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During dynamic exercise the arterial baroreflexes have been thought to 

reset to the prevailing level of systemic pressure in order to modulate 

transient changes in blood pressure with the same sensitivity (gain) as at 

rest. To test this hypothesis, cardiovascular responses to dynamic exercise 

and carotid baroreflex responses to graded neck suction and neck pressure 

(NS/NP) were examined in seven men of moderate fitness 

(V02 = 41.4±3.6 ml Oj-kg'^min'1) during two levels (20% and 40% of peak 

oxygen uptake) of steady-state exercise. In addition, deactivation of 

cardiopulmonary baroreceptors has been thought to increase carotid 

baroreflex responsiveness in the quiescent state in man. To test this 

hypothesis during dynamic exercise, cardiopulmonary baroreceptor afferent 

nerve activity was reduced and carotid baroreflex responsiveness 

determined. Deactivation of cardiopulmonary barorecptors was 

accomplished using lower body negative pressure of sufficient magnitude to 

produce decreases in central venous pressure (CVP) of -1.9±0.2 mmHg and 

-3.8 ±0.2 mmHg. Carotid baroreflex responsiveness was assessed as the 

change in heart rate (HR, electrocardiogram) or mean arterial pressure (MAP, 



radial artery catheter) evoked by five second stimulations to the carotid 

sinus baroreceptors using graded levels of NS/NP ranging between +40 torr 

to -80 torr. Reflex responses of HR and MAP were fit to a four parameter 

logistic model, and the derived parameters describing the stimulus-response 

curve were compared using a one-way analysis of variance. Carotid 

baroreflex stimulus-response curves were shifted to higher pressure ranges 

during dynamic exercise with no change in the derived maximal gain of the 

carotid baroreflex control of HR or MAP (p> 0.05). Reductions in CVP 

augmented the maximal gain for carotid baroreflex control of HR at rest and 

during mild exercise (p< 0.05), while no significant effects were found in 

baroreflex control of MAP. The slope between the changes in CVP and the 

reflex changes in maximal gain was significantly increased for HR 

{p< 0.005), but not MAP (p> 0.27). These data suggest that the carotid 

baroreflex control of HR and MAP is unaltered during dynamic exercise, and 

that reductions in cardiopulmonary baroreceptor activity during exercise 

potentiates the carotid baroreflex control of HR but not MAP. 
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CHAPTER 

INTRODUCTION 

Over the past century researchers have sought the answer to a 

seemingly basic question, "What are the signals which regulate the 

cardiovascular responses to dynamic exercise?" A number of published 

reviews have consolidated the current knowledge regarding regulation of the 

cardiovascular responses to exercise (99,119,143,144,145,146,164,196); 

however, the fundamental question of cardiovascular control during dynamic 

physical exertion remains unresolved. This introductory chapter will 

illustrate the need for continued research in this field, and demonstrate that 

new and novel research approaches may provide the tools necessary to 

probe deeper into this area of cardiovascular regulation during exercise. 

Krogh and Lindhard (94) in 1913 proposed that the level of autonomic 

nervous system activity directed to the cardiovascular system during 

exercise was established by signals arising from the motor cortex regions 

within the central nervous system (CNS). They hypothesized that these 

descending motor signals concomitantly activated cardiovascular control 

centers in the brain stem region to establish the required level of autonomic 

nervous system activity. This feedforward neural mechanism of cortical 

irradiation has since been termed "central command" (118,119). In contrast 
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to this CNS mechanism, Alam and Smirk (4) in 1937 proposed that signals 

emanating from active skeletal muscle reflexly altered the autonomic activity 

of the medullary cardiovascular control centers. As this neural reflex senses 

a metabolic error signal in active skeletal muscle, which produces increases 

in systemic blood pressure, this reflex has been referred to as the "exercise 

pressor response" (117). Although researchers continue to investigate these 

two neural mechanisms, their collective role in cardiovascular regulation 

during exercise have been generally accepted. However, the functional role 

of the arterial (carotid sinus and aortic arch) baroreflexes in cardiovascular 

control during exercise continues to be a subject of contested debate. 

