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Williamson, Jon W., Cardiorespiratory Responses to Graded Levels of Lower-Body 

Positive Pressure During Dynamic Exercise in Man. Doctor of Philosophy (Biology / 

Physiology), December, 1992,128 pp., 5 tables, 28 figures, references, 131 titles. 

Cardiorespiratory responses to incremental dynamic exercise were assessed across 

four different levels of lower-body positive pressure (LBPP) and, as a separate study, 

during constant load (i.e constant work rate) exercise below and above each subject's 

ventilatory threshold (VT), both with and without 45 torr of LBPP. Seven healthy men 

performed incremental (25 W^min1) exercise on a recumbent cycle ergometer while 

LBPP of either 0,15, 30, or 45 torr was applied to the exercising limbs. For the constant 

load tests, subjects exercised with 0 and 45 torr LBPP at the two work rates (i.e. < VT 

and > VT) for six minutes (from rest). Cardiorespiratory variables were monitored 
• • • 

during both experiments: gas exchange variables (i.e. V02, VC02), ventilation (VE), 

breathing frequency (fB), tidal volume (VT), end-tidal 0 2 (PET02) and C02 (PETC02) partial 

pressures, heart rate (HR), mean arterial pressure (MAP), and stroke volume (SV) with 

cardiac output (Q-,) and total peripheral resistance (TPR) being calculated. Arterialized-

venous blood was sampled from the dorsum of the heated hand for measurements of pH, 

lactate (La), bicarbonate (HC03~), PC02 and potassium (K+). Subject ratings of perceived 

exertion (RPE) were also assessed. During incremental exercise, LBPP increased both 

MAP and RPE (p < 0.05), however, no other cardiovascular variables were affected. The 

VT was significantly reduced at 45 toiT LBPP and VE and fB were increased significantly 
(p < 0.05). During constant load exercise above VT, both MAP and TPR were increased 

• • 

(p < 0.05). The V£, fB, and VC02 were elevated with LBPP during exercise above the 

VT. These cumulative findings suggest that LBPP can initiate: (i) mechanically sensitive 



pressor responses from the legs at rest and during exercise, and (ii) a metabolically 

sensitive hyperpnea, also from the legs, but only during exercise. This suggests, 

therefore, that these proposed muscle reflexes activated by LBPP influence 

cardiovascular and respiratory systems by separate pathways. 
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CHAPTER I 

INTRODUCTION 

The purpose of this chapter is to introduce the reader to the nature of this study 

and convey the rationale for its undertaking. The purpose of the investigation was to 

determine the effects of lower-body positive pressure (LBPP) induced reductions in leg 

blood flow on cardiovascular and respiratory responses during dynamic leg exercise in 

healthy men and, further, to establish the nature of the physiological stimuli responsible 

for any observed cardiorespiratory changes. Following a statement of the problems that 

will be addressed by this investigation, the specific purposes and objectives will be 

outlined. Formal hypotheses, as well as experimentally testable null forms of these 

hypotheses, will be presented along with the proposed delimitations and limitations of the 

studies. 

In 1967, Erling Asmussen authored a paper entitled Exercise: General Statement 

of Unsolved Problems (11) in which he summarized some of the relevant findings to date 

concerning the physiology of physical exercise. In this paper, Asmussen posed the 

question as to what is the "work factor" (i.e. exercise) or stimulus that adds to the effect 

of carbon dioxide on respiration, and that is responsible for the increase in minute output 

of the heart, either by pulse rate increase or by increases in stroke volume. Although 

many investigations have been devoted to this remarkable phenomenon, twenty-five 

years later Asmussen's "work factor" has not been clearly identified, even its nature 



(chemical, mechanical, or even thermal) is not well known, and its mode of transmission 

(via the blood stream or the nerves) has not been fully determined. However, as was 

conceptualized even before the work of Asmussen and mentioned in his paper, the most 

likely reason for all the uncertainty regarding physical exercise was, that there was no 

single "work factor", but rather a combination of several factors all exerting their own 

influence in concert to control both the cardiovascular and respiratory systems during 

exercise, although not necessarily by the same mechanisms. 

At the onset of muscular exercise a complex series of events are initiated which 

allow blood pressure and cardiac output to increase, such that blood flow to the active 

skeletal muscle is matched to meet their metabolic demand while simultaneously main-

taining acid-base balance via appropriate increases in pulmonary ventilation. Exactly 

how these changes are mediated is unclear. There are currently two major concepts 

regarding cardiorespiratory responses during exercise and the two ideas are not mutually 

exclusive: i) centrally generated motor signals from the cerebral cortex (i.e. central 

command) and spinal cord may provide the necessary feed-forward control through the 

activation of medullary and spinal neuronal pools controlling cardiovascular and 

respiratory function, and ii) both chemical and mechanical reflexes originating in the 

active muscle (i.e. metabo- and mechanoreflexes, respectively) may activate afferent 

nerve fibers capable of providing the necessary feedback. Cumulative results from many 

previous studies (to be detailed in the review of literature chapter, along with the role of 

arterial chemoreceptors) demonstrate a clear role for both central command and muscle 

reflexes in the control of these exercise responses. 

While this type of multifactorial or integrated control scheme serves to provide a 

very finely controlled cardiorespiratory system, it has also made the study of the 

physiology of physical exercise in man extremely challenging. For example, when work 



rate is increased how can one determine which exercise responses are due to central 

command effects and which are due to muscle reflexes? Furthermore, it has been very 

difficult to disrupt the close relationship between the work rate and both pulmonary 

ventilation and cardiac output in exercising humans. These problems have been 

circumvented mainly by using animal models and experiments in exercising humans with 

pharmacological intervention. While results from these types of investigations have 

provided the framework for the current physiological concepts, other means of exploring 

exercise responses were needed which could both uncouple the tight relationship between 

work intensity and cardiorespiratory responses while at the same time differentiate 

between effects of central command and muscle reflexes. 

Eiken (38) first reported changes in cardiorespiratory responses which were out of 

proportion to the oxygen uptake in dynamically exercising man when exposed to lower-

body positive pressure. Furthermore, from pilot work undertaken for this study using 

lower-body positive pressure (LBPP), it was found that certain cardiorespiratory 

responses to a given work rate (or oxygen uptake) could be increased. Thus, LBPP 

provided a means of uncoupling the close relationship between the exercise work rate and 

cardiorespiratory response. 

Previous work has also indicated that graded increases in LBPP could produce 

graded reductions in leg muscle blood flow during dynamic exercise, which lead to a 

subsequent accumulation of exercise-induced metabolites within the muscle (38,102, 

115), that can stimulate a muscle metaboreflex. It has been proposed that this type of 

perfusion-metabolism mismatch would then serve as an error signal to increase blood 

pressure (38, 102) and ventilation (38). Given these findings, one would presume that the 

greater the perfusion-metabolism mismatch at the muscle, as dictated by the intensity of 

exercise and level of LBPP applied, the greater would be the error signal. If one assumes 



a constant level of central command when LBPP is applied during exercise (i.e. no 

change oxygen uptake), then changes in cardiorespiratory responses should be due solely 

to stimulation of muscle metabo- and possibly muscle mechanoreflexes. 

It would appear, therefore, that LBPP provides both an uncoupling of the 

relationship between work and the cardiorespiratory response, thereby increasing muscle 

receptor input while maintaining central command unchanged. Given the limited number 

of studies that have examined the effects of LBPP during dynamic exercise in humans, 

LBPP was presently used as a tool to further explore the effects of altering afferent 

muscle reflex input on cardiovascular and respiratory responses during dynamic exercise. 

Thus, by using various levels of LBPP during incremental work rate exercise, as well as 

during constant load exercise of different intensities, one should be able to more accu-

rately determine which cardiorespiratory variables are most closely linked to changes in 

blood flow (i.e. via metabolite washout) at the active muscle and at what work rate this 

metabolic muscle signal becomes activated. 

When venturing into the realm of exercise physiology, some care must be taken in 

eliminating the inherent variations in responses between experimental subjects to a given 

absolute work rate in order to obtain meaningful results. Thus, some means of insuring 

that all measurements are made, or subjects are working, at the same relative intensities 

must be employed. Since a focus of this investigation involved the control of ventilation, 

individual exercise intensities were based on percentages of each subject's ventilatory 

threshold (as estimated from gas exchange variables during an incremental exercise test 

with no applied LBPP). Furthermore, the ventilatory threshold can typically be regarded 

as reflecting an increased dependence on anaerobic metabolism for energy production at 

the cellular level with increased production of metabolic by-products, namely lactate (7, 

89). This threshold may therefore also serve as a good indicator of the point when 



muscle perfusion becomes inadequate to provide a sufficient washout of these exercise-

induced metabolites. In theory, this metabolite accumulation could serve as a feed 

forward signal to respiratory centers. If the occurrence of the ventilatory threshold was 

linked to the blood flow at the exercising muscle, then one would expect that application 

of LBPP at a level sufficient to reduce muscle blood flow would cause the ventilatory 

threshold to occur at a lower absolute work rate. 

In summary, one of the main unsolved problems in exercise physiology is the 

nature of the stimuli giving rise to the cardiovascular and respiratory responses that 

muscular exercise produces. The application of LBPP during exercise appears to offer a 

non-invasive means of altering certain cardiorespiratory responses without affecting the 

intensity (i.e. oxygen uptake) of exercise. Therefore, it should be possible to selectively 

alter the influence of the muscle reflex mechanisms in a systematic fashion with graded 

increases in LBPP during exercise and determine the subsequent effects on both 

cardiovascular and respiratory responses. The purpose of this investigation was to 

determine the effects of lower-body positive pressure (LBPP) induced reductions in leg 

blood flow on cardiovascular and respiratory responses during dynamic leg exercise in 

healthy men and further establish the nature of the physiological stimuli responsible for 

observed cardiorespiratory changes. 



Statement of the Problems 

As the effects of selective muscle reflex stimulation on the cardiorespiratory 

responses to dynamic exercise in humans are not well known, the problems of this 

investigation were as follow: 

i) Problem one was to determine if LBPP produces enhanced cardiorespiratory 

responses during dynamic exercise. 

ii) Problem two was to determine if observed changes in cardiorespiratory responses 

were critically dependent upon the level of LBPP applied or intensity of exercise. 

iii) Problem three was to establish by what mechanism LBPP alters cardiorespiratory 

responses during exercise 

Purposes and Objectives of the Studies 

The purpose of the incremental exercise investigation was to determine the effects 

of lower-body positive pressure induced reductions in leg blood flow on cardiovascular 

and respiratory responses during dynamic leg exercise in asymptomatic men and to 

further establish the nature of the physiological stimuli responsible for any observed 

cardiorespiratory changes. 

The purpose of the constant load exercise investigation was to determine if the 

effects of LBPP were dependent upon the intensity of exercise by having subjects cycle at 

work rates both above and below their ventilatory threshold and to further discern if the 

responses at the onset of exercise were also affected by application of LBPP prior to the 

beginning of exercise. 



Objectives - Incremental Exercise 

i). The first objective was to measure breath-by-breath ventilatory and pulmonary 

gas exchange responses to incremental work rate exercise under conditions of 

LBPP at 0,15, 30 and 45 torr LBPP and, furthermore to estimate each subject's 

ventilatory threshold at each level of LBPP. 

ii). The second objective was to determine if changes in ventilatory responses were 

due in part to increased activation of carotid chemoreceptors by measuring blood 

pH, PC02, [lactate], [bicarbonate], and [potassium]. 

iii). The third objective was to measure hemodynamic responses to incremental work 

rate exercise under conditions of LBPP at 0, 15, 30 and 45 torr LBPP including 

heart rate, arterial blood pressure, and stroke volume, and also to assess a rating of 

perceived exertion. 

Objectives - Constant Load Exercise 

i). The first objective was again to measure breath-by-breath ventilation and gas 

exchange responses in order to determine if LBPP alters the normal ventilatory 

and gas exchange responses to constant load exercise at work rates above and 

below the ventilatory threshold. 

ii). The second objective was to determine if LBPP produces a greater exercise 

hyperpnea via an intramuscular stimulus, which was independent of 

chemoreceptor stimulation. Changes in chemoreceptor input were again assessed 

by measuring blood pH, PC02, [lactate], [bicarbonate], and [potassium]. 



Hypotheses 

Based on the review of literature and findings from the pilot studies, five hypoth-

eses were tested to help explain the cardiorespiratory effects of lower-body positive 

pressure during dynamic exercise: 

i). Lower-body positive pressure would not increase the metabolic demand (i.e. 

oxygen uptake) during dynamic exercise in man. Null version: Lower-body 

positive pressure would increase the metabolic demand during dynamic exercise. 

ii). During incremental work rate exercise, the ventilatory threshold would occur at a 

progressively lower oxygen uptake as the level of LBPP applied was increased. 

Null version: There would be no change in the oxygen uptake at which the 

ventilatory threshold occurred during incremental work rate exercise. 

iii). Lower-body positive pressure would increase the ventilatory response during 

dynamic exercise in accordance with the level of LBPP applied, and increases in 

ventilation would be independent of any additional input to central or peripheral 

chemoreceptors. Null version of hypothesis: The application of LBPP during 

dynamic exercise would not alter the ventilatory responses. 

iv). Lower-body positive pressure would initiate a pressor response (blood pressure 

increase) during exercise in proportion to the level of pressure applied. Null 

version: Graded levels of LBPP would not alter blood pressure responses during 

exercise. 

v). Lower-body positive pressure of 45 torr would speed the gas exchange responses 

at work intensities above the ventilatory threshold, but not at exercise intensities 

below the ventilatory threshold. Null version: There would be no change in 

ventilatory onset responses with LBPP of 45 torr. 



Delimitations 

The following factors will be incorporated as a means of delimiting the study to 

increase the feasibility of successfully completing and obtaining meaningful results. 

i). The tests will be conducted in healthy, asymptomatic men with no attempts to 

consider any differences due to gender or pathological conditions. 

ii). All measurements will be made at similar percentages of each subject's 

ventilatory threshold to minimize inherent variations for each exercise intensity. 

Limitations 

Listed below are factors that could possibly confound the results of the proposed 

investigation, however, it is not felt their influence will be significant based on findings 

from our pilot work. 

i). Subjects peak oxygen uptake, used to calculate work rate percentages, will be 

established at their limit of tolerance, as determined by each individual subject 

and may reflect changes in nutritional status or mood state which would be 

independent of any LBPP affects. 

ii). The precise reduction in leg blood flow will not be measured, however, graded 

reductions in muscle blood flow have been reported with increasing levels of 

LBPP (38,99, 115). 

iii). Arterial blood gas concentrations will be estimated from "arterialized"-venous 

samples drawn from the dorsum of the heated hand. This technique has been 

reported to have a very high correlations with actual arterial samples during 

exercise (43). 



CHAPTER II 

REVIEW OF RELATED LITERATURE 

Chapter II entails a comprehensive review of previous literature in the related areas 

of cardiovascular and respiratory control during exercise. The review of prior research 

was important in that information reported from these previous studies could be used in 

planning the present investigation and to insure previous studies were not unknowingly 

duplicated. The cardiorespiratory responses to exercise from both animal and human 

studies were discussed within the context of the proposed investigations. The 

significance of these earlier studies were also of importance during the interpretation of 

the results and discussion of present findings. 

As previously stated in the introduction, muscular exercise initiates a complex 

series of events allowing blood pressure and cardiac output to increase such that blood 

flow to the active muscle beds is matched to meet their metabolic demand while 

simultaneously maintaining acid-base balance via increases in ventilation. Although 

many investigations have been devoted to explaining these phenomena, the exact nature 

and loci of all the sensors and signals that govern cardiorespiratory responses to exercise 

remain unknown. There are currently two major concepts regarding cardiorespiratory 

control during exercise and these ideas are not mutually exclusive: i) centrally generated 

motor signals from the cerebral cortex (i.e. central command) and spinal cord may 

provide the necessary feed-forward control through activation of medullary and spinal 

10 
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neuron pools controlling ventilation and cardiovascular function, and ii) chemical (i.e. 

metaboreflexes) and mechanical reflexes originating in the active skeletal muscle may 

activate group III and IV afferent nerve fibers that could provide the necessary regulatory 

feedback information. Interestingly, both of these concepts appear to have originated 

with the German physiologist, Zuntz (131). While it is presently accepted that both 

"central command" and muscle reflexes somehow interact to provide the precise control 

of cardiorespiratory responses during exercise, exactly how this interaction occurs during 

exercise is a topic of debate among those researching the physiology of physical exercise. 

