pre Peak Pre Peak 

PLACEBO 2 

HR 60 92 "'@# 59 71 
(bpm) ±3 ±6 ±4 ±6 

SBP 105 91 ,', 95 78 ,', 
( torr) ±4 ±5 ±2 ±3 

DBP 57 57 59 50 ,', 
( torr) ±4 ±5 ±3 ±4 

MAP 73 68 71 60 ,~ 

( torr) ±4 ±5 ±3 ±3 

EDV 137 83 ,~ 115 72 'i': 

(ml) ±13 ±19 ±10 ±13 

ESV 66 37 ,', 50 31 
(m 1 ) ±8 ±8 ±5 ±4 

SV 71 46 -;" 65 42 
(ml) ±7 ±13 ±10 ±ll 

CO -1 4240 4278 3752 2811 
(m 1 'm in) ±409 ±1297 ±480 ±621 

EF 52 53 56 55 
(%) ±2 ±4 ±5 ±5 

SPR -5 1500 2330 1639 2014 
(dyne'sec'cm ) ±260 ±1008 ±274 ±381 

PROPRANOLOL 

HR 55 68 ,', 54 63 ,', 
(bpm) ±3 ±5 ±4 ±4 

SBP 102 87 ,~ 92 80 ,', 
( torr) ±4 ±5 ±2 ±2 

DBP 62 59 60 68 
( torr) ±10 ±5 ±3 ±3 

MAP 75 69 70 65 ,', 
( torr) ±4 ±4 ±2 ±2 
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Table 14--Continued 

HT GROUP LT GROUP 

Pre Peak Pre Peak 

EDV 127 97 ~" 110 69 i': 

(m 1 ) ±12 ±16 ±12 ±11 

ESV 59 55 53 33 i
l
: 

(ml) ±7 ±12 ±7 ±6 

SV 69 42 'I: 57 36 -;': 

(m 1) ±8 ±6 ±8 ±6 

CO -1 3751 2793 ~': 2951 2153 
(ml.min ) ±414 ±424 ±284 ±277 

EF 54 45 51 52 
(%) ±4 ±4 ±4 ±1 

SPR 1811 2342 ~': 2004 2596 
(dyne' sec. cm- 5) ±400 ±591 ±263 ±403 

it: p < 0.05 PreLBNP value vs Peak LBNP corresponding value. 

@ p < 0.05 HT vs LT corresponding value. 

# p < 0.05 HT vs LT Pre-Pk corresponding value. 
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Table 15. Midthigh-Leg Circulatory Measurements during Placebo 1 and 
Atropine LBNP Exposures. 

APV 
(m I) 

BF -1 
(ml·100 ml ) 

Volume 
(m I) 

APV 
(ml) 

BF -1 
(ml·100 ml ) 

Volume 
(ml) 

it: p < 0.05 PreLBNP vs 

Pre 

HT GROUP 

Peak 

PLACEBO 

6.28 2. 84 ~';@ 

±0.57 ±0.26 

3.80 2.80 -;':, 

±0.24 ±0.24 

9,865 10,235 
±613 ±571 

ATROPINE 

5·32 2.67 -;1: 

±0.45 ±0.21 

4.43 3. 24 ,~ 

±0.22 ±0.19 

9,846 10,136 ~~# 
±611 ±621 

Peak LBNP corresponding 

@ p < 0.05 HT vs LT corresponding value. 

LT GROUP 

Pre Peak 

6.66 4. 33 ~', 
±0.61 ±0.32 

3.39 2. 55 ~~ 

±0.20 ±0.12 

11 ,135 11,271 
±536 ±541 

5.37 3.31 it.: 

±0.29 ±0.32 

4.21 2.86 ;', 

±0.33 ±0.27 

11 ,323 11 ,421 ,;', 

±380 ±362 

value. 

II p < 0.05 HT vs LT Pre-Pk corresponding value. 



Table 16. Midthigh-Leg Circulatory Measurements during Placebo 2 
and Propranolol LBNP Exposures. 

HT GROUP LT GROUP 

Pre Peak Pre Peak 

PLACEBO 2 

APV 6.48 3.53 i': 6.33 4.13 i'\ 

(ml) to.47 ±0.36 ±0.75 ±0.35 

SF -1 3.92 3. 25 ~~ 3.53 2.83 
(ml.100 ml ) ±0.20 ±0.22 ±0.21 ±0.30 

Volume 9,644 10,060 ~~# 10,314 10,461 "J': 

(ml) ±735 ±776 ±403 ±425 

PROPRANOLOL 

APV 6.06 3.13 i': 6.29 4.09 -1: 

(ml) ±0.45 ±0.39 ±0.76 ±0.24 

BF -1 3.40 2.14 it.: 3.19 2. 47 ~~ 

(ml.100 ml ) ±0.21 ±0.30 ±O.26 ±0.18 

Volume 9,927 10,134 'k 10,315 10,407 ~': 

(ml) ±666 ±671 ±399 ±414 

~': p < 0.05 PreLBNP value vs Peak LBNP corresponding value. 

@ p < 0.05 HT vs LT corresponding value. 