Following the onset of dynamic exercise, systemic pressure rises 

abruptly and this rise is accompanied by concomitant increases in both heart 

rate and cardiac output (143). The steep rise in blood pressure activates the 

arterial baroreceptors resulting in a concomitant increase in baroreceptor 

afferent discharge rate; yet the anticipated reflex bradycardia is replaced 

instead with a brisk tachycardia. These findings have led to the suggestion 

that the operational characteristics of the arterial baroreflexes are modified 

during exercise (99). This hypothesis was investigated three decades ago 

by Bevegard and Shepherd (11) and Robinson and colleagues (140) through 

examination of the reflex modulation of heart rate and systemic pressure by 

arterial baroreflexes during exercise in man. When arterial blood pressure 

was altered during dynamic exercise the magnitude of the reflex changes in 

heart rate were similar as those measured at rest. These investigators 
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contended that the sensitivity of the arterial baroreceptor system to induced 

changes in pressure was not substantially altered in the transition from rest 

to exercise. Bristow et al. (24) and Staessen et al. (173) were unable to 

replicate these findings since they observed a progressive attenuation of the 

carotid baroreflex control of blood pressure and heart rate during exercise. 

Interestingly, a recent investigation by Eiken and colleagues (61) suggested 

that the sensitivity of the carotid baroreflex was actually potentiated during 

both normal dynamic leg exercise, as well as during exercise with restriction 

of blood flow to the working legs induced by lower body positive pressure in 

man. Therefore, it is apparent that the precise functional role of the carotid 

baroreflex during dynamic exercise in man remains equivocal. 

To address the contribution of arterial baroreflexes in the regulation of 

cardiovascular responses during exercise, Melcher and Donald (115) utilized 

a vascularly isolated carotid sinus preparation to construct stimulus-response 

curves relating carotid sinus pressure to arterial pressure and heart rate both 

at rest and during graded exercise in the conscious dog. During exercise the 

shape of the stimulus-response curves were essentially unaltered with no 

change in the gain or sensitivity, with the exception that the entire 

relationship was shifted upward to higher systemic arterial pressures as the 

exercise intensity increased. Thus, as carotid baroreflex sensitivity was not 

altered, they concluded that the carotid baroreflex buffered changes in 

systemic pressure during exercise as effectively as at rest. Similar 

conclusions were reported by Vatner and colleagues (186) who activated the 
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carotid baroreflex during exercise in dogs by direct bilateral electrical 

stimulation of the carotid sinus nerves. 

Short-term regulation of systemic blood pressure primarily involves 

input from redundant, interactive groups of baroreceptors located in the 

arterial (high pressure) and pulmonary/venous (low pressure) circulations. 

Previous investigations have demonstrated a significant modifying effect by 

the low pressure (cardiopulmonary) baroreceptors on carotid baroreflex 

function in man (45,187). Recently Pawelczyk and Raven (127) 

demonstrated that reductions in central venous pressure, induced by graded 

levels of lower body negative pressure, augmented carotid baroreflex 

responsiveness of heart rate and blood pressure at rest by reducing the 

inhibitory influence from the cardiopulmonary baroreceptors. Similar results 

have been reached from studies using cats (67), dogs (92), and rabbits (40). 

Interestingly, an attenuation in carotid baroreflex sensitivity was 

demonstrated when the complimentary experiment was conducted: namely 

passive increases in central venous filling pressure induced by lower body 

positive pressure (160). Taken together, these studies provide convincing 

evidence that afferent information received from the cardiopulmonary 

baroreceptors are sufficient stimuli to significantly alter the "functional 

domain" of the carotid baroreflex. Finally, as dynamic upright exercise 

activates cardiopulmonary baroreceptors, via increases in central venous 

filling pressure (170), this may represent a critical input to the medullary 

cardiovascular control centers which modulates the operational 
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characteristics of the arterial baroreflexes. To date, there are no reported 

studies which have examined the effects of systematic alterations in 

cardiopulmonary baroreceptor input on carotid sinus baroreflex function 

during exercise in man. Accordingly, the modulatory role of the 

cardiopulmonary baroreceptors provides an intriguing hypothesis as a 

possible mechanism mediating the reported alterations in carotid baroreflex 

function during dynamic exercise. 