Central Command 

The concept of "central command" invokes a feed-forward mechanism by which 

activation of cardiovascular and respiratory centers is accomplished by descending 

signals from the suprapontine regions that initiate somatomotor activity (48,49, 57, 70). 

The initial hypothesis of Zuntz gained primary support from the work of Krogh and 

Lindhard (70) who proposed these neural signals emanating from the motor cortex that 

activate muscles and cardiorespiratory centers were proportional to exercise intensity 

without intervention of feedback. Their idea originated from the observation that both 

heart rate and ventilation increased almost immediately (within 0.5 seconds) following 

the onset of voluntary exercise (70). Fortunately, Krogh and Lindhard had the foresight 

to propose such a concept even though they had no scientific evidence to support their 

ideas. 

The central command concept was initially attacked because no errors signals were 

fed back to the "centers" that regulated the cardiorespiratory systems, and therefore 

challenged the physiological concept of the negative feedback control system. The idea 



12 

of a "feed forward" control system was not clearly explained in terms of measurable 

variables and initially proved difficult to test. However, studies employing partial nerve 

blockade in humans (10,44,45) have demonstrated the rise in cardiovascular responses 

appeared to parallel the perception of effort even when afferent feedback from muscles 

was absent. 

Freund et al. (44) observed a greater-than-normal rise in heart rate and blood 

pressure during exercise with small fiber blockade and motor weakness. Since the 

responses appeared to parallel the subjects' increased perception of effort, the motor 

blockade most likely increased the need to recruit more motor units to perform the task. 

These increases in heart rate and blood pressure occurred despite the loss of afferent 

feedback from the muscle. Likewise, Freyschuss (45) used local injections of 

succinylcholine to peripherally block muscle contractions, however, attempts to make 

maximal voluntary contractions of the blocked arm still elicited up to one-half of the rise 

in heart rate and blood pressure seen during maximal contractions prior to the block. 

Thus, it appeared cardiorespiratory responses were elicited independently of any "muscle 

reflex" input, however, the origin of these signals still remain a mystery. 

In 1960, over 45 years after the work of Krogh and Lindhard, Smith et al. (109) 

demonstrated that stimulation of the "fields of Forel" in the subthalamic area of 

conscious dogs elicited increases in heart rate, left ventricular systolic pressure, left 

ventricular dp/dt, and in some cases even running movements were also evoked. Even 

with the muscle movements pharmacologically blocked, cardiovascular responses were 

still elicited. Furthermore, bilateral lesions at the exact locations of the subthalamic 

stimulation abolished increases in heart rate and blood pressure to voluntary exercise 

(110). Thus, the subthalamus appeared to be the site of origin for central command 

responses and further investigations were subsequently undertaken. 
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Hobbs (57) placed small lesions in the subthalamic of baboons trained to perform 

voluntary static exercise. Prior to making the lesions, electrical stimulation of the 

subthalamus caused increases in heart rate, blood pressure, and arm movement. The 

lesions effectively abolished pressor responses to static exercise. Eldridge (39) also 

performed a series of experiments in decorticate cats and concluded that neural signals 

from the subthalamus can generate cardiovascular and respiratory signals despite the 

elimination of feedback mechanisms that can regulate heart rate, blood pressure, and 

ventilation, and those signals originating in the muscle. 

Thus, chemical or electrical stimulation of the subthalamic locomotor region 

(STLR) in the hypothalamus in animals produces both locomotion and increases in 

cardiopulmonary function (38, 39, 87,122) which also simulates the normal responses to 

voluntary exercise in humans. Furthermore, it was apparent that the central command 

signal was capable of increasing sympathetic neural drive in the absence of feedback 

from contracting muscles or from arterial and cardiopulmonary baroreceptors (52). 

While the instantaneous increases in heart rate and ventilation that occur at the immediate 

onset of exercise appear to be of central origin, it is also generally accepted that the 

overall exercise response requires control from the central nervous system, as well as 

from reflexes originating at peripheral sites. 

Muscle Reflexes 

Even prior to the introduction of the concept of central command, neurogenic 

reflexes originating in the exercising muscles, muscle reflexes, were implicated as a 

contributing factor to cardiorespiratory regulation during exercise (60). The original idea 

being that any mismatch between muscle blood flow and muscle metabolism would result 
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in an increase or decrease in the concentration of intramuscular metabolites. The altered 

metabolite concentration would then serve as a feedback signal to change perfusion 

pressures as a means of restoring optimal metabolite concentrations. 

Early work by Patterson (92) helped forward the idea of a chemically sensitive 

muscle reflex. The concept that the pressor response to exercise was reflexly elicited by 

afferent fibers originating at the working muscle gained further support form the work of 

Alam and Smirk (4) as well as Asmussen and Nielsen (9). These reflexes were believed 

to be activated when the muscle was contracted and in turn signaled for increases in heart 

rate, blood pressure, and ventilation at the onset of exercise (22). Attention was soon 

focused on aspects of muscle "movement" or mechanical reflexes as the origin of the 

"exercise response". 

Mechanoreflexes or proprioceptive reflexes originating in muscle spindles and 

Golgi tendon organs (group I and II afferents) were proposed as being able to influence 

the initial exercise response (34). However, these reflexes are no longer thought to play a 

role because (i) there were no significant cardiovascular or respiratory responses to 

muscle vibration (i.e. a potent stimulus to muscle spindles) (79); (ii) selective blockade of 

group I and II afferents at the dorsal root did not abolish the pressure-raising reflexes that 

originate in skeletal muscle (79); and (iii) group I and II nerve fibers lack any appreciable 

direct access to the autonomic nervous system (104). 

It has also been demonstrated in dynamically exercising men that blockade of the 

gamma-efferent fibers (i.e. muscle spindles) did not alter breathing (59). Furthermore, 

Coote and colleagues (30) observed no changes in the cardiorespiratory responses to 

electrically-induced exercise in decerebrate cats after sectioning all of the articular nerves 

to knee and ankle joints. Given the preponderance of evidence, mechanoreflexes 

originating from type I and II afferents cannot be responsible for the observed 
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cardiorespiratory changes during exercise. However, this does not rule-out the possibility 

of a significant involvement of mechanoreflexes (i.e. ergoreceptors) that originate among 

free nerve endings of the small group III and IV muscle afferents (69, 83). Recent 

findings have demonstrated that end-organ receptors associated with type HI nerve fibers 

were sensitive to mechanical stimulation (67,69, 71,77). Thus, we are still left with the 

concept of two functional types of muscle reflexes which have been generally categorized 

as mechanical, with afferent signals traveling via group HI fibers, or metabolic, with 

signals being carried by group IV afferents. 

Anatomically, the group III nerve fibers or delta type A, depending upon the 

classification system used, are myelinated and average about three microns in diameter. 

Their conduction velocity ranges between 2.6 and 30 m'sec'1. In addition to their 

responsiveness to mechanical distortion, afferents of this type have also been reported to 

carry temperature, crude touch, and pricking pain sensations (67). The group IV or 

C-fibers are smaller than the group IV fibers, averaging 2.0 to 0.5 microns in diameter. 

The group IV afferents are unmyelinated and subsequently have a slower conduction 

velocity of less than 2.5 m»sec'. These unmyelinated fibers carry sensations of pain, itch, 

temperature, and crude touch along with those of muscle metabolites. Recent evidence 

suggests a majority of the group III mechano-sensitive fibers can be found throughout the 

muscles, while a predominance of group IV metabo-sensitive afferents tend to be 

localized near the vessel walls (104,127). 

Studies employing post-exercise circulatory occlusion have functionally removed 

mechanical stimuli while maintaining the metabolic stimuli have demonstrated the 

maintenance of a pressor response (99). These findings have focused the majority of 

research involving circulatory control during exercise on the role of metabolic reflexes. 

Using partial occlusions of blood flow to the exercising limbs in dogs, Wyss et al. (128) 
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showed the muscle metaboreflex is not tonically active in mild dynamic exercise, but is 

elicited only when muscle blood flow is reduced below some critical level or threshold. 

However, Rowell et al. (102) hypothesized that activation of the metabo-reflex might 

require far less reduction of muscle blood flow in man given the low oxidative capacity 

relative to that of dogs. Their findings indicated that in humans step-wise reductions in 

muscle blood flow elicit muscle metaboreflexes at mild levels of exercise with no 

apparent threshold of activation. Although we are currently unaware of any 

investigations in humans involving the use of aortic occluders, reductions in skeletal 

muscle blood flow have been documented in exercising humans with the application of 

lower-body positive pressure. 

Before discussing the specifics of the investigations involving LBPP, it should be 

noted that the cardiovascular and pressor effects resulting from the activation of muscle 

afferents have been well documented, but their role in activating respiratory responses 

has fallen under greater scrutiny. With the confounding influences of carbon dioxide 

delivery to the lung, as well as influences of central (medullary) and peripheral (carotid 

bodies) chemoreceptors, the importance of muscle reflexes in respiratory control has been 

questioned. Thus, a brief discussion involving the respiratory control system is deemed 

appropriate at this time. 

Respiratory Responses 

Volkman (121) first proposed the theory that tissues could have a chemoreceptive 

function by stimulating ventilation in proportion to the change of tissue metabolic rate 

and be mediated by neural afferents from the working limbs. Although intuitively 

attractive, this hypothesis of a peripheral afferent ventilatory drive has proven to be a 
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topic of considerable debate. Comroe and Schmidt (29) argued that while intra-arterial 

injection of foreign chemicals to elicit cardiorespiratory changes indicate that a 

chemoreflex may be present, the entire effect was probably due to pain impulses set-up at 

or near the arterial vessel wall and therefore had no great physiological importance. 

However, McCloskey and Mitchell (79) documented significant ventilatory increases 

with the selective stimulation of group III and IV muscle afferents, but not from group I 

and 13 muscle afferents in opposition to the conclusions of Dejours (34). In addition to 

the potential influence of muscle afferent activation, other mechanisms including central 

command, C02 flux to the lung, chest wall mechanics, and central and peripheral 

chemoreceptors, also exert their influence on the pulmonary system. A generalized 

schematic, borrowed from Dempsey (36), showing the multiple factors capable of 

influencing ventilatory drive in normal humans is presented in figure 1 on the following 

page. 

In addition to the previously mentioned influences of central command on the 

respiratory system (39, 70), other factors are also involved. Carbon dioxide delivery has 

been implicated as a primary controller of ventilation (93, 129), yet no mixed-venous or 

intrapulmonary C02 receptor, with the possible exception of pulmonary C-fiber nerve 

endings (27), has been identified. Due to the technical difficulty of manipulating C02 

flow to the lung without eliciting input from the carotid bodies, the relative contribution 

to total exercise hyperpnea was unknown (35). However, the development of a dual 

extracorporeal bypass system has enabled investigators to test the ventilatory effects 

changes in pulmonary C02 flow independent of changes in pulmonary arterial C02 

content (50). Findings showed that when arterial C02 content was maintained constant, 

increases in pulmonary flow or mixed venous PC02 caused an increase in ventilation 

which could be blocked with vagotomy. It should be noted that sectioning the 
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cardiopulmonary vagal afferents had no significant effect on respiratory responses at rest 

or during exercise (30). 

There may also be neural feedbacks from the chest wall and lung concerning 

mechanical events (i.e. flow-pressure-volume-tension relationships and/or thoracic 

deformation) and a possible optimization via the control of breathing pattern and lung 

volume (36). The effects of locomotor stresses on chest wall deformation mechanics and 

subsequent respiratory patterns have been demonstrated in the quadrupedal species (21). 

Beyond the changes expected from preexisting pathological respiratory conditions 

(i.e. asthma), it has also been suggested that increased mechanical load resulting from 

diaphragmatic fatigue during heavy exercise, as predicted from trans-diaphragmatic 

pressure, can alter breathing responses (24). 

Feedback from central and peripheral chemoreceptors can also exert modulating 

influences on ventilatory drive. Alterations in carbon dioxide flow to the lung that lead to 

disturbances in arterial blood-gas status could, in the first instance, be sensed by the 

peripheral (carotid bodies) chemoreceptors, however, carotid body denervation in many 

animal species has no significant effects on steady-state exercise hyperpnea (18, 91), 

suggesting that the peripheral chemoreception is not obligatory to the total (steady-state) 

exercise response. Also, the steady-state ventilatory response at a given moderate work 

rate is not significantly different from normal in patients who have undergone bilateral 

carotid body resection (124). When 100% 0 2 is utilized to functionally desensitize the 

carotid bodies during exercise, it has been shown that the ventilatory response can be 

attenuated by 10-15% (124). More recently Henson and colleagues (56) investigated 

whether suppression of the carotid body "drive" by hyperoxia would alter the ventilatory 

response to the metabolic acidosis during exercise. They found that while the carotid 

bodies may mediate the ventilatory increases occurring at the onset of lactic acidosis, 
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either hyperoxia does not totally abolish carotid body drive during high intensity 

exercise, or the carotid bodies are not solely responsible for the respiratory compensation 

above the lactate threshold. Far less is known about the contribution of the carotid bodies 

in humans as no means presently exists for selectively modulating their activity at rest or 

during exercise. 

Central (medullary) chemoreceptors respond to changes in acid-base status during 

heavy exercise, but ventilation increases with increasing exercise intensity prior to the 

onset of metabolic acidosis (36). Patients with McArdle's syndrome (phosphorylase 

deficiency and blockage of glycogenolysis) show a hyperventilatory response to 

moderate and heavy exercise despite the absence of metabolic acidosis (51, 53). This 

finding would tend to dissociate the hydrogen ion concentration (i.e. pH) from the 

ventilatory responses, but the underlying pathophysiology of McArdle's patients is 

complex. Interestingly, the ventilatory responses of these patients can be manipulated by 

altering the muscle substrate availability (53). This observation suggests that the 

metabolic state of the contracting muscles and/or substances released, may be somehow 

influencing the pulmonary responses. It quickly becomes clear that many factors are 

capable of exerting their influence on ventilatory responses, however, one of the goals of 

this study is to explore the influence of ascending neural feedback from the exercising 

muscle. 

Although the role of III / IV afferents as a ventilatory stimulus are supported by the 

work of several other investigators (64,65,105, 117) they do not demonstrate that these 

intramuscular afferents are stimulated during exercise of even moderate intensity. 

Furthermore, there is evidence that would argue against the idea of a peripheral tissue as 

the source of the exercise hyperpnea. Disruption of the neural afferent information from 

the limbs failed to attenuate the ventilatory response in studies by Lamb (72), Levine 
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(74), Adams (2), Cross (31), and Fernandes (42). These apparently contradictory 

findings probably involve differences in the precise sites and nature of denervation, 

anesthetic state of the animal, and/or specific species differences. Therefore, the 

remainder of this brief review will mainly focus on the findings and conclusions from 

human investigations. 

Whether or not an intramuscular signal is a critical component of the respiratory 

control system has been questioned based upon two lines of evidence: (i) subjects with 

complete thoracic or lumbar spinal cord transection have essentially normal ventilatory 

responses to electrically induced "exercise", at least over the relatively small increments 

of metabolic rate which were achieved (2, 22), and (ii) when exercise muscle blood flow 

is completely occluded during recovery from exercise in normal subjects, ventilation has 

been consistently shown to be reduced relative to the control recovery pattern, despite the 

entrapment of exercise-induced metabolites in the limbs (55). While these types of 

findings do not support the argument for an intramuscular ventilatory signal, they do not 

provide substantial confirmatory evidence against the existence of such an intramuscular 

signal. 

An intramuscular stimulus may not be manifest unless moderate or heavy exercise 

intensities are employed, thus one could question the intensity of exercise used in the two 

studies (2, 55). For example, from pilot work undertaken for this dissertation, no changes 

in ventilation were observed at work rates below the subjects ventilatory threshold when 

LBPP was applied. The ventilatory threshold was determined as the point when the 

ventilation began to increase disproportionally to oxygen uptake without a fall in the 

end-tidal PC02 responses. This observation could explain the lack of ventilatory changes 

in mildly exercising (i.e. < VT) paraplegics and also possibly the lack of a ventilatory 

stimulus during post-exercise leg occlusion, but only if the exercise intensity was below 
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the subjects ventilatory threshold. However, subjects participating in this post-exercise 

occlusion study were exercising above their ventilatory thresholds and the occlusion 

should "trap" significant amounts of exercise-induced metabolites capable of activating 

intramuscular metaboreceptors. While this evidence clearly eliminates the role of an 

intramuscular metabolite related stimulus in the post-exercise ventilatory response, it may 

not be accurate to extrapolate these findings to conditions of exercise when the 

integration of afferent signals could be altered. 