# p < 0.05 HT vs LT PreLBNP to Peak LSNP corresponding value. 
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Figure 21. Heart Rate Responses during Placebo 1 and Atropine LBNP 
Exposures. 

Mean (±SE) values measured in High Tolerant (open bars) 
and Low Tolerant (solid bars) groups. * p < 0.05 High 
versus Low tolerant group differences. @ p < 0.05 High 
versus Low tolerant PreLBNP-Peak LBNP group difference. 
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Figure 22~ Stroke Volume Responses during Placebo 1 and Atropine LBNP 
Exposures. 

Mean (±SE) values measured · in High Tolerant (open bars) 
and Low Tolerant (solid bars) groups. * p < 0.05 High 
versus · Low tolerant group differences. @ p < 0.05 
versus Low tolerant PreLBNP-Peak LBNP group difference. 
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Figure 23. Mean Arterial Pressure_ during Placebo 1 and Atropine LBNP 
Exposures. 

Mean (±SE) values measured in High Tolerant (open bars) 
and tow Tolerant (solid bars) groups. * p < 0.05 High 
versus Low tolerant group differences. @ p < 0.05 High 
versus Low tolerant PreLBNP~Peak LBNP group difference. 
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Figure 24. Diastolic Pressures during Placebo 1 and Atropine LBNP 
Exposures. 

Mean (±SE) values measured in High Tolerant (open bars) 
and Low Tolerant (solid bars) groups. * p < 0.05 High 
versus Low tolerant group differences. @ p < 0.05 High 
versus LOw tolerant PreLBNP-Peak LBNP group differences. 



atropine was associated with decreased (p < 0.05) M-L APV (Figure 

25), however, the drug-induced tachycardia produced an increased 

(p < 0.05) M-L BF (Table 15). The placebo-atropine difference in 
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M-L APV was greater in the LT compared to HT subjects. After 

atropine treatment, neither group demonstrated a change (N.S.) from 

the placebo exposure in leg blood pooling (Table 15). During cholin

ergic blockade, the LBNP-induced increase in M-L volume was 290 ± 42 

ml in the HT compared to 98 ± 35 ml in the LT group (p < 0.05). 

The mean ± SE dose of propranolol given to the subject was 

4.04 ± 0.12 mg. Induced beta-adrenergic blockade was associated with 

reduced (p < 0.05) tolerance to LBNP in both HT and LT groups (Figure 

20). The placebo-propranolol reduction in the cumulative stress 

index was 644 ± 114 torr min compared to 124 ± 56 torr min in the HT 

and LT groups, respectively (p < 0.05). When groups were combined, 

beta-adrenergic blockade produced reductions (p < 0.05) in HR 

(Figure 26) and higher (p < 0.05) DBP throughout LBNP exposure as 

compared to the matched placebo test. At Peak LBNP, the HT group 

demonstrated a 26% placebo - propranolol reduction in HR compared to 

11% in the LT subjects (p < 0.05). Because placebo and propranolol 

measurements of SV (Figure 27) were similar (N.S.) ihroughout LBNP 

testing, beta blockade resulted in a reduced CO which was significant 

(p < 0.05) during Pr.e-LBNP. The LBNP-induced changes in MAP was 

unaffected by beta-adrenergic blockade. Placebo and propranolol LBNP 

exposures in similar M-L APV measurements whereas the propranolol

induced bradycardia decreased (p < 0.05) M-L BF throughout LBNP 
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Figure 25. Midthigh-Leg Arterial Pulse Volumes during Placebo 1 and 
Atropine LBNP Exposures. 

Mean (±SE) values measured in High Tolerant (open bars) 
and Low Tolerant (solid bars) groups. * p < 0.05 High 
versus Low tolerant group differences. @ p < 0.05 High 
versus Low tolerant PreLBNP-Peak LBNP group differences 
& p < 0.05 High Tolerant versus Low Tolerant placebo 
1-atropine difference. 



157 

110 

* 
10lJ @ 

~ 

~0 .. 

80 ~ 

Heart 
& 

Rate 
70 . 

(bpm) 

60 . f 
50 ~ 

40 

{ 
c Pk c Pk 

Placebo Propranolol 

Figure 26. Heart Rates during Placebo 2 and Propranolol LBNP 
Exposures. 

Mean (±SE) values measured ln high tolerant (open bars) 
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exposure. Beta-adrenergic blockade was associated with a HT group 

M-L volume increase of 207 ± 53 ml compared to 91 ± 21 ml in the 

LT subjects (p < 0.05). 

Discussion 

In the present study, tolerance to LBNP appeared more related 

to physiologic reactions than to physical characteristics since the 

HT and LT groups were indistinguishable in anthropometric data. 

LBNP-induced cardiovascular responses, such as increased HR and 

decreased SBP, SV, and CO during placebo decompression exposures, 

were consistent with previous LBNP investigations (11,19,78,110). 