Statement of the Problem 

Sequential surgical denervation of arterial baroreceptors have been 

utilized in animal models to assess the relative contribution of individual 

baroreceptor populations in the regulation of systemic blood pressure during 

exercise. However, due to ethical limitations in man the study of isolated 

arterial baroreceptors during exercise has been restricted to the carotid 

baroreflex through selective stimulation of carotid sinus mechano-sensitive 

afferents by neck pressure and suction. Studies which have examined 

baroreflex function during exercise have activated and deactivated the 

carotid baroreflex at a single level of neck suction and/or pressure (11,207), 

or have utilized non-pulsatile, sustained stimulations which have engaged 

additional regulatory mechanisms (173). To date, no attempt has been 

made to selectively stimulate the carotid baroreflex over the entire functional 

range of carotid sinus pressures during dynamic exercise. In addition, as 

previous investigations have implicated a modulation of the carotid 

baroreflex by cardiopulmonary baroreceptors in man (1,127) as well as the 
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rabbit (39), their modifying effects on carotid baroreflex function during 

acute exercise in man merits further investigation. The proposed 

experiments were expected to provide a mechanistic approach to reveal the 

interactive nature between the carotid and cardiopulmonary baroreceptor 

populations during exercise in man. 

Objectives of the Investigation 

The objective of the proposed series of experiments was to 

systematically evaluate and contrast the functional role of the carotid sinus 

and cardiopulmonary baroreceptor populations in the regulation of heart rate 

and systemic blood pressure at rest and during dynamic exercise in man. 

Specifically, two objectives were established: 

a. To fully characterize the responsiveness of the carotid baroreflex 

through controlled stimulation of the carotid sinus region over its 

entire operational range of carotid sinus distending pressures at rest 

and during dynamic exercise in man. 

b. To alter cardiopulmonary baroreceptor afferent nerve activity through 

changes in central venous filling pressure in order to investigate and 

contrast the interaction between cardiopulmonary and carotid 

baroreflexes at rest and during dynamic exercise in man. 

Hypotheses 

Carotid baroreceptor control of heart rate and blood pressure, and the 

interaction between carotid and cardiopulmonary baroreflexes, will not be 

altered during dynamic exercise in man. The following specific null 
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hypotheses were proposed for testing: 

a. Reflexly-mediated parasympathetic chronotropic and sympathetic 

vascular responses to alterations in carotid baroreceptor stimulation 

will not be attenuated during dynamic exercise. 

b. Alterations in cardiopulmonary baroreceptor afferent nerve activity will 

not potentiate the reflex heart rate and blood pressure responses 

mediated by the carotid sinus baroreflex during dynamic exercise. 

Delimitations of the Investigation 

As a result of several methodological constraints, this investigation 

was delimited by the following: 

a. The experiments were conducted on an asymptomatic population of 

male subjects only. These subjects were between the ages of 18 and 

35 years and possessed an average level of cardiovascular fitness 

{V02peak = 4 0 - 5 0 ml-kg'^min"1). No attempt was made to consider 

differences due to gender or degree of aerobic fitness. 

b. Activation of carotid sinus mechano-sensitive afferents (carotid 

baroreceptors) were quantified indirectly from the calculation of 

estimated carotid sinus transmural pressure (ECSP). As it was not 

possible to directly measure carotid sinus distending pressure, the 

changes induced by externally applied neck pressure (NP) and neck 

suction (NS) were quantified from the calculated difference between 

mean arterial pressure (MAP) and the generated level of positive and 

negative neck chamber pressure (NCP) [ECSP = MAP - NCPJ. 
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c. The precise changes in carotid sinus transmural pressure produced by 

NP/NS are not well known. Ludbrook et al. (98) examined the 

transmission characteristics of externally applied NP and NS to the 

carotid sinus region in man at rest and found that 64% of the 

pressure change was transmitted to the carotid sinus during NS, 

whereas 86% was transmitted during NP. Therefore, the pressure 

transmission characteristics to the carotid sinus region may be 

regarded as asymmetrical. However, as this represents the only 

published study which has directly measured the pressure 

transmission characteristics in man and was conducted on six 

subjects only, for these studies it was assumed that 100% of the 

pressure generated by NP/NS was transmitted to the carotid sinus 

region. Further, it was also assumed that the pressures generated by 

NP/NS were transmitted equally at rest as well as during dynamic 

exercise. 