The initiation or cessation of exercise itself may alter the central integration of 

various afferent inputs (i.e. peripheral chemoreception, C02 flux to lung, intramuscular 

signals) that may serve as the predominant ventilatory stimulus for a given metabolic 

condition. For example, post-exercise leg occlusion would reduce C02 delivery to the 

lung and would reduce ventilatory responses if C02 flux is the primary stimuli under 

these specific conditions. Thus, an intramuscular signal "per se" may have little or no 

influence under these same conditions. Work by Shea et al. (106) in subjects who lacked 

C02 sensitivity demonstrated normal ventilatory responses to exercise suggesting either 

peripheral signals from the muscle or higher brain centers were driving the ventilatory 

response. 

As previously mentioned, an intramuscular ventilatory signal during exercise may 

not be activated until adequate amounts of metabolites have accumulated to serve as a 

stimulus. Such an increase could occur from an increased production of metabolites at 

the muscle, and/or a decrease in the removal of these metabolic by-products. The 

ventilatory threshold (VT) typically reflects an increased dependence on anaerobic 

metabolism for energy production at the cellular level with increased levels of metabolic 

by-products (namely lactate), which diffuse from the muscle through the interstitium and 

into the systemic circulation (7, 89). During the period of "isocapnic buffering" above 
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the VT, when carbon dioxide-related and acid-base input to peripheral chemoreceptors 

(i.e. ventral medulla and carotid bodies) is essentially unchanged (126), it can therefore 

be proposed that a neural signal from the working muscle may provide, in part, some of 

the additional ventilatory drive at this time, at least until blood pH falls and activates the 

carotid chemoreceptors. 

The most interesting support for the role of an intramuscular ventilatory signal 

during dynamic exercise in man came from the work of Eiken and Bjurstedt (38). They 

first reported increases in ventilation which were out of proportion to the oxygen uptake 

during exercise when LBPP was applied. Although potential changes in central and 

peripheral chemoreceptive ventilatory stimuli were not adequately examined, these 

authors suggested that the increased ventilatory response with LBPP may be related to 

decreases in muscle flow and accumulation of intramuscular metabolites. Consistent 

with the hypothesis of an intramuscular signal for ventilation, pilot data collected during 

exercise conditions using graded levels of LBPP indicated that the changes in ventilatory 

responses with LBPP may be related to decreases in leg blood flow with a significant 

accumulation of metabolites then activating an afferent neural feedback mechanism 

originating from within the working skeletal muscle. 

Investigations Using Lower-Body Positive Pressure 

As discussed in the introduction, LBPP can be used to produce graded reductions in 

muscle blood flow. It should be noted at this time that while LBPP-induced flow changes 

could stimulate metabosensitive feedback mechanisms, the direct effects of the positive 

pressure on mechano-sensitive afferents cannot be ignored. While Eiken (38) can be 

credited with the first investigation exploring cardiorespiratory responses to LBPP during 
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dynamic exercise in man, others have employed similar methods to discern the 

mechanisms of the flow reduction. However, the mechanism responsible for the blood 

flow reduction has yet to be defined (3,95). 

Flow reductions were suggested to be caused by the fall in transmural pressure, 

thereby inducing a local arterial hypotension (32,97) with an arteriolar closure 

(i.e. critical closing) at high extravascular pressures (23). More recently, the blood flow 

restriction was suggested to be caused by increased resistance in the capillary / post-

capillary section as these sections experienced vascular collapse with increasing external 

pressure (14, 95, 130). Finally, Nielsen (86) suggested that the blood blow cessation in 

the compressed tissues was caused by a widespread arterial-arteriolar collapse during 

diastole, as the volume of blood moved into the vessel during the systolic peak was too 

small to expand the distal sections of the collapsed precapillary vessels. Of note, it is 

generally accepted that the flow reduction is due to increases in intramuscular and small 

venule pressures (95,97), as opposed to direct arterial compression. While there appears 

to be no definitive mechanistic explanation, all were in agreement that blood flow could 

be significantly reduced when significant external pressure was applied. 

Although Eiken utilized LBPP during dynamic exercise to restrict flow to the 

exercising limbs, he did not directly measure changes in muscle blood flow. Using a 

simple equation involving LBPP-induced differences in mean arterial pressure and 

cardiac output to estimate the driving pressures with and without LBPP at 50 torr, Eiken 

calculated a 40 % reduction in blood flow to the working muscles when LBPP was 

applied (38). This estimation, however, does not take into account any partial flow 

correction mediated by myogenic autoregulatory mechanisms. 

This myogenic autoregulatory mechanism could explain why Sundberg et al. (115) 

only reported a 16% reduction in blood flow to the exercising limbs when using more 
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direct flow measurements at an LBPP of 50 torr which was similar to that used by Eiken. 

The dye-dilution method used by Sundberg et al. (115) further showed the 16% reduction 

in flow was maintained constant across different exercise work rates. More recently, 

Rowell et al. (102) have also reported 5% to 19% reductions in leg muscle blood flow at 

lower-body positive pressures ranging from 25 to 60 torr. Thus, LBPP has been shown to 

be capable of inducing graded reductions in flow at increasing levels of applied pressure. 

The accumulation of intramuscular metabolites, as demonstrated by Eiken (38), further 

indicated that LBPP could effectively trap exercise induced metabolites (i.e. lactate) at 

the working muscle. The subsequent cardiorespiratory effects resulting from an LBPP-

induced blood flow restriction and subsequent metabolite accumulation during dynamic 

exercise have been addressed by only two studies (38,102). 

Both Eiken (38) and Rowell (102) have utilized LBPP to reduce the perfusion 

pressure to the lower limbs of dynamically exercising humans. Eiken reported an 

augmented pressor response during flow restricted exercise and ventilatory response 

which was out of proportion to the overall oxygen uptake. He also showed an increase in 

heart rate at the heavier exercise work rates along with increases in cardiac output as 

assessed via changes in thoracic impedance. Likewise, Rowell et al. (102) reported blood 

pressure increases during exercise in response to LBPP (no ventilatory measurements 

were made). They reported heart rate increases and estimated increases in cardiac output 

using the higher heart rate values with the assumption of a constant stroke volume. Both 

authors attributed their observed cardiovascular and respiratory responses to an LBPP-

induced activation of a muscle chemoreflex. The implication that both heart rate and 

blood pressure responses can be altered via muscle afferent feedback, however, does not 

agree with findings from investigations using epidural anesthesia to block muscle afferent 

information during dynamic exercise (42,113). 



26 

In theory, LBPP provides a means to selectively increase the activation of muscle 

reflexes, while epidural anesthesia selectively decreases the activity of these same muscle 

afferent impulses. Fernandes and colleagues (42) used epidural anesthesia to block 

afferent neural input from the exercising legs and noted blood pressure reductions. They 

concluded that afferent neural activity from the working muscles was important for blood 

pressure regulation during dynamic exercise in man, but was not necessary for eliciting 

the heart rate or ventilatory responses. Of note, Hollander and Bouman (58) have offered 

evidence in support of a "muscle-heart" reflex in humans. 

The finding that epidural anesthesia attenuates blood pressure but does not alter 

heart rate nor ventilatory responses during dynamic exercise has since been confirmed by 

Strange et al. (113). Using doses of anesthetic large enough to cause partial paralysis, 

electrical stimulation was used to elicit muscle contractions. Even when contractions 

were initiated by electrical stimulation, heart rate, as well as plasma catecholamine and 

lactate release were not affected by epidural anesthesia. They concluded the exercise 

pressor reflex is essential for normal blood pressure responses to dynamic exercise, and 

other neural, humoral, and hemodynamic mechanisms cannot govern this pressor 

response. However, control mechanisms other than central command and the exercise 

pressor reflex can regulate heart rate, cardiac output and ventilation during dynamic 

exercise in man. These findings would suggest central command and muscle reflex 

induced signals may travel over discrete pathways to control both the heart rate and 

peripheral resistance vessels. 

Of interest is why both heart rate and ventilation were increased with enhanced 

activation of muscle reflexes (i.e. LBPP), but not reduced when these same signals were 

blocked by anesthesia. The differences may be linked to an increased activation of 

central command with the LBPP. In the intact animal or human, central command can be 
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simply defined as a parallel increase in motor recruitment of active muscle and heart rate 

(100). While heart rate can be easily monitored by using electrocardiography (ECG), 

assessment of increases in muscle recruitment (i.e activation) is typically performed via 

electromyography (EMG) or oxygen uptake at a given work rate. With increases in 

motor unit activity (i.e. greater muscle mass), both EMG and oxygen uptake will be 

increased. 

Increases in central command are closely linked to the increases in muscle mass 

activation, which in turn would be evidenced as an increased oxygen uptake and heart 

rate. While Eiken (38) reported increases in oxygen uptake with LBPP, Rowell (102) did 

not. Neither of the blocking studies noted a change in heart rate or oxygen uptake (42, 

54, 113). Eiken proposed that additional muscle mass was activated to resist the external 

compression caused by LBPP. Thus, LBPP may or may not increase the level of central 

command during exercise as indexed by heart rate and oxygen uptake increases. One 

difference of potential importance in determining cardiovascular changes was the body 

position of the exercising subjects. By placing the subject in a semi-recumbent position, 

thus introducing a small hydrostatic gradient, the previously noted increases in cardiac 

output and heart rate (38,102) might be attenuated. 

Summary 

In summary, to reiterate from the introduction, one of the many unsolved problems 

in exercise physiology is the nature of the stimulus giving rise to the cardiovascular and 

respiratory responses that muscular exercise produces. While both central command and 

muscle reflexes influence cardiorespiratory responses to exercise, their interactions and 

individual influences have been difficult to assess in humans. The application of LBPP 
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during exercise appears to offer a non-invasive means of altering certain cardio-

respiratory responses without affecting the oxygen uptake during exercise. It should be 

possible to selectively alter the influence of the muscle reflex mechanisms in a systematic 

fashion with graded increases in LBPP during exercise and determine the subsequent 

effects on cardiovascular and respiratory responses. While the cardiovascular and pressor 

effects resulting from activation of muscle afferents have been well documented, their 

role in activating respiratory responses has fallen under greater scrutiny. 

Current thinking suggests that the control of ventilation in exercise is multifactorial 

and based on a high degree of redundancy so that no single factor is responsible. 

Furthermore, the central and reflex mechanisms responsible for cardiorespiratory changes 

during exercise appear to be able to work in conjunction with or independently of one 

another (84). Although the search for the stimulus for breathing during exercise has 

resulted in many intriguing findings, relatively little work has been performed in man. 

Lower-body positive pressure is known to produce blood flow restrictions to the working 

muscles (102, 115). The resulting perfusion mismatch would produce an error signal at 

the level of the working muscle. In theory, the intensity of this afferent neural error 

signal should be dictated by the degree of the perfusion mismatch in relation to the 

metabolic demand as determined by the level of LBPP applied. Exactly how these 

feedback signals influence ventilation and blood pressure is a primary goal of this study. 

Furthermore, this line of investigation could potentially elucidate which afferent signals 

may be controlling the exercise hyperpnea and provide greater insight as to the effects of 

lower-body positive pressure induced reductions in leg blood flow on cardiovascular and 

respiratory responses during dynamic leg exercise in healthy men and further establish 

the nature of the physiological stimuli responsible for the observed cardiorespiratory 

changes during dynamic exercise. 



CHAPTER III 

PROCEDURES AND METHODS 

The goals of this investigation were to determine the effects of graded reductions in 

muscle blood flow as induced with lower body positive pressure (LBPP) on the 

cardiorespiratory responses during progressive increases in work rate and at the onset and 

during sustained dynamic leg exercise. All subjects performed four randomized 

incremental exercise tests at four different levels of LBPP. Subjects also performed four 

constant work rate exercise tests at work rates above and below their VT's both with and 

without LBPP. This chapter explains the methods and procedures that were utilized in 

acquiring and analyzing the data obtained during this investigation. 

Subjects 

Eight healthy men were originally recruited from area universities for voluntary 

participation in the study. Prior to testing, volunteers were fully informed as to the nature 

and purpose of each procedure and each signed an informed consent approved by the 

Institutional Review Board for the use of Human Subjects. Each prospective subject 

completed a medical history questionnaire and was screened via a resting 12-lead 

electrocardiogram for cardiac abnormalities. They also underwent a graded exercise test 

to volitional fatigue for determination of metabolic responses to exercise, and blood 

pressure measurements to screen for hypertension. One prospective subject was 

29 
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eliminated due to mild hypertension. Seven subjects were familiarized with all testing 

procedures and were also requested to abstain from alcohol and caffeinated beverages for 

at least 12 h, and strenuous physical activity for at least 24 h prior to any test. 

Each subject performed a preliminary incremental work rate exercise test to the 

limit of their tolerance in accordance with guidelines established for graded exercise 

testing (5) for the determination of their ventilatory threshold (VT) and peak oxygen 

uptake (V02PEAK). This was designated as the "control" test. Following this test, four 

identical incremental tests were administered in a randomized order at four different 

levels of LBPP (i.e. 0, 15, 30 and 45 torr). Respiratory variables were measured, as 

described below, and blood samples were collected at work rates corresponding to 60% 

and 80% of VT, and also at work rates 20% and 40% of the difference between VT and • 

^^2PEAK + 0.2 A and VT + 0.4 A) as determined from the control test. The 0 torr 

LBPP test provided an additional control test but with blood sampling. Testing was 

separated by a minimum of three hours and with no more than two tests being performed 

in one day. Descriptive subject data are presented below in Table I. 

Table I. Descriptive Subject Characteristics 

Age 

(yrs) 

Height 

(cm) 

Weight 

(kg) 

HR 

(bpm) 

MAP 

(mmHg) 

VO 
2 PEAK 

(l'min1) 

• 

VO VT 
2 PEAK V 1 

(ml'kg'min1) (hmin1) 

25.9 

(±1.2) 

181.9 

(±2.8) 

77.2 

(±5.3) 

63 

(±3) 

93.1 

(±1.0) 

3.3 

(±0.2) 

44.0 2.3 

(±3.0) (±0.4) 

Data for seven subjects presented as mean values (±SE) for age, height, weight, heart rate 

(HR), mean arterial pressure (MAP), peak oxygen uptake for control exercise (V02) in liters 

per minute and milliliters per kilogram of body weight, and estimated ventilatory threshold 

(VT) from the control exercise ride in liters per minute of oxygen uptake. 
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Procedures 

Four experimental days were needed with each subject in order to complete all of 

the protocols. Each performed a total of five graded exercise tests and four constant load 

exercise tests. Each test day was separated by a minimum of one rest day and a 

maximum of five days. The first visit to the laboratory was reserved for the initial graded 

exercise test (GXT), and familiarization with testing apparatus and procedures. On their 

second visit, subjects performed two of the four GXTs at two different levels of LBPP in 

a randomized order. The two GXTs were separated by a minimum of three hours of quiet 

rest. The third day was similar to the second with the remaining two GXTs being 

performed. On the fourth visit, subjects performed four constant load exercise tests in a 

randomized order at two intensities both with and without LBPP at a level of 45 torr. The 

two moderate intensity (60% V02PEAK) rides were separated by at least one and one-half 

hours, while the heavy intensity (75% V02 PEAK) bouts were separated by a minimum of 

three hours of rest. All subjects completed the entire protocol within ten days of their 

first visit to the laboratory. 