The HT group demonstrated a greater M-L volume increas" which suggests 

that the absolute volume of blood pooled in the legs may not be 

tightly coupled with LBNP tolerance. Tolerance to lower body decom

pression appears to be related to a capacity for rapid cardiovascular 

adjustments, which compensate for pooling-induced reductions in the 

effective circulating blood volume. Throughout the placebo LBNP 

exposures in the present study, LBNP-induced restrictions in venous 

return appeared comparable among the HT and LT groups since EDV were 

similar during Peak LBNP. HT subjects minimized the effect of 

reduced stroke volume on CO by displying a greater Peak LBNP tachy

cardia. Through minimizing reductions in CO and increasing SPR, the 

HT group was able to maintain MAP at PreLBNP levels throughout 

placebo LBNP exposures. 
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During the second placebo LBNP exposure, CO during Peak LBNP 

was not reduced from the resting PreLBNP level. An explanation for 

this unusual finding can be suggested by examining the data for 

individual subjects. In the HT group, EDV in two of six subjects 

decreased only 20% compared to a 55% mean reduction in the other four. 

The mean Pre-Pk reduction in EDV observed in the LT group was 38%. 

The two HT subjects who displayed small reductions in EDV demonstrated 

correspondingly small decreases in SV. Interestingly, the compensa

tory tachycardia in thse subjects was not blunted. A possible 

explanation for this observation may lie in the collection of echo

cardiographic measurements. Difficulties may arise in obtaining 

cle~r Peak LBNP echocardiographic records. Slight transducer move

ment resulting from labored ventilation or subject anxiety may have 

required the analysis of records which were recorded just prior to 

Peak LBNP. Since HR was recorded at Peak LBNP by an ECG monitor, a 

slight temporal mismatch may have resulted in the high CO observed 

in these two HT subjects. Since two of the six HT subjects demon

strated high CO values, the expected reductions observed in the other 

four subjects of this group were obscured. 

Autonomically-mediated efferent signals contribute signifi

cantly to the control of CO and SPR during LBNP (78,93). Muscarinic

cholinergic or beta-adrenergic blockade have demonstrated little 

effect on passive tilt and LBNP tolerance when given independently 

(59,80). Combined beta-adrenergic and parasympathetic blockade has 

been reported to reduce +Gz acceleration tolerance (16). Results 
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from the present investigation were consistent with previous 

observations (80) that atropine produced greater orthostatic-induced 

tachycardia and increased DBP as compared to control conditions. 

However, the atropine-induced cardiovascular adjustments in the 

present study did not significantly alter orthostatic tolerance. 

Blockade of cholinergic vasodilator nerves has been suggested 

as a mechanism for the increased DBP associated with atropine 

treatment (80). In the present investigation, atropine treatment 

produced a PreLBNP reduction in M-L APV and elevation in DBP and 

MAP which appears consistent with cholinergic blockade of vasodila

tion. Atropine-induced blockade of vasodilation was not observed 

on the systemic level by concomitant increases in SPR, suggesting 

that atropine's peripheral vascular actions may have been unique 

to the skeletal vascular beds. Because atropine treatment in the 

present investigation failed to significantly attenuate the LBNP

induced increases in M-L volume, it appeared that atropine-induced 

peripheral circulatory actions occurred only on the arterial vascula

ture. The placebo-atropine difference in M-L APV during Peak LBNP 

was greater in the LT compared to HT subjects. These data may suggest 

that the HT subjects were predisposed with a'greater capacity to 

block cholinergic vasodilation. This hypothesis gains support from 

HT group Peak LBNP measurements of M-L APV after atropine treatment 

which were only 6% lower than the corresponding value during the 

paired placebo exposure, whereas the LT group displayed a 24% placebo

atropine difference. A greater placebo-atropine difference suggest 
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that the LT subjects may have demonstrated a reduced capability to 

prevent chol inergic vasodilation. This may have contributed to a 

slower or attenuated increase in peripheral arterial constriction 

during the placebo LBNP exposures, however, atropine treatment did 

not increase LBNP tolerance in the LT subjects. 

During Peak LBNP, MAP was unaffected by atropine and was 

consistently higher in the HT subjects. Since compens2tory adjust

ments in CO and SPR are responsible for regulating MAP, atropine

induced changes in these controlling variables may indicate 

physiologic mechanisms related to LBNP tolerance. Stroke volume 

under cholinergic blockade was similar between HT and LT subjects 

throughout LBNP testing. Pre-Pk measurements of SV decreased similar

ly in the HT (52%) and LT (47%) subjects while Pre-Pk HR increased 

46% and 11% in the HT and LT subjects, respectively. CO in the HT 

group during Peak LBNP appeared greater since HR was significantly 

higher and stroke volume was similar to that in the LT group. Main

tenance of MAP after atropine appeared to depend on the chronotropic 

cardiac effect since Pre-Pk SPR increased 21% in the HT and 42% in 

the LT groups after atropine treatment as compared to Pre-Pk 

increases of 265% a~d 55% during the placebo exposure, respectively. 

The muscarinic-cholinergic system does not appear to playa 

significant role in maintaining MAP during LBNP since Peak LBNP 

tolerance and MAP were unaffected by atropine treatment. The absence 

of an atropine-induced HT versus LT group difference in CO and SPR 

fails to support LBNP-induced differences in parasympathetic 



inhibition as a predominant mechanism which ·could account for the 

observed variability in orthostatic tolerance. HR at Peak LBNP was 

greater after atropine treatment, however, LBNP tolerance was un

changed from placebo exposure. Despite an apparent enhancement of 

the cardiac component, SPR appears to have been reduced in order to 

regulate MAP at the placebo level. These data stress the complexity 

of arterial pressure regulation and emphasize a balance between con

trol over peripheral resistance vessels and control over cardiac 

output. 