d. Alterations in central venous pressure (CVP) were employed as an 

indirect measure of changes in the activation and deactivation states 

of the cardiopulmonary baroreceptors. Low levels {< 20 torr) of 

lower body negative pressure (LBNP) have been found to selectively 

deactivate, or unload, cardiopulmonary baroreceptors independent of 

alterations in mean arterial pressure, arterial pulse pressure, arterial 

dP/dt or heart rate (82,207). Therefore, changes in CVP induced by 

low levels of LBNP were considered to exclusively unload 
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cardiopulmonary baroreceptors. 

Steady-state exercise at mild workloads was associated with a 

constant level of central command (cortical irradiation) and peripheral 

muscle afferent activity. Two neural reflexes have been implicated in 

the dogma of blood pressure regulation during dynamic exercise. In 

1913 Krogh and Lindhard (94) initially coined the concept of "central 

command" as a feedforward mechanism to establish the initial level of 

central sympathetic and parasympathetic outflows during exercise. 

Alam and Smirk (4) proposed a peripheral negative feedback 

mechanism which was thought to respond to a "flow error signal" in 

active skeletal muscle. As the influence of these reflexes are related 

to the intensity of exercise and are important determinants of the level 

of both sympathetic and parasympathetic outflow, the absolute level 

of activation of each reflex was assumed constant during steady-state 

exercise. Accordingly, their influence on the function of carotid and 

cardiopulmonary baroreflexes during steady-state exercise was also 

assumed constant, and therefore, any alteration in carotid baroreflex 

function could be attributed primarily to the LBNP-induced changes in 

central venous pressure which reflected a decrease in the central 

inhibitory influence of cardiopulmonary baroreceptor afferent nerve 

activity. 

The opposing effect of aortic baroreceptors on the reflex responses to 

carotid baroreflex stimulation could not be controlled. However, due 
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to the brevity of the imposed stimulations to the carotid baroreceptors 

(ie. 5 seconds), in conjunction with the observation that the peak 

responses from the carotid baroreflex were observed immediately 

within the first five seconds of the stimulation, would suggest that 

alterations in the activation state of aortic baroreceptors appeared 

unlikely and therefore would have exerted a minimal effect on the 

observed reflex responses following carotid baroreceptor activation. 



CHAPTER II 

REVIEW OF LITERATURE 

The purpose of this chapter will be to provide a summary of the past 

and current research investigations which described and characterized the 

reflex mediated responses produced by the prevalent baroreceptor 

populations (ie. aortic, cardiopulmonary and carotid). This chapter provides: 

i) an overview of the salient anatomical and physiological features of these 

three baroreceptor populations; ii) an outline of the various methodologies 

currently available to characterize their functional domains; iii) a review of 

the evidence, both for and against, the premise of "functional interactions" 

between baroreceptor populations; and iv) an exhaustive overview of the 

literature investigating the role of baroreceptors in the regulation of blood 

pressure during exercise. Where appropriate the discussion includes specific 

features of the aortic baroreceptors, however, the major focal point of this 

review concentrates on the carotid and cardiopulmonary baroreceptors. To 

achieve this end, an attempt has been made to summarize the literature from 

both human and animal research. This review has been limited to the reflex 

systemic responses, and precludes baroreflex mediated humoral responses. 

Anatomy and Physiology of Baroreceptor Populations 

Research examining the baroreflex control of cardiovascular function 

11 
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began in 1900 when two Italian physiologist, Pagano and Siciliano, 

discovered in the dog that the pressor response to occlusion of the common 

carotid arteries was not due to cerebral ischemia (as explained previously) 

but instead depended upon the integrity of the nervous structures located 

around the carotid arteries in the neck. Then in 1920 Hering (73) and Koch 

and Meis (90) identified these structures as afferent fibers carried by the 

glossopharyngeal nerve, and demonstrated their progressive involvement in 

mediating the hypotensive and bradycardiac responses to increasing carotid 

sinus pressure. Since these initial discoveries, a plethora of information has 

become available from anatomical and electrophysiological studies 

conducted on baroreceptor afferents, their physiological stimuli, the 

complexity of the central integrative processes of these reflexes, and the 

multiplicity of their cardiovascular effects. 