Research Design and Statistical Analyses 

Incremental Exercise Testing Design 

The incremental exercise study employed the 4 x 5 experimental matrix shown in 

figure 2 (top of page 32) to determine the effects of graded levels of LBPP. Analysis of 

variance (ANOVA) was used to determine significant differences within the 4 x 5 

factorial design with main effects of LBPP (torr) and work rate (as percent of V02PEAK). 
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LBPP at 45 Torr 
(n = 7) 

LBPP at 30 Torr 
(n = 7) 

LBPP at 15 Torr 
(n = 7) 

LBPP at (X) Torr 
(n = 7) 60% VT 

Rest 

Figure 2. — Incremental exercise testing design. Measurements were taken at work 

rates corresponding to the V0 2 at 60% and 80% of the ventilatory threshold (VT), and at 

work rates representing the V02 at VT plus 20% and 40% of the difference between the 

VT and peak V02. The mean work rates for seven subjects were 60.7 ± 3.0 W (60% VT), 

135.7 ± 4.8 W (80% VT), 214 ±10.2 W (VT +20%A), and 260.7 ± 13.2 (VT +40%A). 

Each subject's ventilatory threshold was determined from an initial graded exercise test, 

and four work rates were then calculated as fixed percentages of their VT. Data were 

collected at work rates representing light, moderate, heavy, and very heavy exercise as 

will be detailed in a following section. A Tukey multiple range test (MRT) was 

employed post hoc when main effects were found to be significant as indicated by the 

significant F-ratio. Regression analyses were also used, where appropriate, to determine 

significant relationships. The alpha level was set at p < 0.05 as for the previous study and 

all analyses were conducted using Statistical Analysis Systems (SAS Inc., Cary, NC.). 
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The independent variables for this protocol were the level of LBPP and work rate. 

Dependent variables to be compared across levels of LBPP for incremental exercise tests 
• • 

include measures of: oxygen uptake (V02), carbon dioxide output (VC02), ventilatory 

volume (VE), breathing frequency (fB), tidal volume (VT), end-tidal 0 2 (PET02), end-tidal 

C02 (PppCO^, blood pH, lactate (La), bicarbonate (HC03 ), potassium (K+), ratings of 

perceived exertion (RPE), heart rate (HR), blood pressures (SBP, DBP, MAP), and stroke 

volume (SV), for the calculation of cardiac output (Q^) and total peripheral resistance 

(TPR). 

Constant Load Exercise Testing Design 

The constant load exercise study employed the 4 x 3 experimental matrix shown in 

figure 3 (top of page 34) to determine the effects of LBPP during six minutes of exercise 

at intensities above and below VT both with and without 45 torr LBPP. Breath-by-breath 

measurements of gas exchange and respiratory variables were made throughout the tests, 

while blood was sampled at rest, 90 and 290 seconds of exercise. Statistical analyses for 

gas exchange and respiratory data consisted of an unpaired t-test between pressure levels 

of 0 and 45 torr. An analysis of variance (ANOVA) was used to determine significant 

differences for humoral variables across time. A Tukey MRT was used when main 

effects were significant. All analyses were conducted using SAS. 

The independent variables for this protocol were LBPP (0 vs 45 torr) and time. 

Dependent variables to be compared across levels of LBPP for constant load exercise 
• • 

tests include measures of: oxygen uptake (V02), carbon dioxide output (VC02), 

ventilation (VE), breathing frequency (fB), tidal volume (VT), end-tidal P02 (PET02), 

end-tidal PC02 (PETC02). Variables collected at rest, 90, and 290 seconds were similar 
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LBPP at 00 Torr LBPP at 45 Torr 
WR< VT W R c V T 

*<z> 3s fi (n = 7) 

c 

Si rs 
LBPP at 00 Torr LBPP at 45 Ton-

WR> VT WR> VT 

i! (n = 7) 

290 
seconds 

90 seconds 

Rest 

Level of LBPP 

Figure 3. Constant load exercise testing design. Breath-by-breath gas-exchange and 

ventilatory measurements were collected continuously at rest and during the six minutes 

of exercise at a constant work rate, while blood samples were taken both at rest, 90, and 

290 seconds into exercise. Testing was performed at work intensities above and below 

each subjects ventilatory threshold (VT) with and without 45 torr of lower-body positive 

pressure. 

between protocols and included: blood pH, lactate (La), bicarbonate (HC03), potassium 

(K+), ratings of perceived exertion (RPE), heart rate (HR), blood pressures (SBP, DBP, 

MAP), and stroke volume (SV), for the calculation of cardiac output (QJ and total 

peripheral resistance (TPR). 
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Statistical Calculations for Sample Size 

In order to establish an appropriate number of subjects required to successfully 

complete this investigation, a determination of sample size was calculated from pilot 

work undertaken specifically for this project. Data from pilot investigations involving a 

possible shift of the ventilatory threshold were used for the calculation of an appropriate 

sample size, as movement of the ventilatory threshold was critical to the results of this 

investigation. Two men performed incremental exercise tests at 0 and 45 torr LBPP from 

which their VTs were calculated. These values (mean VT at 0 torr and the mean VT at 

45 torr, and the larger of the two standard deviations) were used to calculate an adequate 

number of subjects for the project using a one-tailed test (Z = 1.65) with a probability of 

5% (p < 0.05). The equation for sample size was taken from Statistics in Medicine, by 

Theodore Colton (28). 

n = [((Z -(-Zb)) .SD)/(X0-X4 5)]2 

= [(1.65 - (-1.65)) • 0.473) / 2.47 - 1.47]2 

= 2.5 

In the equation shown above, n was sample size, Z represented standard Z scores 

from a normally distributed population at the 95th percentile, X indicated mean values for 

the VT at 0 and 45 mmHg LBPP, and SD was the standard deviation. According to the 

calculations using pilot data, only three subjects would be needed to demonstrate a 

significant (p < 0.05) reduction in the VT at 45 torr. However, as six to seven subjects 

are typically tested in these types of human investigations, seven subjects were currently 

used to test the hypotheses and successfully complete the studies. 
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Ventilatory Threshold Determination 

As the accurate determinations of ventilatory thresholds were critical to this study, 

strict criteria were employed to prevent the problem of any false positive threshold 

identifications. The individual VT's were determined non-invasively from breath-by-
• • • 

breath responses as the V02 at which both the VE / V02 and began to increase 
• • 

systematically without an increase in VE / VC02 or the respiratory exchange ratio (R) nor 

decrease in PETC02 as previously established (33,124, 125). The estimations were made 

from blinded subject records by two experienced technicians working independently. 

Their results were then combined to provide the actual values used for subsequent 

statistical analyses. 

The initial determination of VT was made from the control test and was used in the 

calculation of relative work intensities for each subject. Thus, all subsequent data 

collected from tests for that subject used the same collection periods (i.e. same absolute 

work rate) as referenced from the control test. These values also represented similar 

percentages of each subject's VT and helped normalize work intensities between 

subjects. The four calculated collection periods are from here on referred to as light 

(i.e. 0.6 VT), moderate (i.e. 0.8 VT), heavy (i.e. VT +0.2A) and very heavy 

(i.e. VT +0.4A) exercise, and were used for the statistical comparisons. Each subject's 

VT was also determined during each of the four graded exercise tests at the differing 

levels of LBPP (i.e. 0, 15, 30, and 45 torr) using the same criteria as for the initial 

exercise test. Figure 4 on page 37 represents the actual breath-by-breath subject data 

(from one subject) showing the determination of the VTs for both the 0 torr and 45 ton-

incremental exercise tests. 
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Figure 4. — Breath-by-breath data collected from one subject during incremental work 

rate exercise at 0 and 45 torr LBPP showing determination of the ventilatory threshold. 

The solid line represents the 0 torr exercise test, while dashed line represents the 45 torr 

exercise test. 
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Lower-Body Positive Pressure Protocol 

A custom designed LBPP chamber with a computerized, electromagnetically 

braked cycle ergometer (Intellifit, Inc., Houston, Texas) placed inside allowed the 

subjects to exercise in a semi-recumbent position (back angle of 70°). The positive 

pressure chamber was sealed at the level of the subjects' iliac crests by a polypropylene 

skirt fitted snugly around each subject's waist. The chamber was equipped with two AC 

vacuum motors which were manually controlled by separate variable autotransformers in 

order to precisely control pressure within the chamber. Internal chamber pressure was 

continuously monitored from a digital transducer (Universal Pressure Meter, Bio-Tek 

Instruments, Shelburne, VT) during testing. Pressures were monitored and recorded in 

units of Torr (1 Torr = 1 mmHg at sea level). 

The position of cycle ergometer crank was adjusted for each subject so that their 

knee angle at maximal leg extension during cycling was consistent across all tests. 

Shoulder straps attached to the seat back of chamber device were also utilized to maintain 

the subject's position and prevent caudad displacement when LBPP was applied. The 

subjects' arms remained relaxed at their sides during all testing to minimize upper body 

exertion and facilitate blood pressure monitoring and blood sampling. For the graded 

exercise testing, the cycle ergometer was pre-programmed to begin exercise at a work 

rate of 25 W and increase the work rate by 25 W each minute until the limit of tolerance 

(with strong verbal encouragement) was reached for each subject. A pedal cadence of 

60 ± 5 rpm was maintained during exercise with the aide of visual feedback from a 

computer monitor placed on top of the pressure chamber. A diagram of the experimental 

set-up is provided in figure 5 on the following page. 
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Respiratory Data Collection 

The subjects respired through a wide-bore (2.2 cm internal diameter) mouthpiece 

connected by a saliva trap to a turbine volume transducer (Sensor Medics, VMM Series) 

for measurement of minute ventilation (VE) and tidal volumes. Respiratory gas 

concentrations were continuously sampled from the mouthpiece for analysis of P02, 

PC02, and PN2 by mass spectrometry (Perkin-Elmer MGA1100B) at a sampling rate of 

60 ml^min1. The mass spectrometer was calibrated before every test using known 

high-precision standard gases. All respiratory variables were sampled by a dedicated 

micro computer (MINC-23, Digital Equipment Corporation) at 100 Hz for continuous 
• • • 

breath-by-breath determinations of V02, VC02 and VE. Calculations were performed 

on-line using a customized software package written in FORTRAN (Symbolic Logic 

Software) employing standard algorithms (13). All breath-by-breath data were corrected 

for equipment delay, mechanical response times and ambient conditions specific for each 

test. 

Data collected for the GXTs were averaged during the last thirty seconds of each 

collection period as being representative of the given work rate. Subject data were 

averaged across each collection period (i.e. rest, light, moderate, heavy, and very heavy 

exercise) for analysis and presentation. Breath-by-breath data collected for the constant 

load exercise tests were time aligned and averaged by condition for analysis and 

presentation. Determinations of each individual's ventilatory threshold for each of the 

four incremental exercise tests was obtained from the breath-by-breath measurements as 

described above. An example of individual breath-by-breath records with the ventilatory 

threshold estimations was previously shown in figure 4 on page 37. 
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Cardiovascular Data Collection 

Prior to each test, pre-gelled silver-silver chloride electrocardiogram (ECG) 

electrodes were affixed to the subject's chest. A CM-5 electrode configuration was used, 

while an anterior (II), inferior (aVF), and lateral (Vs) leads were continuously monitored 

from an oscillographic system (Quinton, 633) and heart rates were recorded every minute 

on the electrocardiograph (Quinton, 633) during the GXT. 

Mean arterial (MAP), systolic (SBP), and diastolic (DBP) blood pressures were 

continuously monitored with a photoplethysmographic device (Finapres, Model 2300, 

Ohmeda, Inc., Madison, WI). The device signals were also recorded and stored on a 

laboratory minicomputer (MINC 23, Digital Equipment, Maynard, MA). The 

plethysmographic cuff was placed on the middle finger of the right hand positioned at the 

level of the heart (i.e. zeroed to eliminate hydrostatic alterations). The blood pressure 

values obtained from the FINAPRES® were verified by auscultation of the upper arm. 

Blood pressures collected at the appropriate exercise intensities were averaged over the 

last thirty seconds of the period. 

Stroke volume (SV) was determined by measuring aortic blood flow velocity 

(ABFV) from the suprasternal notch using continuous-wave Doppler echocardiography 

(Interspec, Inc., Model XL, Ambler, PA) during rest and exercise. Measurement of 

ABFV were accomplished with a 2.0 MHz Doppler flow transducer positioned at the 

suprasternal notch. The Doppler's visual display of ABFV waveforms and the auditory 

signal allowed an optimal probe angle to the ABFV vector to be established prior to each 

actual data collection period. Once located, the ABFV was recorded for approximately 

15 seconds at the end of the one-minute collection period. The beat-to-beat ABFV and 

simultaneous HR data were stored on VHS tape for later analysis and calculation of 
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cardiac output. In addition, aortic root diameter measurements were determined at rest 

and during exercise by two dimensional (2-D) echocardiography. Measurements were 

made at the level of the aortic leaflets using a parasternal long-axis orientation. The 

aortic diameters were then incorporated into the calculation of aortic cross-sectional area 

(CSA). A flow velocity integral (FVI) was derived as a product of the average flow 

velocity (AV) across the total time elapsed during the period of ejection (FVI = AV x 

ejection period). Having both a CSA and a FVI, an estimate of flow through the aorta 

with each beat (i.e. stroke volume (SV)) could be derived as the product of CSA and FVI. 

Thus, cardiac output was calculated as the product of SV and HR (lead II) obtained 

simultaneously during the recording of ABFV. 

This non-invasive technique has been shown to provide comparable accuracy to 

both thermodilution and Fick methods (17). However, to validate Qc values obtained 
• • 

from our laboratory, the relationship between and V02 was assessed with Doppler and 

an acetylene rebreathing technique as described by Triebwasser et al. (119). Data was 

collect from two subjects at rest and during steady-state cycle ergometry at 50, 100, 150, 
and 200 Watt work rates. The following regression equation was then derived form our 

• • 

data: Qp (l*min ') = 1.9 (l*min_1) + [4.9 • V02 (l'min1)]. A linear regression analysis was 

performed to compare the cardiac outputs obtained by Doppler echocardiographic 

measurements and those obtained from acetylene rebreathing. The overall coefficient of 

variation for both methods across rest and four work rates was 3.7%. Thus, we were 

confident with the non-invasive Doppler methodology and the values obtained 

throughout this investigation as providing accurate assessments of cardiac output at rest 

and during exercise. 

As noted previously, cardiac output was calculated as the product of HR x SV 

averaged for 12 -15 cardiac cycles. The mean value of these measures was then used to 
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calculate total peripheral resistance (TPR), as the quotient of MAP divided by Qc. In a 

similar manner, the arteriovenous oxygen difference (a-v 02DIFF) was calculated as the 
• • 

quotient of divided by the V02. 

Ratings of perceived exertion were obtained from the subjects during the first 30 

seconds of each data collection period. The subject was asked to assess the intensity of 

work using a standardized protocol and scale (6-20) developed by Borg (18). The 

terminology and scaling procedures were discussed with the subjects prior to exercise. A 

differential rating was obtained such that an accurate assessment of changes in perception 

at the exercising muscles could be differentiated from sensations caused solely by the 

increases in breathing frequency. 

Blood Sampling and Analyses 

Using the technique previously described by Forster et al. (431. arterialized venous 

blood samples were obtained from a superficial dorsal hand vein with a 21-gauge over 

the needle teflon catheter (Angiocath ®). The catheter was inserted into a prominent vein 

(near the dorsal venous arch) by an experienced technician or collaborating physician 

using a sterile technique. Clotting was prevented by repeated flushing with heparinized 

saline. Once in place, the catheter was adjusted so that blood could be obtained with no 

discomfort to the subject. 

Once the subjects were positioned for exercise, they were asked to keep their arms 

and hands relaxed throughout the protocol. This was done to minimize the possibility of 

altering blood pressure with isometric contractions and also to insure accurate collection 

of data. The hand was warmed with a conventional heating pad with the temperature 

setting maintained constant for all tests to facilitate the opening of arterio-venous 
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anastomoses. After clearing catheter dead space, a 6 ml sample was slowly collected 

with an ice cold syringe within 20-40 seconds into each collection period. The system 

was then immediately flushed with the heparinized saline solution and the syringe was 

placed into an ice slurry. 

Once separated into aliquots, blood samples were kept on ice until they could be 

analyzed. Whole blood analyses were performed within two hours of collection. 

Measurements of blood pH, PC02 and bicarbonate (HC03 ) were made in triplicate using 

a pH/blood gas analyzer (Corning, model 178). Samples were slowly mixed by 

repeatedly inverting the syringe several times before injecting the sample into the 

automated analyzer. Values were recorded for the each of the three trials and the mean 

value was then calculated. Samples were then entered in a random order and the machine 

was frequently calibrated. 