In the present investigation, injection of propranolol was 

associated with a reduction in Peak LBNP compared to the preceding 

placebo LBNP exposure. This observation was contrary to previous 

reports in which beta-adrenergic blockade failed to reduct +Gz 

acceleration and 60 degree tilt tolerance (15,69). In the present 

study, propranolol-induced reductions in HR during PreLBNP and at 

Peak LBNP were consistent with earlier passive tilt responses (69, 

72). Leoppky (69) observed CO to initially decline after tilt 

exposure, but CO increased to levels greater than control by 20 

min. In the present study, CO tended to be reduced after propranolol 

treatment as compared to the matched placebo LBNP exposure. In 

contrast to the 47% increase in SV observed during tilt after beta 

blockade (6(0, Pre-Pk measurements of SV decreased by 35% in both 

the HT and LT groups. These SV reductions occurred despite 

propranolol-induced increase in ventricular filling time which was 

associated with lower heart rates during Peak LBNP. Interestingly 
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beta-adrenergic blockade demonstrated no effect on SV during PreLBNP 

and at Peak LBNP when compared to placebo measurements. Since HR 

throughout LBNP testing was reduced by propranolol, CO must have also 

been decreased. During Peak LBNP, the placebo-propranolol reduction 

in CO was 35% and 23% in the HT and LT groups, respectively. After 

beta blockade, orthostatic tolerance (Peak LBNP) was reduced by 19% 

in the HT and 12% in the LT groups. These reductions in LBNP 

tolerance appeared related to decreases in CO rather than peripheral 

vascular changes since SPR at Peak LBNP was unaffected by propranolol. 

In the present investigation, DBP was higher after beta 

blockade during both PreLBNP and Peak LBNP. These observations differ 

from a previous report in which DBP and SBP during passive tilt were 

unaffected by propranolol (72). A higher DBP may suggest beta

adrenergic blockade of skeletal muscle vasodilation. The mechanism 

of a higher DBP response during presyncopal LBNP is not easily under

stood since SPR was not elevated and M-L APV was not reduced after 

propranolol treatment. 

Another potential mechanism to explain beta blockade

associated reductions in CO was an increased leg blood pooling which 

would result in a decreased venous return. The Pre-Pk increase in 

M-L volume was 4.3% and 1.4% in the HT and LT subjects during the 

placebo exposure and 2.1% and 0.9% after propranolol, respectively. 

Venous return, as indicated by EDV, was similar between the groups 

before and after beta blockade. These data suggest that the 
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propranolol-induced reduction in CO during Peak LBNP was apparently 

not attributed to increased leg blood pooling. 

The reduction in CO and LBNP tolerance after beta blockade 

appears to be closely related to a chronotropic effect. After beta 

blockade, HT and LT groups decreased Peak LBNP tolerance by 19% and 

12%, respectively. The relative reductions in orthostatic tolerance 

for the HT and LT groups closely resembled Pre-Pk decreases in HR 

measured, 26% and 11%, respectively. Because the HT subjects 

demonstrated a greater propranolol-induced limitation on HR at Peak 

LBNP, these data suggest that increased tolerance to LBNP may be 

dependent on a greater tachycardia mediated through beta-adrenergic 

stimulation. A significantly greater HT reduction in the cumulative 

stress index after beta blockade supports the significance of a 

sympathetic chronotropic cardiac mechanism for sustaining MAP and 

increasing LBNP tolerance. 

Increasing HR tnrough parasympathetic blockade demonstrated 

no effect on LBrP tolerance suggesting that the sympathetic efferent 

system appeared predominantly involved in regulating arterial pressure 

during orthostasis. Since the atropine-induced tachycardia did not 

increase LBNP tolerance, a greater heart rate response does not 

appear to be the sole mechanism associated with greater LBNP toler

ance. Reflex control of peripheral resistance vessels was apparently 

adjusted after atropine administration in order to maintain arterial 

pressure at regulated placebo levels despite the accelerated heart 



rate. The importance of peripheral resistance integration is 

examplified during the atropine LBNP test since a greater cardiac 

response failed to increase LBNP tolerance. 
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Cardiac output and Peak LBNP tolerances were decreased after 

beta-adrenergic blockade. Reflex withdrawal of parasympathetic 

cardiac inhibition appeared unable to provide a sufficient chrono

tropic increase to maintain co. Increases in SPR appeared insuffi

cient to compensate for the reduced CO, therefore, MAP and LBNP 

tolerance were both reduced. These data suggest that during 

presyncopal-limited LBNP, a primary autonomically-mediated mechanism 

appears to be a tachycardia induced by beta-adrenergic activation. 