Elements of the Reflex Arc 

The basic components of the baroreceptor reflex arc include the 

sensory elements (receptors), the afferent nerves which travel to the brain 

stem, the central integrating nuclei, the sympathetic and parasympathetic 

efferent motor fibers, and the targeted end-organs (ie. heart and blood 

vessels). There are two populations of arterial baroreceptors: the carotid 

sinus receptors and the aortic arch receptors. Both baroreceptor populations 

are implicated in the short-term control of systemic blood pressure. Carotid 

receptors are embedded in the wall of the internal carotid artery bilaterally 

(155). The Hering nerve, a branch of the glossopharyngeal nerve, carries 
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impulses from these receptors centrally. The aortic arch receptors are found 

in the general vicinity of the aortic arch, however, these receptors have also 

been shown to be located at the origin of the right subclavian artery and in 

adjacent regions of the brachiocephalic artery in cats and dogs (8,20). The 

afferent signals are carried centrally in small vagal branches which unite to 

form two aortic depressor nerves (74). In addition, there have been reported 

differences in the thickness of the vascular smooth muscle content between 

carotid sinus and aortic arch (muscle content less in the carotid sinus) which 

favors an increased compliance of the carotid sinus wall (137). This 

anatomical difference may help explain the functional differences which 

characterize the carotid and aortic baroreceptors (to be discussed later in 

this chapter). 

In contrast to the aforementioned arterial baroreceptors, the 

cardiopulmonary receptors represent a diffuse population of mechanically 

sensitive receptors localized mainly in the atria, especially at the junctions of 

the great veins with the right atrium and the pulmonary veins with the left 

atrium (31,116). These receptors are unencapsulated nerve endings (123) 

subserved by myelinated vagal afferents and carry signals centrally through 

small vagal branches, which join the main vagal trunk. 

The first synapse for these baroreceptor afferents carried by the 

glossopharyngeal and vagal fibers lies within the nucleus of the tractus 

solitarius (NTS) in the medulla. Numerous techniques have been used to 

identify this site: i) baroreceptor denervation has resulted in degeneration of 
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cells within this region (35); ii) nerve recordings from this area show pulse 

synchronous activity similar to that seen in baroreceptor afferents (91); and 

iii) lesions in this region produce lability of blood pressure control (138) 

similar to those produced following acute surgical removal of arterial 

baroreceptors. In addition, the NTS has extensive connections to higher 

centers of the nervous system, particularly the hypothalamus (9). The 

efferent outputs from the NTS include sympathetic preganglionic neurons in 

the intermediolateral cell columns of the thoracic spinal cord, and the 

nucleus ambiguus and dorsal motor nucleus of the vagus (172). 

Arterial Baroreceptor Control of Heart Rate 

The overall performance of the arterial baroreflex encompasses the 

ability to respond to an input stimulus (ie. change in vascular distending 

pressure in the baroreceptor region) and alter systemic blood pressure (MAP) 

in the direction opposite to the input stimulus through changes in multiple 

reflex effector activities (150). One very important effector activity involved 

in mediating the changes in MAP are the baroreflex imposed reflex 

alterations in heart rate (HR). There is substantial agreement that the 

bradycardiac responses to baroreceptor stimulation is mediated exclusively 

through parasympathetic cholinergic mechanisms (109). Pickering et al. 