Blood lactate concentration was measured in triplicate using a enzymatic technique 

(Yellow Springs Instrument analyzer - YSI, model 27). Following the calibration 

procedures, whole blood was injected into the lactate analyzer and the lactate value 

recorded as the mean of three tests for each sample. The accuracy of the machine was 

frequently checked using standards with known lactate concentrations. The remaining 

samples were spun for five minutes and the serum samples then refrigerated and 

subsequently analyzed for potassium (K+) using a flame photometer (Instrumentation 

Laboratory, model 143) after calibration procedures using standard samples of known 

concentration. 



CHAPTER IV 

RESULTS 

This chapter presents the results of the lower-body positive pressure investigations 

for both incremental and constant load exercise. Following a brief description of subject 

data and the effects of lower-body positive pressure on the ventilatory threshold, this 

chapter was divided into two sections concerning incremental exercise test results and 

constant load exercise test results. Both sections were further subdivided into specific 

results regarding respiratory, cardiovascular, and blood analysis data for each protocol 

separately. 

The incremental exercise testing data represent the mean (i.e. pooled) responses 

recorded at each of the four work rates (light, moderate, heavy, and very heavy exercise), 

as well as rest and peak exercise, across the four levels of lower-body positive pressure 

0,15, 30, and 45 torr (Table II). For presentation purposes, the standard error bars (± SE) 

have been removed from the 15 and 30 torr responses in the figures to allow greater 

visual clarity. 

The constant load exercise testing data represents the mean breath-by-breath values 

for moderate (< VT) and heavy (> VT) work rate exercise both with and without lower 

body positive pressure of 45 torr. The data points presented in the constant load figures 

represent the mean, time aligned, breath-by-breath responses taken for every tenth breath 

with the standard error bars added periodically to help differentiate the exercise 

responses. 

45 
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Description of Subjects 

Descriptive subject data were presented in Table I, on page 30 of the methods 

section. As previously described, data were collected for each subject at four work 

intensities corresponding to percentages of their V02 at VT as determined from their 

initial exercise test. Shown in Table II below, are the four work rates at which data were 

presented for each subject. As will be described further in the following section, the 

estimated VT progressively deceased with increasing levels of LB PP. When describing 

the data collection periods as percentages of VT, the four work intensities will from here 

on be referred to as light, moderate, heavy, and very heavy exercise which correspond to 

60% VT, 80% VT, VT+20%, and VT+40%, respectively. 

TABLE II. - Calculated Work Rates for Each Subject for Incremental Exercise 

Subject light 

60% VT 

moderate 

80% VT 

heavy 

VT+20% 

very heavy 

VT+40% 

1 75 175 225 275 
2 75 175 275 325 
3 50 125 225 275 
4 50 100 175 225 
5 50 125 200 250 
6 75 150 225 275 
7 50 100 200 250 

mean 

(±S.E.) 

60.7 

(±14.2) 
135.7 

(±12.3) 

217.9 

(±12.2) 
267.9 

(±12.3) 

Individual values shown in Watts with mean (±SE). 
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Effects of LBPP on the Ventilatory Threshold 

The following two figures (figures 6 and 7) show the effects of lower-body positive 

pressure on the estimated VT as determined for 0,15, 30, and 45 torr of pressure. Figure 

5 represents the mean ventilatory threshold responses for the seven subjects. The mean 

VT at 0 torr (V02 L^min"1 at VT = 2.3 ± 0.4102 • min1) was reduced with the application 

of 45 torr LBPP (V02 at VT = 1.5 ± 0.2102 • min1, p < 0.01). As can be seen from 

Figure 6, a significant regression and inverse correlation existed for this relationship and 

was described by the equation: 

V02 at VT = 2.33 - (0.0173 x LBPP) 

r2 = 0.59, p < 0.001 

From the equation shown above, the V02 at VT (y variable) was equal to the y intercept 

of 2.33 L 0 2 • min1 minus the product of 0.0173 and the level of pressure applied in torr. 

Further extrapolation of this analysis is presented in Figure 7 and demonstrates that 
• • 

for the VT to occur at an approximate V02 of 300 ml 0 2 • min1 (i.e. normal resting V02), 

the LBPP would have to be applied at an intensity (approximately 117 mmHg) very near 

to that of normal resting systolic blood pressure values. This observation is compatible 

with the idea of a close link between blood flow through the exercising muscle 

(i.e. specifically, via metabolite washout) and the onset of increased ventilatory responses 

typically observed at heavy exercise intensities. In other words, the occurrence of the 

ventilatory threshold may be initiated by a significant accumulation of intramuscular 

metabolites which in turn would signal breathing increases via activation of afferent 

neural fibers originating within the working skeletal muscle. 
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Figure 6. — Effects of LBPP on the ventilatory threshold: regression equation. Shown 

above are the estimated ventilatory thresholds (VT) for all seven subjects at each level of 

lower-body positive pressure (LBPP) as estimated from breath-by-breath data during 

graded exercise testing. A highly significant (p < 0.001) regression equation was 

developed using individual data points: VT = 2.33 - (0.0173 x LBPP). The inverse 

correlation (r = - 0.77) clearly shows increasing levels of LBPP significantly reduced the 

occurance of the VT as indexed by the level of oxygen uptake (V02) at which the VT 

occured. 
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Incremental Exercise Testing 

The findings described in this section concern responses obtained during the four 

incremental work rate exercise tests. The protocol for each test involved 25 W • min'1 

increases in work rate which were continued until the subject, even with strong verbal 

encouragement, reached their limit of tolerance. Figures presented represent the mean 

(± SE) for each of the four work intensities, as well as rest and peak exercise responses, 

across the four levels of LBPP. 

Respiratory Responses 

A lower-body positive pressure of 45 torr produced a significant reduction in 

V O ^ A K from 2.93 ± 0.111 0 2 • min1 to 2.57 ± 0.15 1 0 2 • min1 (p < 0.05) as shown in 

figure 8 on the following page. Likewise, the maximal VC02 values (figure 8) were 

significantly (p < 0.05) lower when 45 torr LBPP was applied to the working limbs 

(0 torr VC02 = 4.19 ± 0.16102 • min"1 vs. 45 torr VC02 = 3.12 ± 0.13 1 0 2 • min1, 
• • 

p < 0.05). However, there appeared to be no effects of LBPP on either V02 or VC02 at 

the lower work rates, nor at rest. This lack of increase in oxygen uptake suggests there 

was no significant additional recruitment of muscle mass under conditions of LBPP, 

unless metabolism was increased via anaerobic means. If increased energy demands of 
additional muscle mass recruitment were met anaerobically, one might expect a lower 
• • 

V02 and/or an increased VC02. However, neither variable was altered by the LBPP. 
• • 

From the consistency of the V02 and VC02 responses across increasing levels of 

pressure, the observed increases in ventilatory responses were not believed to be due to 

LBPP-mediated increases in the work rate. 
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Figure 8. — Oxygen uptake and carbon dioxide responses to graded exercise. LBPP had 

no significant effect on oxygen uptake (V02) nor carbon dioxide elimination (VC02) at 

rest nor during maximal exercise. Peak values for both variables were significantly 

reduced with 45 torr LBPP. 
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Furthermore, given the consistency of the V02 and VC02 responses across the 
• • 

increased levels of LBPP, the ventilatory equivalents for oxygen (VE/ V02) and carbon 
• • 

dioxide (VE/ VC02) shown on the following page in figure 9 clearly demonstrate an 

increased ventilatory response at work rates above approximately 125 W with 45 torr 

LBPP. Interestingly, the maximal values for both ventilatory equivalents were not 

affected by the LBPP although the maximal work rate achieved was lower when LBPP 

was applied. 

As seen in figure 10, the maximal ventilation was significantly reduced with both 

30 and 45 torr LBPP as compared to 0 torr LBPP (p <0.05). The control (i.e. 0 torr) 

maximal ventilation of 142 ± 12.3 l#mirr' was reduced by more than 30 l'mirr1 to 

110 ±9.6 l'inin"1 at 45 torr. Ventilation was significantly increased by LBPP at 45 torr, 

(p < 0.05) when maximal values were excluded due to the lower maximal ventilatory 

volumes achieved. The increases appear to be most evident at work intensities greater 

than that of 125 to 150 W. 

If the oxygen uptake for each work intensity is taken from figure 8 and compared to 

the ventilation at similar intensities, the calculated ventilation at an oxygen uptake of 

approximately 2.5 l*min"' was increased by greater than 30 l*min_1 between 0 and 45 torr 

LBPP. Likewise, when using VC02 values from figure 8, ventilatory increases were also 

apparent in relation to carbon dioxide output, as ventilation was increased by almost 

25 hmin"1 at a VC02 output near 2.75 l*min"! between 0 and 45 torr LBPP. This 

relationship suggests that the observed ventilatory increases were not solely due to an 

increase in C02 delivery to the lung. 
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igure 9. - Ventilator equivalents across levels of LBPP. Shown are the ventilatory 

equivalents for oxygen uptake <VE/ V02) and carbon dioxide elimination (V / VCO ) at 

rest (R) and throughout maxima, exercise. Although 45 torr significant^ increased 

variables, maximal values for ventilatory equivalents were not affected by the LBPP, 
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Figure 10. — Ventilatory responses during incremental exercise. This figure shows the 

ventilatory responses collected across the four levels of LBPP. The maximal ventilatory 

responses were reduced by 45 torr LBPP. Ventilation (VE) was significantly increased 

when 45 torr LBPP was applied during graded exercise testing when maximal values 

were omitted from the analysis. 

The observed ventilatory changes reflect a primary increase in the frequency of 

breathing. The fB was significantly increased (p < 0.05) from control levels with an 

LBPP of both 30 and 45 torr as shown in figure 11. These increases in the breathing 

frequency were readily apparent at the moderate exercise intensity of 136 W 

(approximately 7 bmnin"1) and became more dramatic as the exercise work rate was 

increased, reaching a 20 br*min ' elevation during very heavy exercise (268 W). 

Although the LBPP reduced the maximal work rate achieved, the maximal breathing 
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Figure 11. — Breathing frequency and tidal volume during incremental exercise. The 

breathing frequency (fB) was significantly increased at 30 and 45 torr, while tidal volume 

(VT) was only significantly reduced by 45 torr LBPP (p < 0.05). The reductions in the VT 

were not readily apparent until very heavy and maximal exercise. 
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frequency attained at each level of LBPP did not differ between the four exercise bouts. 

However, tidal volume at maximal exercise was reduced by almost one liter between the 

0 torr and 45 torr LBPP exercise tests. 

As can be seen in figure 11, tidal volume did not begin to fall greatly until the 

subjects were exercising at a very heavy intensity (268 W). Only 45 torr LBPP produced 

a significant decrease in VT (p < 0.05). Given there was almost a one liter difference in 

VT between the 0 and 45 torr LBPP at both very heavy and maximal exercise intensities, 

one might expect decreases in tidal volume if the LBPP was somehow restricting the 

normal excursion of the diaphragm. However, none of the subjects complained of a 

restricted breathing at rest or during exercise when asked. The large decreases in tidal 

volume noted between 0 and 45 torr LBPP should compensate for frequency increases to 

maintain a normal ventilatory response, however, ventilation was clearly elevated well 

above the control levels at higher work intensities. 

In addition to causing increases in ventilation, an increased breathing frequency can 

also shorten the expiration time during the respiratory cycle and this effect was apparent 

in values obtained for end-tidal P02 and PC02 (figure 12). End-tidal P02 values were 

systematically increased with increasing levels of LBPP, with the significant changes 

(p < 0.05) being observed for both 30 and 45 torr LBPP. Likewise, P^CCX values were 
fcl 2 

systematically decreased with the increasing levels of pressure, with decreases for 30 and 

45 torr being significantly lower (p < 0.05) than 0 torr responses. As would be expected 

from the findings for both ventilatory equivalents and breathing frequency, the maximal 

end-tidal P02 responses were not significantly altered with the application of LBPP, 

while minimal P^CO., values were also similar across all levels of LBPP. 
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Figure 12. — End-tidal P02 and PC02 responses during incremental exercise. End-tidal 

values for oxygen uptake (PCT02) and carbon dioxide (PETC02) across increasing levels of 

LBPP were systematically increased and decreased, respectively. Maximal and minimal 

end-tidal values were not significantly altered by LBPP. 
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Blood Analysis Data 

Arterialized venous blood was sampled from the dorsum of the heated hand at rest, 

and during light, moderate, heavy, and very heavy exercise intensities. Samples were 

used to estimate changes in arterial blood gases and metabolites capable of stimulating 

the carotid and/or ventral medullary chemoreceptors. 

Values for PaC02, shown in figure 13 on the following page, were not significantly 

altered by application of LB PP. Unfortunately, while the PaC02 changes may be 

indicative of blood gas changes, the actual PaC02 values were not deemed to be accurate. 

If one assumes that end-tidal values obtained during exercise are correct, then given the 

measured values for PaC02, the test subjects suffered from a pathological a-v shunt 

across the lung as the PaC02 values should be lower than end-tidal values. This scenario 

was highly unlikely, but there may have been problems with the C02 electrode in the 

blood gas analyzer, thus measured values may have overestimated actual values. Values 

for P02, while not expected to be reflective of true arterial blood oxygenation while using 

arterialized-venous samples, were all greater than 95 mmHg. This finding further suggest 

that there was little to no effects of venous admixture in the blood samples. 

Lower-body positive pressure had no significant effect on measured lactate values. 

Although there was a slight trend towards increases with increasing levels of LBPP 

(figure 14) the greatest mean difference was only 1 mEq'l1. The resting values of 

approximately 0.8 mEq*l:' did not appear to be increased prior to any exercise test. By 

visual inspection, there did not appear to any change in the curvature of the lactate 

responses. It should be noted that the changes in arterialized-venous lactate values were 

not believed to representative of changes in intramuscular lactate concentrations when 

LBPP was applied. 
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Figure 13. — Effects of LBPP on PaC02 responses. Shown above are the partial 

pressures for carbon dioxide (PaC02) as measured across four levels of LBPP. Analysis 

of measured values showed no significant effects of LBPP on PaC02 responses. In light 

of the end-tidal PC02 values, the PaC02 values shown above are most likely an 

overestimation of actual arterial blood gas values. 

As seen in figure 14, the bicarbonate values showed the expected decrease at the 

supra-VT work intensities, however, 45 torr LBPP produced a significantly greater 

reduction in bicarbonate levels as compared to control values. This decrease in 

bicarbonate does not initially appear to coincide with the lactate responses at 45 torr 

LBPP which were unaltered. However, knowing that LBPP can further enhance the 

accumulation of metabolites (i.e. lactate) at the muscle (38), such an intramuscular 
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Figure 14. — Lactate and bicarbonate responses across levels of LBPP. As seen above, 

LBPP had no significant effect on lactate concentrations ([La]), however, bicarbonate 

(HCO3-) values were significantly reduced from control with 45 torr LBPP. 
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increase would necessitate an obligatory buffering. Since the buffering of intramuscular 

lactate is accomplished primarily by bicarbonate (115), one would expect to observe a 

greater reduction in blood bicarbonate levels. 

Although resting values were somewhat variable, as shown in figure 15 on the next 

page, lower-body positive pressure had no significant effect on blood pH responses at rest 

or during exercise. This finding was also consistent with the small (nonsignificant) 

changes observed for blood lactate. With the maximum pH difference seen at maximal 

exercise between 0 and 45 torr being only 0.025 units, the application of LBPP did not 

initiate a premature onset of acidemia in the arterial blood. This finding is of vital 

importance in building a case for an intramuscular ventilatory signal. If there is no 

change in the arterial blood pH that perfuses the peripheral arterial chemoreceptors, then 

one would not expect any additional stimulus for breathing to originate at this site. The 

same logic would also hold true for measured potassium concentrations. 

The K+ concentrations also appeared to be highly variable at rest, however, there 

were no significant differences between the levels of LBPP with respect to the 

arterialized-venous blood samples. Potassium concentrations were increased from 

approximately 4 ramoW"1 at rest to approximately 4.8 mmoM1 at the very heavy exercise 

intensity as would be expected (figure 15.) with increasing work rates. Interestingly, at 

each intervening work rate, the K+ values actually appeared to be lower (p > 0.05) when 

LBPP was applied, with the reduction between 0 and 45 torr being about 0.2 mmoM"1. 