HT subjects appeared to be effected to a greater extent by beta

adrenergic blockade than LT individuals. These data suggest that 

the beta-adrenergic system may playa key role in the understanding 

arterial pressure maintenance during orthostasis. However, arterial 

pressure is regulated during orthostasis by a complex and redundant 

system which integrates feedback and controls both cardiac and 

peripheral vascular responses in order to maintain arterial pressure 

sufficient to maintain cerebral blood flow. 



CHAPTER 8 

SUMMARY AND CONCLUSIONS 

Summary 

Blood pressure regulation is necessary to maintain an arterial 

hydrostatic pressure capable of supporting continuous perfusion 

through essential organs such as the brain. A complex and redundant 

system provides this regulation through rapid baroreceoptor-mediated 

reflexes. During an orthostatic disturbance, circulatory adjustments 

ensure continuous blood flow to tissues which are sensitive to 

hypoxia. Previous investigations have identified physiologic mechan

isms which contribute to maintaining arterial pressure during ortho

stasis. Few investigations have attempted to compare circulatory 

responses of healthy individuals who display resistance to orthostatic 

intolerance to those who appear predisposed to syncope. 

The central hypothesis of this dissertation was that subjects 

demonstrating high and low tolerance to orthostasis could be differ

entiated based on indices of blood pressure regulation sensitivity. 

These differences could be measured by specific cardiovascular and 

vasoactive neuroendocrine responses associated with the control of 

cardiac output and systemic peripheral resistance. To test this 

hypothesis, four experiments were designed to: 1) examine the 

relationship between orthostatic tolerance and maximal aerobic 

capacity; 2) identify the characteristic cardiovascular adjustments 
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associated with orthostatic tolerance; 3) identify vasoactive 

neuroendocrine effectors which appear to be related orthostatically

induced cardiovascular responses; and 4) determine the roles of the 

muscarinic-cholinergic and beta-adrenergic systems in orthostatic 

tolerance. 

Previous investigations have suggested that endurance 

training, which is associated with increased maximal oxygen uptake, 

may reduce baroreceptor sensitivity and increase leg vascular 

compliance which result in reduced orthostatic tolerance. The initial 

investigation tested the hypothesis that orthostatic tolerance was 

inversely related to maximal aerobic capacity. Subjects were cate

gorized into high and low aerobic capacity groups on the basis of 

their peak oxygen uptake and presyncopally-limited lower body nega

tive pressure (LBNP) tolerance was then determined. Groups differed 

in several physical characteristics which have been associated with 

maximal oxygen uptake. However, no differences were observed between 

the groups in orthostatic tolerance duration or in their cardiovascu

lar responses to LBNP. At PEAK LBNP, cardiac output and systemic 

peripheral resistance responded similarly in both groups. Although 

the high ae~obic capacity group did demonstrate a greater index of 

venous compliance in the legs, this peripheral vascular difference 

was not associated with reduced orthostatic tolerance. These data 

suggested that higher peak oxygen uptake may not be associated with 

attenuation of baroreceptor sensitivity. 
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The cross-sectional design of this investigation had no 

control over individual genetic endowment for either blood pressure 

regulation or maximal aerobic capacity. Data from this investigation 

suggest that peak aerobic capacity, as an index of physical training

induced cardiovascular adaptations, may not be a sensitive indicator 

of adaptations in arterial pressure regulation during orthostasis. 

The blood flow dynamics associated with prolonged moderate intensity 

and intense interval exercise training may not provide the same 

stimulus to the blood pressure regulating system despite similar 

increases in maximal aerobic capacity. In this investigation, the 

data failed to support an inverse relationship between maximal aerobic 

capacity and orthostatic tolerance as measured by LBNP. 

The next purpose of this dissertation was to test the hypothe

sis that tolerance to LBNP was related to distinguishable cardiovascu

lar responses. Subjects were categorized into high (HT) or low (LT) 

LBNP tolerant groups based on an initial presyncopal-limited LBNP 

exposure. Tolerance to LBNP appeared dependent on physiologic 

responses rather than physical characteristics since HT and LT groups 

were similar in age, weight, height, blood volume, and peak aerobic 

capacity. Both groups demonstrated similar measurements of cardiac 

output during Peak LBNP. These data suggest that cardiac output in 

both groups decreased to a critical level at which increased systemic 

peripheral resistance was incapable of ~upporting arterial pressure. 

Decompression-induced leg blood pooling with associated decreases in 

venous return resulted in reductions in cardiac output which appeared 



to limit LBNP tolerance despite apparent increases in peripheral 

resistance. 
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The HT subjects displayed greater resting (PreLBNP) cardiac 