(130) demonstrated that the immediate lengthening of the R-R interval in 

humans which accompanied a phenylephrine-induced rise in systemic 

pressure persisted inspite of complete (^-adrenergic receptor blockade with 

propranolol, but was abolished by atropine blockade. Similar observations 
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were rioted by Eckberg and colleagues (46,53) following selective 

stimulation of carotid baroreceptors by neck suction. Specific details 

regarding these experiments are discussed later in this chapter. The 

immediate response in HR has prompted studies directly relating changes in 

arterial pressure to changes in vagal motor outflow. In a study by Katona §1 

al. (84), a slow ramp increase in pressure over several beats was 

accompanied by immediate increases in the firing of vagal efferents over the 

first few beats of the pressure rise. A striking finding in this response is 

that, although it is fast, it does not occur immediately. The inherent latency 

between the induced pressure rise and increases in vagal efferent activity 

has been directly measured in animals and found to vary between 26 msec 

and 90 msec (78,95). However, studies examining the latency of arterial 

baroreflexes in man have provided different and inconsistent results. 

Eckberg (54) measured the carotid baroreflex latency arc by initiating neck 

suction repeatedly during a 200 - 500 msec interval prior to the occurrence 

of the next P wave, and measured a reflex latency of 240 msec. This 

measure of latency of the carotid baroreflex arc was challenged by Borst 

(19) based upon the premise that the neck suction used in this study was 

delivered so rapidly that the vagus nerve was activated mechanically. He 

instead presented results from approximately 1000 electrical stimulations of 

the carotid sinus nerve in man and demonstrated a latency between the 

electrical stimulus and the first noticeable lengthening of the R-R interval of 

between 440-600 msec. In another study, bolus injections of phenylephrine 
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were used by Pickering and Davis (131) to activate arterial baroreceptors 

and initiate a lengthening of the R-R interval. They reported that the average 

initial lengthening of the R-R interval occurred 475 msec from the beginning 

of the pressure rise. However, one should keep in mind that this latency 

value includes the latencies inherent to both carotid and aortic baroreceptors 

elicited by the phenylephrine induced rise in systemic blood pressure. 

Despite the reported differences in latency it appears that arterial baroreflex 

modulation of HR can develop rapidly and alter the discharge rate of the 

sinus node on a beat-to-beat fashion. Whether the temporal relationship of 

this beat-to-beat control persists at a heart rate which exceeds the inherent 

latency of the baroreflex arc (ie. as may occur during moderate levels of 

exercise) remains to be determined. 

Several additional factors must also be considered when examining 

the role played by arterial baroreceptors in the regulation of heart rate. 

Previous investigations have demonstrated that the sensitivity of the 

baroreceptor-heart rate reflex is dependent upon the baseline R-R interval 

(55,169,201). This observation may be partly explained by the fact that 

R-R interval itself was used as a measure of chronotropic changes to the 

heart instead of heart rate. As the relationship between heart rate and 

R-R interval is non-linear (see Appendix H), equal changes in heart rate may 

correspond to drastically different changes in R-R interval if the control heart 

rates are different. In other words, dependent directly upon the value of the 

initial heart rate, a given change from this initial value may correspond to a 
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different absolute change in R-R interval. In addition, sympathetic influences 

may limit the cholinergic effects on the sinus node (53). In a recent study, 

Yang and Levy (206) determined the influence of differences in the timing of 

the initiation of sympathetic and vagal stimulations on cardiac autonomic 

interactions in anesthetized dogs. They demonstrated that the duration of 

the preceding sympathetic stimulation was directly proportional to the 

inhibition of vagal neurotransmission. This resulted in an attenuation in the 

bradycardiac response, which they speculated was caused by the co-release 

of neuropeptide Y (simultaneously with norepinephrine) from sympathetic 

nerve terminals, which has a sustained inhibitory influence on acetylcholine 

release (204). Therefore, under conditions of high background sympathetic 

activation, the responsiveness of the sinus node to cholinergic stimulation 

may be attenuated. 

Arterial baroreceptor control of heart rate is also dependent upon the 

respiratory cycle (109). This phenomenon has been described as an 

oscillation of baroreceptor sensitivity occurring throughout the respiratory 

cycle. A study by Eckberg et al. (56) applied neck suction (-30 torr) for a 

duration of 600 msec commencing at 6 different times periods within the 

respiratory cycle and measured the induced prolongation of the R-R interval. 