Again, the anticipated build-up of exercise-related metabolites in the exercising muscle 

may be considerably higher than would be reflected in the arterialized blood samples 

taken from the hand . 
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Figure 15. — pH and potassuim responses across levels of LB PP. The LBPP had no 

significant effect on blood pH nor potassium concentration (K+) at rest and throughout 

maximal exercise. Of note, the K+ values actually appeared to be lower when LBPP was 

applied. 
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Cardiovascular Responses 

Although direct measurements of LBPP-induced changes in leg blood flow were 

not performed, by using a simple equation, estimated changes in leg blood flow were 

easily calculated from blood pressure and cardiac output values under exercise conditions 

both with and without LBPP: 

A ELBF % = [(MAPx - LBPPx) / MAP0] / [(Qcx / Qc0)] • 100 

Delta (A) changes in estimated leg blood flow (ELBF) as a percentage of control 

(assumed as 100%) were mathematically derived by figuring changes in resistance. The 

cardiac output (Qcx) at some LBPP (x value) was divided by the control (0 torr) cardiac 

output (Qc0). This ratio was then multiplied by the mean arterial pressure (MAP) ratio, 

which was the MAP at some level of LBPP (MAPx) minus the actual level of LBPP in 

torr (LBPPx), divided by the control MAP (MAP0). The resulting value was then 

converted to a percentage of control by multiplying by 100. Estimates were made at 45 

torr for comparison with similar measurements made by Eiken (38) at 50 torr LBPP. 

Both investigations yielded similar results, showing about a 40% reduction in estimated 

leg blood flow during LBPP. In addition, the estimated values did not appear to vary 

with the intensity of exercise which is similar to reports by Sundberg (115). However, 

these indirect calculations of flow most likely represent an overestimation of flow 

reduction as they do not take into consideration any autoregulatory mechanisms which 

would provide some degree of compensation. The actual flow decreases with 45 torr 

LBPP, given the changes in perfusion pressure at this level of LBPP, would be presumed 

to be approximately 20% (102, 115). 
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Figure 16. — Heart rate during incremental exercise. Heart rate (HR) responses at rest 

and during exercise were not significantly altered by the application of LBPP during 

exercise, although there does appear to be a slight increase with 45 torr. Given the lack 

of increase in HR during exercise when LBPP was applied, it would appear that LBPP 

did not increase the central command (i.e. active muscle mass). 

Lower-body positive pressure did not alter HR, stroke volume (as determined from 

aortic flow velocities), nor calculated cardiac output responses during graded exercise 

testing. Although there appeared to be a trend towards increasing HR as can be seen in 

figure 16, these changes did not reach statistical significance. The maximal heart rates 

achieved during exercise with 45 torr LBPP were significantly lower (0 torr HRpEAK = 

181 ± 3 beatSTnin1 vs. 45 torr HRpEAK = 169 ± 4 beats*min"\ p < 0.05) when compared to 

0 torr. This finding was consistent with the reductions in oxygen uptake given the earlier 
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Figure 17. — Stroke volume and cardiac output during incremental exercise. As shown 

above, LBPP had no significant effects on stroke volume (SV) nor calculated values for 

cardiac output (Qc) during exercise. 
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0 torr. This finding was consistent with the reductions in oxygen uptake given the earlier 

termination of exercise with LBPP at 45 torr. Interestingly, in line with the concept of 

central command and the parallel activation of cardiovascular centers and descending 

motor outflow, one would expect to see increases in HR if additional motor units 

(i.e muscle mass) were recruited during exercise with LBPP. However, this does not 

appear to be the case, as LBPP increases neither oxygen uptake nor heart rate. 

Stroke volume (SV) and cardiac output data were presented in figure 17 with 

neither variable being significantly altered by LBPP. The SV showed no effect of LBPP 

as normal resting values of about 90 ml'bear1 increased to approximately 115 ml'beat"1 

during very heavy exercise. No measurements were taken at peak exercise. Similar to 

the HR responses, cardiac output also demonstrated a normal linear increase with work 

intensity, with a trend for increasing values as the level of external pressure was in-

creased (approximately 0.51 min1 with 45 torr LBPP). However, statistical analyses 

demonstrated no effect of LBPP on Qc. Although both Eiken (38) and Rowell (102) 

reported increased cardiac output, it must be remembered their subjects were in a supine 

position. It should also be noted, when resting values were analyzed separately, LBPP of 

45 torr increased from a value of 5.43 ± 0.20 l'min1 to 6.16 ± 0.23 l'min1 (p < 0.05). 

Lower-body positive pressure elicited the most marked changes in blood pressure. 

Systolic (SBP), diastolic (DBP), and mean arterial (MAP) blood pressures were all 

significantly elevated from control when LBPP of 30 and 45 torr were applied (p < 0.05). 

Blood pressure increases induced with 45 torr LBPP were also significantly greater than 

the 15 torr responses (p < 0.05). At the very heavy exercise intensity systolic blood 

pressure was increased by 15% (180 ± 8 at 0 torr vs. 207 ± 4 at 45 torr) which was 

slightly below the 19% increase in SBP reported at maximal exercise by Eiken (38) using 

50 torr LBPP. 
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Figure 18. — Mean arterial pressure during incremental exercise. Mean arterial pressures 

(MAP) are presented across four levels of LBPP. Pressures appeared to be systematically 

elevated with increasing levels of positive pressure. The MAP values were significantly 

increased by 30 and 45 torr LBPP as compared to the 0 torr responses. 

The MAP responses shown in figure 18 above demonstrate increases at rest and 

throughout exercise of approximately 10 to 15 mmHg. The increases observed at rest 

may be indicative of a mechano-sensitive stimulus, as there should be no significant 

metabolic changes at rest (92). Interestingly, the apparent systematic blood pressure 

elevations correspond to the graded increases in the level of external pressure applied. In 

addition, the increases appear to be unaffected by the exercise intensity. As shown in 

figure 19 on the next page, both SBP and DBP were consistently elevated at rest and 

during exercise. At the very heavy work intensity (268 W), the SBP was increased by 
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Figure 19. — Systolic and diastolic pressures during incremental exercise. Both systolic 

blood pressure (SBP) and diastolic blood pressure (DBP) responses were significantly 

elevated with the application of 30 and 45 torr LBPP. 
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Figure 21. — Ratings of percieved exertion during incremental exercise, the ratings of 

percieved exertion (RPE) were systematically increased with increasing levels of LBPP, 

with changes elicited by 30 and 45 torr being greater (p < 0.05) than the control ratings. 

almost 30 mmHg, from 180 ± 6 at 0 torr to 207 ± 3 mmHg at 45 torr LBPP. At the same 

work rate, the difference in DBP between 0 and 45 torr was 10 mmHg. Changes in total 

peripheral resistance (TPR = MAP / shown in figure 20 were not statistically 

different across levels of LBPP. Resting values of approximately 17 units fell to a value 

near 7 units during very heavy exercise under all conditions. The arteriovenous oxygen 
• • 

differences (a-v 02DIFF = V02 / were not statistically altered by LBPP. The ratings of 

perceived exertion (figure 21) tended to parallel the blood pressure responses in that there 

was a systematic elevation of RPE with increasing levels of LBPP. The RPE values were 

increased (p < 0.05) from the 0 torr responses with both 30 and 45 torr LBPP. 
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Constant Load Exercise 

Findings in this section concern responses obtained during four constant load 

exercise tests, each lasting six minutes. Subject performed constant load exercise at two 

different work intensities (see table in below), with and without LBPP of 45 torr. The 

work intensities were selected relative to each subjects ventilatory threshold, such that 

work was performed at intensities both below and above threshold. These two intensities 

were designated moderate and heavy exercise, respectively. Respiratory data was time 

aligned and averaged breath-by-breath, but only each tenth breath was presented for 

visual clarity with standard error bars included as needed. Blood was sampled at rest, at 

90 and 270 seconds into exercise. 

TABLE III. — Exercise Work Rates for Each Subject During Constant Load Exercise 

Subject Moderate Moderate Heavy Heavy 

(Watts) (% VT) (Watts) (% VT) 

1 150 85% 250 107% 

2 125 81% 275 121% 

3 125 89% 200 115% 
4 100 79% 200 111% 

5 125 80% 200 108% 

6 150 75% 225 119% 

7 100 78% 175 110% 

mean 125.0 81% 217.9 113% 
(±SE) (±10.2) (±6.2) (±12.2) (±8.3) 

Individual values shown in Watts and percentages of threshold as mean values ±SE. 
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Respiratory Responses 

Lower-body positive pressure of 45 torr produced no significant changes in V02 at 

either exercise intensity, as seen in figure 22 on the following page. There was a plateau 

of V02 during moderate exercise just below an oxygen uptake of 2 l'min1. However, 

during exercise at the heavy intensity, there appeared to be a continual increase in V02 

over time as would be expected at an intensity above the ventilatory threshold. The lack 

of change in V02 response suggests that LBPP did not sufficiently reduce oxygen 

delivery to the working muscles. Although the intensities were established based on 

percentages of each subject's VT, the oxygen uptakes elicited during the moderate and 

heavy intensities corresponded to approximately 60% and 75% of the control V02PEAK, 

respectively. 

Carbon dioxide output was significantly increased (p < 0.05) only during heavy 

exercise with 45 torr LBPP (figure 22.). The VC02 responses for both conditions 

(i.e. 0 vs 45 torr) during moderate exercise plateaued just below 2 l*min'. However, 

there was an increase in VC02 of almost 0.5 l*mirr' from the fourth to sixth minutes of 

exercise (2.6 l*min"] to 3.0 l»min'') during the heavy work intensity. These increases in 

VC02 also had significant effects on the respiratory exchange ratio. The respiratory 
• • 

exchange ratio (R = VC02 / V02) was not altered during moderate exercise, however, the 

R values were significantly elevated during heavy exercise when 45 torr LBPP was 

applied as shown in figure 23. 

Although there were no effects of LBPP on ventilation at the moderate exercise 

intensity, VE was significantly increased by 45 torr LBPP during the heavy exercise bout 

(figure 23.). These increases also appeared to parallel with the increases observed for 

vcor 
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Figure 23. — Respiratory exchange ratio and ventilatory responses. As can be seen 

above, LBPP had significant effects on both the respiratory exchange ratio (R) and 

ventilation (VE), but only during heavy exercise when 45 torr LBPP was applied. 
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The application of 45 torr LBPP significantly increased (p < 0.05) the breathing 

frequency during constant load exercise at both exercise intensities (figure 24.). The 

elevated VE can be attributed to the observed frequency changes. During the six minute 

exercise bout at the moderate intensity, fB was increased from about 24 breaths • min1 to 

just over 30 breaths • min"1 with LBPP. During heavy exercise, the fB at 0 torr 

(~ 26 breaths • min1) was elevated to over 40 breaths • min"1 after four minutes of 

exercise when 45 torr LBPP was added. Interestingly, the breathing frequency during 

moderate exercise with 45 torr was higher than the breathing frequency during heavy 

exercise with 0 torr LBPP. 

Also shown in figure 24, an external positive pressure of 45 torr significantly 

reduced (p < 0.05) the tidal volume at the moderate exercise intensity, however, a large 

variability most likely prevented the tidal volume decreases during heavy exercise from 

reaching statistical significance. The reductions in VT appeared to be on the order of 0.5 1 

for both exercise intensities. Tidal volume decreases during moderate exercise in all 

likelihood compensated for the frequency increases, thus preventing any increases in 

ventilation. However, at the higher work rates, the reduction in tidal volume did not 

prevent the ventilatory increases. 

The end-tidal gas tensions for 0 2 and C02 were presented in figure 25 on page 77. 

There were no significant effects of LBPP for either PET02 or PETCOz at the moderate 

exercise work rate. However, P^C^ values were significantly (p < 0.05) elevated during 

heavy exercise when 45 torr LBPP was added. Likewise, values PETC02 were signifi-

cantly decreased (p < 0.05) during the heavy exercise bout with 45 torr LBPP. These 

changes reflect fB increases and demonstrate ventilation was increasing out of proportion 

to both the oxygen uptake and carbon dioxide output when muscle blood flow was 

restricted during the heavy exercise bout. 
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Figure 24. — Breathing frequency and tidal volume responses. Breathing frequency (fB) 

was significantly increased above control conditions for both the moderate (< VT) and 

heavy (> VT) exercise and while tidal volumes (VT) appeared to be lower they were not 

significantly reduced during exercise. 
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Figure 25. — End-tidal P02 and PC02 responses. Only during heavy exercise with 45 

torr LBPP, were end-tidal values for oxygen (PCT02) significantly elevated while end-

tidal carbon dioxide (PETC02) values were significantly reduced. 
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Blood Analysis Data 

The partial pressures of carbon dioxide shown in figure 26 on the next page were 

not significantly (p > 0.05) altered by LBPP at either exercise intensity during constant 

load exercise. However, as discussed previously, the measured values were not believed 

to represent actual physiological values as they were again higher than the end-tidal 

values. This again would suggest the subjects suffered from a pathological condition 

involving a large a-v shunt, which is highly unlikely given their normal exercise 

responses with respect to other variables measured. The question can also be raised as to 

the possibility of a large percentage of venous admixture in our samples. However, the 

hand was again heated and the P02 values were all well above 95% indicating the 

samples contained only small amounts of venous blood. Although consistent with the 

PaC02 findings from the graded exercise tests, the values were most likely the result of 

equipment and/or technician error. 

Blood pH as sampled from the hand was not affected (p > 0.05) by the addition of 

45 torr positive pressure during constant load exercise (figure 26) nor lower levels of 

LBPP. The unchanged blood pH was in agreement with the lack of an LBPP-induced 

change in lactate concentration, as well as the unchanged PaC02 responses. Again, it 

would be expected that the samples from the hand would not reflect differences that 

could occur at the muscle with LBPP-induced metabolite accumulation. Although the 

lactate concentration appeared to be somewhat higher (p > 0.05) during heavy exercise, 

as would be expected, there were no significant differences when LBPP was applied 

(figure 27, page 80). 
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Figure 26. PaC02 and pH responses to constant load exercise. The LBPP had no 

significant effect on partial pressures of carbon dioxide (PaC02), nor blood pH responses 

during constant load exercise. However, actual PaC02 values were not deemed to be 

physiologically accurate given the lower end-tidal values. 
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Figure 27. — Lactate and bicarbonate responses to constant load exercise. LBPP had no 

significant effect on lactate (La) responses, however, bicarbonate (HC03 ) values during 

heavy constant load exercise with LBPP were significantly reduced (p < 0.05). 
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Interestingly, the bicarbonate responses tended to reflect those observed for the 

graded exercise tests, as 45 torr LBPP again caused a significant reduction (p < 0.05) in 

bicarbonate during the heavy exercise bout (figure 27). Typically, almost 90% of the 

decreases in bicarbonate during exercise can be linked to lactate increases (124). 

However, an LBPP-induced trapping of lactate would distort this relationship. This 

observation of a disproportionate fall in blood bicarbonate would be indicative of an 

obligatory buffering of lactate (i.e trapped at the muscle) at the working muscle. As 

bicarbonate is being removed from the systemic circulation, arterialized-venous samples 

would be reflective of actual bicarbonate losses to buffering while lactate changes would 

be underestimated. 