outputs which may have provided these individuals with a larger flow 

reserves to utilize during decompression. Greater LBNP tolerance 

however, cannot be solely attributed to the initial differences in 

cardiac output since HT subjects demonstrated a greater LBNP-induced 

tachycardia. Exposure to a greater intensity and duration of 

decompression results in a greater leg volume increase in the HT 

compared to LT subjects. The resulting reductions in the effective 

circulating blood volume, end-diastolic volume, and stroke volume 

were therefore greater in the HT subjects. A greater tachycardia 

observed in the HT group minimized the effect of reduced stroke 

volume on cardiac output. Pre-to-Pk reductions in end-diastolic 

volume were consistent with a possible Frank-Starling mechanism for 

reduced systolic pressure. During Peak LBNP, a reduction in venous 

return was associated with decreased ventricular filling which 

consequently may have reduced the cardiac length-tension relationship 

and resulted in a lower systolic pressure. This mechanism appeared 

predominant in decreasing systolic pressure to the LBNP test termina

tion criterion. LBNP tolerance was less related to the absolute 

volume of blood pooled in the legs than to the cacacity for compen

satory cardiovascular adjustments. These data suggest that reflex

mediated circulatory responses were sufficiently rapid in the HT 

subje~ts to compensate for leg pooling. The LT group sequestered 
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a smaller volume of blood in the legs, this smaller pooling-induced 

reduction in the effective circulating blood volume apparently oVer

whelmed the cardiovascular responses which regulate arterial pressure 

and reduced LBNP tolerance. In the HT group, increases in heart rate 

and the capability to maintain arterial pressure despite a greater 

leg blood pooling suggested that LBoP tolerance may be related to 

sympathetic and/or vasoconstrictive endocrine responses. 

The purpose of the third experiment was to test the hypothesis 

that the cardiovascular responses associated with tolerance to LBNP 

were related to distinguishable vasoactive neuroendocrine responses. 

To accomplish this purpose, venous blood samples were drawn during 

the PreLBrP, -50 torr LBNP, and Peak LBNP test stages. These samples 

were analyzed for norepinephrine (NE), vasopressin (pVp), and renin 

activity (PRA). During Peak LBNP, HT subjects increased plasma 

concentrations for .norepinephrine, vasopressin and renin activity 

above PreLBt~P levels, whereas the LT subjects demonstrated solely an 

increase in NE. Pre-to-Peak increases in pVP and PRA associated with 

greater Pre-Peak reduction in midthigh-leg arterial pulse volume in 

the HT group suggesting that these vasoactive endocrine effectors may 

have contributed to vasoconstriction. Increased arterial vasconstric

tion appears to have played an important role in maintaining arterial 

pressure and LBNP tolerance. Vascular beds other than the legs may 

not have been as sensitive to these increased endocrine concentrations 

since the HT or LT groups demonstrated similar increases in systemic 

peripheral resistance. 
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The autonomic nervous system also provides effector signals 

which modify the function of cardiac output and systemic peripheral 

resistance. The final investigation tested the hypothesis that 

sensitivity to beta-adrenergic and muscarinic-cholinergic efferent 

signals may be related to orthostatic tolerance. To test this 

hypothesis, PreLBNP and Peak LBNP cardiovascular responses were 

compared between HT and LT subjects before and after the selected 

autonomic blockades. The results of the atropine treatment demon

strated that LBNP tolerance and mean arterial pressure were unchanged 

from paired placebo exposure despite an increase in HR throughout 

LBNP exposure. During Peak LBNP, stroke volumes were similar before 

and after muscarinic-cholinergic blockade. Since atropine produced 

greater Peak LBNP tachycardia, the cardiac output during this period 

appeared to be greater than the paired placebo Peak LBNP measurement. 

However, this increased cardiac output was not associated with in

creased LBNP tolerance since a concomitant reduction in systemic 

peripheral resistance maintained mean arterial pressure at similar 

levels before and after atropine treatment. These data suggest that 

an inability to provide compensatory increases in peripheral 

resistance in combination with smaller reductions in cardiac output 

may have limited LBNP tolerance after muscarinic-cholinergic blockade. 

Atropine may have interferred with baroreceptor-mediated reflexes and 

hindered compensatory increases in arterial vasoconstriction. Atro

pine treatment did not increase tolerance to LBNP and the blood 

pressure responses of both groups were similar to the placebo LBNP 
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test. These data suggest that differences between HT and LT groups 

in cardiovascular responses were not in response to increased 

sensitivity to muscarinic-cholinergic stimulation and that actions 

of the parasympathetic nervous system did not appear to be a primary 

mechanism explaining predisposition or resistance to LBNP intolerance. 

Beta-adrenergic blockade reduced LBNP tolerance in both HT 

and LT groups and the reduction in the cumulative stress index was 

greater in the HT subjects. Beta-adrenergic blockade decreased the 

volume of blood entering the leg per heart beat. It has been sug

gested that this action may result from blockade of beta receptor

mediated peripheral vasodilation. This mechanism apparently reduced 

blood flow to the legs but this peripheral response was insufficient 

to maintain arterial pressure in conjunction with the negative 

chronotropic action of this drug. After beta-blockade, increases in 

systemic peripheral resistance were similar to placebo exposures and 

failed to compensate for reductions in cardiac output which were the 

result of a lower heart rate. Propranolol-induced reductions in LBNP 

tolerance appeared closely associated with negative chrontropic 

cardiac effects. These data suggest that a primary compensatory 

cardiovascular response which was associated with LBNP tolerance was 

a beta receptor-mediated tachycardia. 