They noticed that the changes in R-R interval were reduced during early 

inspiration and were near maximal during early expiration. From these 

studies it was concluded that maximal carotid baroreflex responses could be 

achieved during held expiration. Therefore, by characterizing the carotid 
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barorefiex with neck suction during held expiration, it was possible to obtain 

maximal responses from the carotid barorefiex while effectively eliminating 

virtually all respiratory influences. 

Finally, while discussing the effects of respiration on the arterial 

barorefiex, changes in the systemic partial pressures of oxygen (P02) and 

carbon dioxide (PC02) should also be discussed. Bristow and colleagues (22) 

demonstrated that hypoxia, while causing an increase in baseline heart rate, 

was not shown to consistently alter barorefiex sensitivity in man. On the 

other hand, alterations in the level of PC02 have produced inconsistent 

effects. Systemic elevations in PC02 were demonstrated to cause a reduction 

in the baroreceptor-heart rate reflex in some subjects but not all, even when 

ventilation was controlled and 100% 0 2 was added to the inspired gases 

(23,37). Therefore, alterations in arterial PC02 may alter the baroreceptor-

heart rate reflex; however, the site and mechanism of action remain to be 

determined. 

In summary, arterial barorefiex control of heart rate is clearly mediated 

by changes in vagal outflow directed to the sino-atrial node, and affects 

heart rate immediately following a brief latency period. Several factors 

modulate the barorefiex control of heart rate including the baseline level of 

R-R interval, as well as alterations in respiration and changes in systemic 

levels of oxygen and carbon dioxide. 

Arterial Baroreceptor Control of Vascular Beds 

The available literature describing arterial baroreceptor control of blood 
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pressure (MAP) is much less extensive in man, primarily due to the invasive 

instrumentation which is required to measure systemic pressure directly. 

This limited knowledge has been further hampered by the fact that in man 

the carotid baroreceptor has primarily been the baroreceptor population 

studied, due to its accessibility with the neck suction and pressure 

techniques (47,51,63). However, recently a study was completed by Shi §l 

al. (158) where they utilized a novel technique initially developed by 

Ferguson and colleagues (64) to functionally describe the salient 

characteristics of the reflex control of HR by the isolated aortic baroreflex in 

man. Nevertheless, despite the inherent limitations in man, many aspects of 

this control are known. 

Arterial Circulation 

Early studies conducted by Roddie and Shepherd (141) and Tuckman 

et al. (184) eloquently demonstrated that reductions in carotid baroreceptor 

input, via anesthesia of the carotid sinus nerves or by occlusion of the 

common carotid arteries, resulted in abrupt and profound increases in blood 

pressure. Studies utilizing the neck collar techniques have augmented and 

reduced carotid sinus transmural pressure with neck suction and neck 

pressure, respectively, and have resulted in concomitant reflex decreases 

and increases in blood pressure (11,63,106,176). 

Similar to the findings related to the control of heart rate, arterial 

baroreceptor control of blood pressure also possesses an inherent latency of 

responsiveness. However, unlike the response latency for HR of between 



20 

50 msec and 500 msec, the blood pressure latency has been measured to 

be much longer. Studies conducted utilizing neck collar techniques have 

demonstrated that the initial response to either activation or deactivation of 

the carotid baroreceptors produces a blood pressures response after several 

seconds, with the peak response to a sustained stimulation occurring after 

approximately 20 to 30 seconds (11,106). These temporal differences in 

responsiveness between the baroreceptor control of HR and MAP reflect the 

fact that the HR responses are primarily vagally mediated, whereas the 

vascular responses occur primarily through alterations in vascular smooth 

muscle tone mediated by the sympathetic nervous system. However, it 

should be noted that the steady-state reflex changes in systemic pressure 

are the result of both alterations in cardiac output as well as in peripheral 

vascular resistance. 

Due to this "tardiness" in responsiveness of the arterial baroreceptor 

control of blood pressure, the gain or sensitivity of the reflex has been 

determined primarily in a closed-loop fashion (ie. the reflex response is 

sensed by the baroreceptors which in turn modifies the initial disturbance). 