As shown in figure 28 on the following page, arterialized-venous blood potassium 

concentrations were not significantly altered with the application of 45 torr LBPP during 

either moderate or heavy exercise. The same logic concerning an intramuscular trapping 

could also be used to explain this lack of an LBPP-induced change in the potassium 

concentrations and is consistent with the increased RPEs. When subjects were asked for 

ratings of perceived exertion specifically concerning the exercising limbs at a similar 

time period as the blood sampling, subjects rated exercise with LBPP significantly higher 

(p < 0.05) at both work loads. Since the subjects were asked to focus only on their 

exercising legs, the RPE responses were not deemed to be reflective of an increase in 

their breathing frequency observed when 45 torr LBPP was applied. Again, the higher 

RPE values coupled with the absence of any increased levels of circulating metabolites 

(i.e lactate or potassium) suggests that 45 torr LBPP enhances the intramuscular accumu-

lation of these exercise-induced metabolites during the constant load exercise at work 

rates both below and above their estimated VTs. 
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Figure 28. — Potassium and RPE responses to constant load exercise. LBPP had no 

significant effect on potassium (K+) responses, however, ratings of preceived exertion 

(RPE) during both moderate and heavy constant load exercise with 45 torr LBPP were 

significantly higher (p < 0.05). 
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Cardiovascular Responses 

During the constant load exercise tests, cardiovascular measurements were taken at 

rest and during the fifth minute of exercise. As shown below in Table IV., the addition of 

LBPP at 45 torr had no effect on heart rate, stroke volume, nor cardiac output responses 

at rest or during moderate exercise. However, both mean arterial pressure and total 

peripheral resistance were significantly elevated for conditions of rest and exercise. The 

MAP was elevated by approximately 15 mmHg during resting conditions when LBPP 

was applied, and this response was similar during rest prior to the heavy exercise bout as 

shown in Table V. on the next page. The same magnitude of MAP increase was also 

apparent during exercise suggesting that the response was mediated primarily by 

mechano-sensitive afferent feedback. 

Table IV. — Cardiovascular Responses to Moderate Constant Load Exercise 

Rest Exercise 

Variable 0 torr 45 torr 0 torr 45 torr 

Heart Rate (beats • min1) 72 ± 2 73 ± 3 121 1 3 126 1 4 

Stroke Volume (ml • beat"1) 84.2 ±2.1 83.5 ± 1.9 98.413.5 99.513.1 

Cardiac Output (L • min1) 6.110.1 6.110.1 11.910.3 12.410.7 

Arterial Pressure (mmHg) 89.4 ± 1.3 105.913.1* 120.014.4 134.815.3* 

Resistance (mmHg'L'min1) 14.7 + 0.4 17.411.1* 10.110.2 10.910.3* 

Mean (±SE) values are presented above for seven subjects with * indicating any 

significance (p < 0.05) between 0 and 45 torr. 
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Table V. Cardiovascular Responses to Heavy Constant Load Exercise 

Rest Exercise 

Variable Otorr 45 torr Otorr 45 torr 

Heart Rate (beats • min1) 73 ± 2 74 ±3 144 ± 5 152 ± 6 

Stroke Volume (ml • beat'1) 84.9 ±1.8 85.7 ±1.6 99.9 ± 5.6 98.4 ±6.5 

Cardiac Output (L • min1) 5.9 ±0.1 6.1 ±0.1 14.3 ± 0.7 14.8 ±0.9 

Arterial Pressure (mmHg) 90.7 ± 2.0 107.0 ± 3.8* 129.0 ± 3.7 148.9 ± 6.0* 

Resistance (mmHg'L'min1) 15.5 ±0.7 17.6 ±0.8* 9.1 ± 0.3 10.1 ±0.3* 

Mean (±SE) values are presented above for seven subjects with * indicating a significant 

(p < 0.05) difference between 0 and 45 torr. 

Presented above are the cardiovascular responses during heavy constant load 

exercise. The resting data have been included again to demonstrate the consistency of the 

resting measurements between the moderate and heavy exercise conditions. 

Cardiovascular changes observed during heavy work load exercise were identical to those 

noted during moderate exercise in that only MAP and TPR were significantly altered 

with the application of LBPP. Although HR appeared to be increased during exercise by 

LBPP, the increases did not reach statistical significance. The magnitude of MAP 

increase (+15 mmHg) at rest was again maintained throughout exercise implying the 

activation of a mechano-sensitive receptor, as one would expect little or no changes in the 

metabolic status of the resting skeletal muscle. 



CHAPTER V 

DISCUSSION AND SUMMARY 

The purpose of this chapter is to review the relevant findings produced from this 

investigation and determine their importance based on the results of previous studies. 

Findings from the current investigation indicated that LBPP was capable of increasing 

blood pressure at rest and during exercise, while ventilation was increased only during 

exercise at work intensities above the ventilatory threshold. The mean blood pressure 

responses appeared to be initiated via activation of mechanosensitive afferent feedback, 

while ventilation may have been stimulated by changes in the intramuscular exercise-

induced metabolite concentration. 

With respect to the proposed hypotheses concerning the effects of LBPP: Lower-

body positive pressure did not increase metabolic demand (oxygen uptake). However, 

LBPP did force a decrease of the ventilatory threshold and increased ventilation during 

exercise. A pressor response was initiated at rest and during exercise, with no increases 

in heart rate or cardiac output. Lastly, LBPP did not alter gas exchange responses at the 

onset of exercise, however, carbon dioxide output was enhanced. Furthermore, LBPP-

induced ventilatory changes occurred without significant changes in central and 

peripheral chemoreceptor drive as judged from arterial blood-gas and acid-base status. 

The discussion was divided into two sections concerning cardiovascular and respiratory 

responses separately. The results of this investigation are explained in light of previously 

documented findings and conclusions drawn. 
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Cardiovascular Responses 

As would be expected in light of findings from recent investigations employing 

epidural anesthesia to selectively attenuate blood pressure responses during dynamic 

exercise (42, 54,114), there was a selective potentiation of the blood pressure response 

during both the incremental work and constant load exercise testing with no alterations in 

heart rate nor cardiac output. Coupled with the lack of change in oxygen uptake, this 

finding implies that LBPP is capable of activating muscle reflexes which alter blood 

pressure without augmenting the central command mechanisms which control other 

cardiovascular responses. It has been suggested previously that cardiovascular responses 

to dynamic exercise are dominated by the actual activity performed by the working 

muscle as expressed by their oxygen uptake (46,68). However, in addition to LBPP-

induced blood pressure increases, Eiken and Bjurstedt (38) reported increases in both 

heart rate and oxygen uptake, while Rowell reported increases in the heart rate with no 

elevation of oxygen uptake. 

The primary difference between the present investigation and the two previous 

studies (38, 102) was the position of the exercising subject. Both Eiken (38) and Rowell 

(102) had subjects exercise in a supine position, while this study used a semi-recumbent 

position. The net perfusion pressure is lower during supine as compared to upright 

exercise (98). Thus similar levels of positive pressure may have produced greater flow 

restrictions with subjects exercising in a supine position and subsequently necessitated 

the recruitment of additional muscle mass via increases in central command. However, 

current estimates of the 45 torr LBPP-induced reductions in perfusion pressure of 40% 

were identical to those reported by Eiken (38), suggesting LBPP produced similar 

restrictions irrespective of body position. 
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Although the cardiac output at any given work rate is lower when cycle ergometry 

is performed in the sitting than in the supine position (15,16), work performance can, 

however, be significantly reduced in the supine position (12). Thus, it is likely that 

muscle blood flow distribution may have been more efficient during semi-recumbent 

exercise. This suggests that work performance during leg exercise is limited by the 

capability of the circulatory system to distribute blood flow to or within the working 

muscles rather than by the capacity of the cardiac pump to generate flow (38). Part of the 

explanation for differences in heart rate responses during LBPP may be associated with 

the activation of different muscle groups between the two conditions, and possibly to 

psychological factors involved with cycling in an unfamiliar supine position. The present 

lack of LBPP-induced effects on heart rate or oxygen uptake indicate no increases in 

central command with blood pressure increases were probably mediated via a selective 

activation of muscle reflexes. 

The reduction in both V02PEAK and maximal attainable work rate were consistent 

with the findings of Eiken and Bjurstedt (38). While they reported a 40% reduction in 

supine exercise performance with 50 torr LBPP, we observed a 21 ± 2.7% decrease in 

V02pEAK with 45 torr LBPP for subjects exercising in the semi-recumbent position. The 

earlier termination of exercise when LBPP was applied can be attributed to an increased 

accumulation of exercise-induced metabolites at the muscle (38), as reflected in the 

increased ratings of perceived exertion. It should also be noted, that while subjects 

reported an awareness of the greater pressures, they did not complain of frank pain during 

the tests when asked. 

The blood pressure elevations were independent of the exercise intensity and 

appeared to increase systematically with step increases in the level of LBPP applied. 

These findings are in agreement with those of Rowell (102), who also imposed graded 
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restrictions to flow during exercise. Although Rowell (102) and Eiken (38) attributed 

their observed pressor responses to activation of a metabo- or chemo-sensitive reflex, the 

increased pressure observed in the present investigation occurred at rest when the 

restriction of flow to skeletal muscle does not activate a muscle chemoreflex (99). While 

metabolic afferent activity contributes to pressor responses during and after exercise as 

demonstrated by the maintenance of blood pressure following post-exercise limb 

occlusions (100), it is clearly apparent that an additional mechanism must activated by 

LBPP. 

Hunt (60), in his review, first reported on findings suggesting the presence of a 

pressure-sensitive receptor (mechanoreceptor) within the skeletal muscle. Historically, 

the coincidental finding of a chemo-sensitive intramuscular receptor by Zuntz and 

Geppert (131) overshadowed this earlier discovery of an intramuscular mechano-

receptor. More recent work has shown that end-organ receptors associated with the type 

III nerve fibers are in fact sensitive to mechanical stimulation (67, 69,71, 77). The 

argument for the existence of a mechano-sensitive afferent reflex capable of eliciting a 

pressor response gained further support from the work of Julius et al. (61, 62, 63) and 

Osterziel et al. (88), who provided further evidence of a pressure sensitive neurogenic 

mechanism. 

Julius and colleagues (61) used a modified pair of medical anti-shock trousers to 

model a compression suit which the fitted over the hind limbs of pigs and dogs. They 

inflated the suit to a pressure of 50 torr, similar to the 45 torr LBPP used in the present 

study, and produced significant elevations in blood pressure during the resting state for 

extended durations of up to three hours. The mean arterial blood pressure always 

immediately returned to baseline values following decompression of the suit. The MAP 

increases were attenuated by 70% with the administration of spinal anesthesia to block 
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afferent neural activity from the compressed hind limbs. In both species, the blood 

pressure increases were primarily due to increases in vascular resistance. As these 

studies were conducted on chloralose-anesthetized dogs and also conscious, diazepam-

pretreated pigs, supplemental human investigations were conducted by this author to 

confirm the existence of a similar neurogenic pressure raising reflex in man. The results 

of this investigation are outlined in appendix B. However, similar to the work of 

Julius et al. (61, 62,63), it appears that an intramuscular mechanoreceptor is responsible 

for the blood pressure increases observed at rest. 

Blood pressure is the product of cardiac output and total peripheral resistance and 

thus blood pressure could be increased by increases in cardiac output with a constant total 

peripheral resistance. In other words, a positive pressure induced translocation of blood 

volume from the legs to the heart could increase blood pressure. However, when LBPP 

was applied at 45 torr, calculations were made to determine exactly how the mean blood 

pressure increases were mediated using methods (MAP = QC* TPR) similar to those 

employed by Rowell (102). Estimations were made for the rise in blood pressure that 

could be solely attributed to cardiac output by calculating the expected blood pressure 

increase from LBPP-induced increases in cardiac output while holding total peripheral 

resistance constant. For example, using the constant load resting data from Table V., if 

resistance were to remain constant at 15.5 mmHg'L'min1, the expected increase in blood 

pressure from a cardiac output increase from 5.9 to 6.1 lnnin'1, would be about 4 mmHg 

(from 90.7 to 94.6 mmHg). However, MAP increased by 16 mmHg when LBPP was 

applied, from 90.7 to 107.0 mmHg. 

Thus, only 4 mmHg of this 16 mmHg increase were due to the increase in cardiac 

output, while the remaining 12 mmHg increase was due to elevations in total peripheral 

resistance. In other words, the observed pressor response was produced by a 25% 
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augmentation of cardiac output coupled with a 75% rise in calculated total peripheral 

resistance. This findings indicates only a small translocation of blood volume occurred 

when LBPP was added. Furthermore, there were no significant increases in cardiac 

output, suggesting no increase in venous return. While Rowell (102) reported that 44% 

of a 23 mmHg arterial pressure rise could be attributed solely to cardiac output, it must be 

remembered subjects were in a supine position which would also tend to optimize any 

volume translocation. 

Interestingly, despite a significant elevation in mean arterial blood pressure which 

was due to increases in vascular resistance, there was no indication of an expected 

baroreflex-mediated bradycardia. This observation appears to be consistent within 

studies employing the use of LBPP or compression (38, 88,102). The absence of any 

compensatory bradycardia is intriguing because baroreflex function appeared to be intact 

during exercise in dog studies conducted by Vatneret al. (1201 Melcher and Donald 

(82), as well as in human studies (16,78,96). McWilliam and colleagues (76,77) 

demonstrated that stimulation of group III and IV afferents in decerebrate cats, by both 

electrical stimulation and muscle contraction, reduced carotid-cardiac baroreflex 

sensitivity by withdrawal of the cardiac vagal component of the reflex. Thus, LBPP may 

be activating a muscle mechanoreceptor that is carried by group III afferent nerves which 

in turn reduces the efferent reflex heart rate response to an elevation of systemic blood 

pressure. The activation of somatoreflexes with direct influence on the baroreceptor 

reflexes have been previously postulated by Paintal (90), Quest and Gebber (94), and 

Abboud et al. (1). 

Therefore, the findings of this investigation allow one to postulate that changes in 

intramuscular pressure at the onset of voluntary contractions or via an external 

compression (i.e. LBPP), may serve as the signal to alter baroreceptor buffering capacity. 
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In other words, activation of such a muscle afferent reflex would alter the mean blood 

pressure "set-point", thus allowing for blood pressure increases as would be necessary at 

both the onset and during muscular exercise. Movement of the blood pressure control 

"set-point" would be dictated by the level of intramuscular pressure, with progressively 

increasing muscle pressures allowing for a progressive increase in the blood pressure 

response. This notion is consistent with the observation that graded levels of externally 

applied pressure, as well as internal pressures with increased muscle mass activation 

(i.e. greater force output) produce graded increases in blood pressure. While conceivable 

in theory, further studies involving measurements of any intramuscular pressure changes 

(with constant cardiopulmonary loading) during both passive compression and voluntary 

contractions would be required to further validate this mechanism at rest and possibly 

during dynamic exercise. 

Although much of this discussion has focused on the possible influences of a 

mechanoreceptor activation, the metaboreceptor influence cannot be ignored. During 

exercise, there would appear to be activation of both mechano and metabo-sensitive 

afferents. As mentioned, post-exercise circulatory occlusion which effectively traps 

metabolites in the extremities can maintain increased levels of blood pressure (98). The 

accumulation of metabolic by-products at the muscle during exercise has been closely 

correlated with fatigue (66), along with increased ratings of perceived exertion (38). 

In the present study, the systematic increases in ratings of perceived exertion 

corresponded to the graded LBPP-induced blood pressure elevations and suggested a link 

between the intramuscular metabolite concentration and rises in blood pressure. 

However, during the constant load exercise protocols, LBPP increased blood pressure by 

15 mmHg with moderate exercise and only 19 mmHg with heavy exercise. One would 

expect a much greater concentration of metabolites during the heavy exercise bout and 
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hence a greater blood pressure increase if a metabo-sensitive reflex was largely involved 

in the pressor response. This observation alone questions the involvement of 

metaboreflexes in the control of blood pressure during exercise. 

Both lactate (38) and potassium (118) have been implicated as likely candidates in 

the pressor reflex via stimulation of intramuscular chemo-sensitive type IV afferent nerve 

fibers. Although the present arterialized-venous samples do not reflect an increased 

production or release of these metabolites, the normal systemic-intramuscular gradient 

was probably exaggerated because of a reduced elimination or trapping (38) of any 

metabolites at the muscle. Although Eiken proposed the cardiovascular (and respiratory, 

to be discussed in the next section) changes were due to increases in the intramuscular 

lactate concentrations, elevations in intramuscular potassium concentration would also be 

expected to occur (107). However, Kaufman (67) reported that the afferent neural 

response to potassium adapted within seconds, while the interstitial concentration 

remained elevated for several minutes. This observation of a rapidly adapting response 

casts doubt on the effectiveness of potassium as the metabolite that serves as the signal to 

inform the cardiovascular centers of any mismatch in blood supply and demand at the 

working muscles. Further speculation concerning possible mediators of this signal will 

quickly surpass the scope of this investigation as the exact nature of these substances are 

as yet unknown. 