Conclusions 

In conclusion, predisposition to syncope and resistance to 

LBNP intolerance did ot appear related to physical characteristics 

of the subjects or maximal aerobic capacity. Increased LBNP 
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tolerance was associated with a greater resting cardiac output. This 

greater flow reserVe appeared to allow LBNP tolerance to be extended 

before cardiac output was reduced to a critical level incapable of 

maintaining arterial pressure. Greater LBNP tolerance was associated 

with a greater tachycardia at Peak LBNP. This higher heart rate 

appeared to minimize the decrease in cardiac output during decompres

sion. At Peak LBNP, an increased tachycardia in the HT subjects 

maintained cardiac output at similar levels compared to the LT group 

despite larger decompression-induced reductions in stroke volume. 

These data suggest that pooling-induced reductions in venous return 

may have decreased CO to a level incapable of supporting arterial 

pressure despite increases in systemic peripheral resistance and 

heart rate. LBNP tolerance appeared less related to the absolute 

volume of blood sequestered in the legs than to the capacity for 

baroreceptor reflex-mediated increases in heart rate and peripheral 

resistance. Splanchic vascular responses may be more sensitive than 

leg vascular beds when exposed to LBNP and may provide insight into 

the control of regional blood flow. Pre-to-Peak LBNP reduction in 

leg arterial pulse volumes suggested that the HT subjects displayed 

grea~er vasoconstriction which may have been associated with higher 

pVP and PRA levels. During Peak LBNP, similar inter-group concen

trations of NE failed to demonstrate an endocrine mechanism for the 

greater cardiac chronotrophy observed in the HT subjects. Muscarinic

cholinergic blockade failed to effect orthostatic tolerance despite 

a higher heart rate response. The reflex-mediated adjustment in 
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peripheral resistance may have been hindered by atropine treatment 

since the tendency for greater Peak LBNP cardiac output was not 

associated with increased LBNP tolerance. These data emphasize the 

complexity and balance between the control of cardiac output and 

arterial resistance. The muscarinic-cholinergic receptors appears 

to be minimally involved in blood pressure regulation during ortho

stasis since atropine failed to alter arterial pressure regulation 

and LBNP tolerance. 

In contrast to the parasympathetic system, blockade of the 

sympathetic beta-adrenergic receptors reduced LBNP tolerance in all 

subjects. Propranolol blunted the decompression-induced tachycardia 

and reduced cardiac output at Peak LBNP beyond the compensatory 

range of increased peripheral resistance. During decompression, 

heart rate apparently increased through vagal withdrawal. However 

parasympathetic withdrawal appeared insufficient to maintain cardiac 

output and arterial pressure. These data suggest a minimal role 

for the parasympathetic system during orthostasis. 

The HT group appeared to be limited to a greater degree by 

beta-adrenergic blockade when compared to the LT subjects. These 

data suggest that the HT subjects may have been predisposed to 

stimulate a greater number of beta-adrenergic.receptors or an in

creased receptor sensitivity. A greater Peak LBNP tachycardia 

mediated through beta-adrenergic stimulation appeared to be a 

characteristic physiologic response which distinguished HT from LT 

subjects. These data suggest that the development of effective 



countermeasures used to prevent orthostatic intolerance should 

emphasize the stimulation of cardiac (beta-1) receptors. 
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Additional investigations are needed to address these 

physiologic mechanisms identified as being associated with orthostatic 

tntolerance. First, the relationship between exercise training

induced increases in maximal aerobic capacity and orthostatic 

tolerance requires further investigation. An experimental design 

which measures orthostatic tolerance before and after exercise 

training is needed to minimize genetic factors introduced by cross

sectional designs. The mode, intensity, and duration of several 

different training regimes need to be contrasted so that an optimal 

physical conditioning program can be developed as an effective 

countermeasure. Exercise training may be used as a method to 

increase blood volume and resting cardiac output which was suggested 

to provide a beneficial flow reserve. The influence of exercise 

training on the release of vasoactive hormones during orthostasis 

also needs closer examination to determine sensitivity changes. 

A greater resting cardiac output appeared to provide the HT 

subjects with a greater flow reserve to use during LBNP exposure 

before a critical level of outflow became incapable of supporting 

arterial pressure. A greater initial end-diastolic volume appeared 

to be the primary reason for the difference in cardiac output. 

End-diastolic volume depends on venous return and total blood volume. 

Voluntary dehydration and water immersion-induced diuresis have 

resulted in reduced plasma volume and have been associated with 



177 

decreased orthostatic tolerance. As a countermeasure for dehydration, 

astronauts are currently hydrating with one liter of water just prior 

to space shuttle re-entry in an attempt to acutely increase plasma 

volume before being exposed to the 1.5-2.0 +Gz re-entry force. 

Additional investigations are also needed to better under

stand the vasoactive endocrine mechanisms which have been associated 

with orthostasis. Subjects demonstrating increased tolerance may 

display an earlier release, greater concentration, or increased 

sensitivity to one or more of these "hormones. Antagonist and agonist 

drugs now available for a variety of vasoactive substances may also 

be helpful in determining the interactions and redundancy of these 

hormone systems during orthostasis. 

From the data presented in this disseration, the primary 

mechanism associated with increased tolerance to LBNP in this 

dissertation was a greater ta~hycardia induced by beta-adrenergic 

stimulation. The significance of this mechanism to ~rthostatic 

tolerance could be tested by contrasting orthostatic tolerance 

before and after the administration of a beta-l receptor agonist. 