While an LBPP-induced activation of muscle reflexes is clearly responsible for the 

blood pressure increases, it cannot be accurately discerned whether the pressor reflexes 

observed during exercise were initiated by a mechano-sensitive or a metabo-sensitive 

receptor population. It is apparent that resting blood pressure increases were mediated 

solely by the activation of mechano-sensitive muscular afferents and one would have to 

involve a greater level of complexity to propose that at the onset of exercise a pressure 
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sensitive mechanoreceptor input was totally replaced by metabo-sensitive receptor 

influences. Thus, lower-body positive pressure appears to activate pressure sensitive 

intramuscular mechanoreceptors at rest and during exercise. Furthermore, activation of 

these mechanoreceptors may allow mean arterial blood pressure increases by providing 

alterations in nerve activity to the ventro-lateral cardiovascular centers and subsequently 

acting to progressively reset the arterial baroreflexes. 

Respiratory Responses 

While multiple factors are involved in the control of ventilatory responses during 

exercise, there would appear to be certain conditions when each can serve as the 

predominant signal. Carbon dioxide flow to the lung is most closely linked to ventilation 

during moderate exercise (124), with the metabolic (lactic) acidosis at exercise higher 

intensities providing further drive. This is not to say that C02 flow to the lung is no 

longer of importance during the high intensity exercise, only that another stimulus or 

stimuli has been activated and either overrides or is additive to preexisting respiratory 

drive. 

Such may be true at the ventilatory threshold, when ventilation begins to increase 

disproportionately to carbon dioxide output (i.e period of "isocapnic buffering", 126), but 

whether or not this occurs prior to or after the onset of the metabolic acidosis (126) and 

activation of central and peripheral chemoreceptors can be questioned. Under conditions 

of LBPP, ventilation was progressively increased during exercise with no effects on the 

acid-base status. This suggests that increases in ventilation typically observed at the 

ventilatory threshold may be indicative, in part at least, of an intramuscular metabolic 

signal. 
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One of the most interesting findings from the incremental exercise studies was the 

marked reduction in the ventilatory threshold. This observation supports the hypothesis 

that lower-body positive pressure would reduce the ventilatory threshold consequent to 

pressure-induced reductions in skeletal muscle blood flow. If one considers that graded 

levels of LBPP produce graded restrictions in skeletal muscle blood flow, this suggests a 

coupling between the intramuscular metabolic condition and the ventilatory threshold, 

and is consistent with the notion that increased lactate production provides the energy to 

sustain skeletal muscle force generation under conditions of regionally limited oxygen 

delivery. 

Interestingly, the consistent pattern of VT decrease with increased levels of LBPP 

was not evident in the blood lactate responses. However, this finding should not be 

surprising as it has been clearly demonstrated that LBPP can "trap" or further enhance the 

accumulation of lactate (and presumably other exercise-induced metabolites) at the 

working muscle during dynamic leg exercise (38). Eiken applied LBPP at 50 torr during 

exercise at a constant work rate and then noted that blood lactate continued to increase 

well after the LBPP had been removed (38). Given that plasma K+ concentration was 

actually lower with applied pressure and the K+ efflux from the muscle during exercise 

appears to be dependent on the force generated by the muscles (73), there would appear 

to be no increase in force output with the addition of LBPP. Coupled with previous 

findings (38), these considerations suggest, therefore, that the build-up of exercise-related 

metabolites in the exercising muscle may be considerably higher than that reflected in our 

arterialized blood samples. 

This raises the further possibility that the LBPP-induced hyperpnea could be 

secondary to the proposed accumulation of muscle metabolites or a direct effect of tissue 

pressure. Kaufman and Rybicki (67) have demonstrated type III muscle afferents were 
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generally more responsive to mechanical distortion of their receptive fields while type IV 

fibers were more responsive to ischemic contractions. However, as no ventilatory 

increases were observed at rest or during moderate constant load exercise , we would 

suggest the LBPP-induced hyperpnea was primarily related to increases in intramuscular 

metabolite concentration versus a mechanoreceptor as previously suggested as an 

explanation for the blood pressure increases. 

Lower-body positive pressure has been demonstrated to reduce muscle blood flow 

(109,123), but given that we observed oxygen uptake at a given work rate not to be 

affected by LBPP, it would appear that oxygen delivery was not critically reduced. 

However, flow LBPP-induced restrictions would act to slow the washout of exercise-

induced metabolites at the muscle. The impermanent lactate ion (and other ions) would 

largely remain in the intramuscular space during the period of reduced blood flow. The 

resulting increase in lactate levels could presumably serve as an intramuscular signal for 

ventilatory increases, with the increased ventilatory response acting to constrain the blood 

pH fall typically associated with an impending metabolic acidemia at work rates above 

the VT (114). 

The possibility should also be considered that lower-body positive pressure may 

alter the temporal relationship between the VT and the onset of the metabolic acidemia 

during incremental exercise. Under normal conditions, the onset of the metabolic 

acidemia most usually coincides with the VT. However, LBPP-induced flow alterations 

at the muscle could serve to increase intramuscular metabolite concentrations while 

slowing the changes in systemic blood pH. While we would propose the additional 

exercise hyperpnea is related to LBPP-induced changes in muscle afferent signals, it 

should be noted that Fernandes eiaL (42) reported that ventilation was unchanged during 

dynamic exercise with epidural anesthesia that blocked afferent neural feedback from the 
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working muscles. The other factors involved in the multifactorial control of exercise 

hyperpnea, namely C02 flow, could be influenced by LBPP and must be discussed in 

light of present findings. 

With presumed increased lactate accumulation at the muscle, the obligatory 

buffering by the bicarbonate system should produce an excess of C02. Changes in PaC02 

would stimulate ventilatory changes via activation of carotid chemoreceptors. Although 

there were no significant changes in PaC02 induced by LBPP, an increase in C02 output 

was noted during constant load exercise, but was not apparent during the incremental 

exercise testing. If the accelerated release of C02 was not attributable to the reductions in 

blood bicarbonate, then how could it be explained? Evidence of a frank hyperventilation 

could explain this observation, however, as shown in figure 4, this does not appear to be 

the case as both end-tidal PC02 and ventilatory equivalent for carbon dioxide values 

remained constant while both the end-tidal P02 and ventilatory equivalent for oxygen 

were increasing. 

The source of the extra (i.e. non-metabolic) C02 was therefore likely to be of 

intramuscular origin, as it is known that the immediate and predominant source of C02 is 

from bicarbonate buffering of lactic acid within the muscle (110,123). Although the 

immediate site of buffering is intramuscular, over 90% of the increased plasma lactate is 

matched by a decreased plasma bicarbonate (123). Despite the observation that lactate 

was not dramatically increased, bicarbonate values were lower reflecting the 

intramuscular buffering. Furthermore, the additional C02 was produced without 

concomitant 0 2 utilization which was consistent with findings from both the incremental 

exercise and constant load exercise studies. Although the resulting C02, yielded by the 

intramuscular buffering is readily transported into the systemic circulation (because it is 

highly diffusible) and augments pulmonary C02 output, there appears to be an additional 
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ventilatory drive, beyond that expected from the additional carbon dioxide delivery to the 

lung. As can be seen from figure 25, the falling end-tidal C02 values during the heavy 

exercise bout support this contention. 

Ventilatory increases during exercise can be driven by activation of peripheral 

chemoreceptors, however, only relatively small effects of LBPP on pH and potassium 

concentrations as assessed from the "arterialized" blood samples were noted. This 

finding would appear to rule out a significant involvement of the carotid bodies in the 

lower-body positive pressure induced hyperpnea. Farrell and Ivy (41) have also reported 
• • 

increases in VE / V02 which were not related to decreases in blood pH. The relatively 

small decrease in pH would only be expected to produce a 6 to 7 L*min_1 further 

hyperpnea using the methods of Casaburi et al. (26), whereas the difference between 

control and 45 torr LBPP was ~ 40 L*min_1 at a V02 of 2.5 L*min '. The increased 

breathing frequency associated with LBPP would also, through its shortening effect on 

expiratory duration, narrow the difference between PETC02 and the arterial PC02, as 

demonstrated by Whipp et al. (126). 

In order to maintain a constant level of ventilation, any increase in the breathing 

frequency would have to be compensated by a concomitant reduction in tidal volume. 

However, tidal volume changes did not represent adequate compensation to breathing 

rate changes as ventilation was increased. Thus, the breathing frequency increases were 

mainly responsible for the subsequent increases in ventilation observed during both 

incremental and heavy constant load exercise. The mechanical changes in breathing that 

occur with increased frequency could possibly increase oxygen uptake. However, the 

total oxygen requirement of the respiratory muscles, even at very high work rates with 

high breathing frequencies, would be very small and would not have a significant effect 

on the overall oxygen uptake (124). 
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Another reason for the larger-than-usual increase in breathing frequency may also 

be linked to the same mechanism which could be responsible for the lower plateau of the 

VT response with LBPP; this being that the increase in abdominal pressure induced by 

LBPP may increase pulmonary vascular engorgement, leading to an increased lung 

elastance and also reducing the inspiratory capacity by limiting the normal descent of the 

diaphragm during inspiration. Even though the influence of LBPP on pulmonary 
• • 

function was not presently assessed, neither maximal ventilation nor VE / V02 at peak 

exercise work rates were reduced by LBPP. 

Two additional factors not directly assessed, but capable of influencing respiratory 

responses were the body (core) temperature and catecholamine concentrations (see 

Wasserman for a detailed discussion, 124). Although Rowell et al. (102) reported 

elevated norepinephrine levels when LBPP was applied, they also reported increases in 

heart rate. One would expect that if norepinephrine levels were increased presently, there 

should be increases in heart rate, but no changes in heart rate were observed. However, 

the potential influence of norepinephrine cannot be assessed as concentrations may have 

been adequate to stimulate the carotid bodies without altering heart rate. The differences 

in box temperature between levels of LBPP were not recorded, but it is unlikely that 

temperature differences would be large enough to explain the ventilatory changes. 

Furthermore, increases in temperature (i.e. Q10 effect) and norepinephrine have been 

shown to increase oxygen uptake and no increases in oxygen uptake were observed for a 

given work rate (124). 

Ventilatory responses were not altered at rest by LBPP, nor during the onset of 

constant load exercise. It was only during the heavy exercise work rate (i.e. > VT), and 

presumably a significant intramuscular metabolite concentration, that the LBPP-induced 

ventilatory changes were readily apparent. Only after approximately two minutes of 
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exercise did ventilation begin to increase. This finding did not support our hypothesis 

that LBPP would alter the gas-exchange and ventilatory responses to the onset of exercise 

from rest. This suggest that a significant accumulation of intramuscular metabolites was 

needed to elicit ventilatory increases during the constant load exercise test. Interestingly, 

even with the presumed LBPP-induced increases in metabolite accumulation sufficient to 

increase ventilation, they did not increase blood pressure beyond the changes observed at 

rest. Therefore, it is proposed that the profile of LBPP-induced ventilatory response is 

consistent with a coupling to intramuscular metaboreceptor activation. 

Summary 

Externally applied positive pressure has been shown to be fully transmitted through 

relaxed skeletal muscle tissue to produce an increase in venous pressure to the point that 

it exceeds the elevated tissue pressure (86), and at the same time appears to have the 

potential of activating a pressure sensitive mechanoreceptor. The elevation in leg venous 

outflow pressure can represent a substantial reduction in the pressure gradient across the 

muscle bed, thereby reducing arterial inflow even with arterioles fully dilated. Although 

mean arterial blood pressure was elevated, ventilation was unchanged by LBPP at rest. 

During exercise, both blood pressure and ventilation at heavy exercise work rates 

(i.e. > VT), were elevated. This suggests that pressor reflexes may be governed by any 

changes in intramuscular pressure as well as metabolite concentrations, while ventilatory 

responses may be influenced only by the metabo-sensitive muscle afferents when a 

significant metabolite accumulation is achieved. The intramuscular ventilatory signal is 

not presumed to be the predominant ventilatory stimulus during exercise, but rather one 

of many preexisting influences. 
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The observed cardiorespiratory changes furthermore appear to be related to the 

level of LBPP applied. The enhanced ventilatory responses were out of proportion to the 

overall oxygen uptake and carbon dioxide elimination and are in agreement with Eiken 

(38). The progressive decrease in the ventilatory threshold further suggests that the 

observed ventilatory changes may be related to changes in skeletal muscle blood flow 

and ultimately intramuscular metabolite concentration. 

In conclusion, our results are consistent with the hypothesis that an increased 

metabolite build-up in the interstitium of the contracting muscles stimulates ventilation as 

a result of impeded muscle blood flow during LBPP, while blood pressure increases may 

be mediated through a mechano-sensitive neurogenic pressor reflex. Although this type 

of response has not been demonstrated in humans (with exception of our supplemental 

studies), Julius et al. (61, 62) have provided evidence of a neurogenic mechanical reflex 

in animals. Furthermore, these data suggest the ventilatory threshold may represent a 

point of demarcation at which the concentration of intramuscular metabolites becomes 

sufficient to activate afferent nerve fibers capable of stimulating a disproportionate 

increase in ventilation. 

Future investigations should focus on measuring changes in the intramuscular 

metabolite concentrations induced by lower-body positive pressure during exercise using 

magnetic resonance imaging technology. Another avenue of study would involve the 

effects of changes in intramuscular pressure at rest as well as during exercise and any 

possible modification of baroreceptor function. Possible interactions of metabo-sensitive 

and mechano-sensitive receptor populations on blood pressure and ventilatory responses 

should also be explored in the exercising human. 
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Results from the Supplementary Investigation 

The supplemental studies were undertaken in Copenhagen, Denmark with funding 

support from the Forskerakademiet, a Danish research foundation, located in Aarhus, 

Denmark. Clinical support for this study was provided by Niels H. Secher, M.D., Ph.D. 

We observed that the application of lower-body positive pressure (LBPP) induced a 

significant pressor reflex at rest, mediated primarily by increases in total peripheral 

resistance. In order to determine if this response was of neurogenic origin as shown in 

dogs and pigs by Julius et al. (61, 62), leg compression was employed both before and 

after the administration of epidural anesthesia. It was hypothesized that a neurogenic 

pressor response would be effectively abolished by selective blockade of the group III / 

IV afferent nerve fibers with anesthesia. 

Subjects (n =14) were fitted with medical anti-shock trousers (MAS trousers). The 

MAS trousers were secured below the level of two upper thigh cuffs placed to prevent the 

translocation of fluid from the legs to the thoracic cavity when the trousers were inflated. 

This was to insure that blood pressure increases were not mediated by passive increases 

in cardiac output caused by a volume shift. The thigh cuffs were inflated to a supra-

systolic pressure of 300 mmHg which was sufficient to block arterial inflow to the leg 

(assessed by Doppler). The MAS trousers were then inflated to 30,60, and 90 torr for 

two minutes at each pressure while mean arterial blood pressure (brachial artery), central 

venous pressure (direct CVP line), and cardiac output (thoracic impedance) data were 

collected. 

Preliminary data analysis showed that mean arterial pressure was significantly 

elevated (p < 0.05) with inflation of the MAS trousers to both 60 and 90 torr before 

anesthesia as seen in the figure on the next page. The mean arterial pressure rose from 
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control levels of 84 mmHg to 96 mmHg when trousers were inflated to 90 torr. Diastolic 

blood pressure was significantly increased (p < 0.05), while there were increasing trends 

(p > 0.05) for systolic blood pressure and total peripheral resistance. There were no 

significant increases (p > 0.05) in cardiac output, nor was there any type of compensatory 

bradycardia to the rise in arterial pressure. There were no significant changes (p > 0.05) 

in stroke volume or central venous pressure with inflation of the MAS trousers. 

In agreement with the proposed hypothesis, the pressor responses were abolished 

following administration of the epidural anesthesia. These preliminary findings suggest 

the existence of a pressure-sensitive neurogenic reflex in man that can be abolished via 

blockade of afferent nerve activity. Furthermore, the absence of any compensatory 

bradycardia suggests that changes in intramuscular pressure may signal for alterations in 

baroreceptor activity allowing heart rate to increase despite blood pressure increases, as 

are typically observed during static and dynamic voluntary exercise. This concept is also 

consistent with the findings of McWilliam et al. (80, 81) who demonstrated a reduction in 

vagal activity with the stimulation of type III / IV afferent nerve fibers. 
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