The influence of beta receptor-mediated peripheral vasodilation 

on orthostatic tolerance could be tested through comparison of limb 

and splanchnic blood flows after nonselective (propranolol) and 

cardioselective beta blockers (atenolol). 

An increased understanding of the mechanisms which are 

associated with tolerance to an orthostatic stress can be used to 

develop effective countermeasures. These countermeasures can be 
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used to minimize detrimental effects of orthostatic intolerance 

frequently encountered in aerospace physiology and pathologic 

hypotension. These countermeasures may also have medical applica

tions in situations where prolonged recumbency, often associated 

with hospitalization, has reduced the effectiveness of the blood 

pressure regulating system to orthostasis. 



APPENDIX A 

REPEATED MEASURES ANALYSIS 
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PreLBNP -30 torr -50 torr 

HT LT HT LT HT LT 

HR 60 57 62 62 71 65 
(bpm) ±3 ±3 ±3 ±3 ±3 ±4 

SBP 109 99 102 96 103 84 @ 

(torr) ±4 ±4 ±4 ±5 ±4 ±5 
DBP 55 54 54 52 55 47 @ 

( torr) ±2 ±2 ±2 ±3 ±2 ±3 

MAP 73 69 70 67 71 60 @ 

(to r r) ±3 ±2 ±3 ±3 ±2 ±4 

EDV 144 -;': 109 117 90 108 84 
(m]) ±11 ±12 ±10 ±8 ±9 ±7 

ESV 56 44 51 41 43 33 
(m 1) ±5 ±5 ±5 ±4 ±5 ±2 

SV 88 65 65 49 65 51 
(m]) ±8 ±6 ±8 ±5 ±5 ±5 

co -1 5219 "it: 3611 4063 2991 4545 3188 
(m 1· min ) ±479 ±302 ±524 ±312 ±422 ±268 

SPR 1282 1580 1898 1876 1380 1530 
(dyne· sec· ±2l8 ±105 ±531 ±157 ±180 ±93 
cm-5) 

EF 60 60 55 54 60 60 
(%) ±3 ±2 ±5 ±3 ±2 ±3 

M-L APV 7.2 7.0 5.4 5.6 4.2 4.9 
(ml) ±0.7 ±0.4 ±0.4 ±0.5 ±0.4 ±0.4 

M-L BF 427 393 335 347 292 312 
(ml·min- 1) ±39 ±23 ±28 ±32 ±26 ±22 

M-L Volume 9,433 10,235 9,514 10,263 9,600 10,331 @ 
. (m!) ±561 ±590 ±565 ±620 ±565 ±624 

Values are mean ± SE. 
* P < 0.05 HT vs LT group effect. 
@ p < 0.05 group by LBNP interaction. 
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CARDIOVASCULAR MEASUREMENTS DURING'PLACEBO 
EXPOSURES SEPARATED BY THIRTY MINUTES (N=7) 
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VARIABLE PreLBNP PreLBNP Correlation Peak LBNP Peak LBNP Correlations #1 #2 #1 #2 

CSI 678 599 0.8211 
(torr.min) ±132 ±217 

LBNP 63 60 0.7845 
( torr) ±4 ±6 

HR 58 54 "k 0.9561 90 84 0.8829 
(bpm) ±3 ±4 ±11 ±9 

SBP 110 103 ./: 0.8930 81 81 0.6517 
( torr) ±4 ±4 ±3 ±3 

DBP 56 53 'iI, 0.5492 49 48 0.1503 
( torr) ±1 ±2 ±3 ±2 

MAP 74 69 0.7337 60 59 0.4329 
(torr) ±2 ±2 ±3 ±2 

EDV 138 139 0.7717 72 68 0.5629 
(m]) ±12 ±12 ±8 ±6 

ESV 54 57 0.9806 35 35 0.8422 
(ml) ±7 ±6 ±3 ±5 

SV 84 83 0.2166 36 33 0.3369 
(ml) ±8 ±7 ±6 ±3 

CO 4.86 4.37 0.3529 3.05 2.81 0.6260 
o·min- 1} ±0.52 ±0.24 ±0.50 ±0.39 

SPR 1315 1304 0.5350 1864 1846 0.2928 
(dynes.sec.cm- 5) ±153 ±112 ±370 ±207 

M-L Volume 8763 8774 0.9999 9009 8961 0.9991 
(ml) ±639 ±638 ±672 ±636 

..... 
co 
N 



VARIABLE PreLBNP PrelBNP Correlation #1 #2 

M-L BF -1 467 460 0.9558 
(m 1· mi n ) ±41 ±39 

M-L APV 8.19 8.75 0.9454 
(ml) ±0.79 ±0.96 

Values are mean ± SE. 

* p < 0.05 Placebo 1 vs Placebo 2 corresponding value. 

Peak LBNP 
#1 

366 
±28 

4.36 
±0.51 

Peak LBNP 
#2 

345 
±19 

4.37 
±0.45 

Correlations 

0.4966 

0.6669 

C':> 
W 
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