Once again, neck chamber studies have determined that deactivation, or 

unloading, of carotid baroreceptors with neck pressure produced a reflex 

increase in MAP of 0.68 mmHg per mmHg rise in the tissue perfusion 

surrounding the carotid sinus (106,176). Mancia et al. (106) also measured 

the gain of the reflex to carotid sinus hypertension with neck suction and 

found an average reduction on MAP of 0.44 mmHg per immHg reduction in 
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tissue pressure. Therefore, the carotid baroreceptors can correct two-thirds 

of the error in pressure following the deactivation of carotid baroreceptor 

afferents, while buffering approximately one-half of the changes in pressure 

following carotid baroreceptor activation. 

Direct recordings from sympathetic efferent fibers have also 

demonstrated that arterial baroreceptors modulate sympathetic outflow. 

Early studies conducted in animals indicated a reciprocal relationship 

between arterial pressure and sympathetic outflow measured to the renal, 

splanchnic and cardiac beds (25,122). Recently, DiCarlo and Bishop (40) 

measured renal sympathetic nerve activity (RSNA) in rabbits and noted a 

linear fall in RSNA as arterial pressure was increased from 58 to 78 mmHg. 

In addition, the finding that sympathetic nerve fibers demonstrated a phasic 

response to blood pressure changes (88) provided support that 

baroreceptors were linked to changes in sympathetic outflow. 

These findings in animals have been supplemented by experiments 

which have recorded sympathetic nerve activity in humans. Metal 

microelectrodes have been developed to measure sympathetic outflow from 

mixed nerves in the extremities in man directed to both muscle and skin. 

The use of this technique has been summarized by Wallin (197). Muscle 

sympathetic nerve activity (MSNA) has shown spontaneous bursts of 

irregular activity at a frequency of 0.1 Hz (roughly 10 sec), and embedded 

within each group of bursts are additional activity in synchrony with the 

arterial pulse (151). Eckberg et al. (57) provided evidence that the burst 
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activity of MSNA was dependent upon the changes in blood pressure 

resulting from the rhythmicity of respiration. The same group of researchers 

raised and lowered arterial pressure with systemic infusions of phenylephrine 

and nitroprusside, respectively, and demonstrated that MSNA was 

modulated by small changes in baroreceptor input (58). These findings are 

in strong support of the earlier work examining renal, splanchnic and cardiac 

sympathetic activities in animals. 

As these drug-induced alterations in systemic pressure affected not 

only carotid and aortic baroreceptor populations, but the cardiopulmonary 

baroreceptors as well, the question of the relative contribution to the control 

of sympathetic outflow arises. To this end, Wallin and Eckberg (198) 

produced brief (5 sec) changes in carotid sinus transmural pressure with 

neck suction and pressure, and they measured MSNA from the peroneal 

nerve in resting man. The outcome from this experiment was a transient (1-

2 sec) change in efferent sympathetic muscle activity, in contrast to the 

prolonged effects on MSNA reported from studies using vasoactive drugs to 

alter blood pressure. There are a couple of explanations to these disparities: 

i) in the study by Wallin and Eckberg (198), brief stimulations to the carotid 

baroreceptors produced reflex changes in blood pressure which would be 

opposed by the intact aortic baroreflex; and ii) during the drug-induced 

changes in blood pressure by Eckberg et al. (58), the cardiopulmonary 

baroreceptors are concomitantly activated which has been shown to alter 

MSNA (178). 



23 

More recently, Rea and Eckberg (136) examined the relationship 

between carotid sinus distending pressure and MSNA in humans. They 

altered carotid sinus distending pressures with varied levels of neck suction 

and pressure while recording multi-unit postganglionic muscle sympathetic 

nerve activity with tungsten microelectrodes inserted percutaneously into 

the right peroneal nerve at the fibular head. They found that the carotid-

sympathetic relation was well described by an inverse sigmoid function, and 

importantly that the sympathetic responses to carotid baroreceptor 

stimulations were asymmetrical: sympathetic responses were greater to 

decreases in carotid distending pressure (hypotension) than to increases in 

distending pressure (hypertension). From these results it appears that the 

carotid baroreflex induced changes in MSNA primarily functions to 

counteract systemic hypotension. 

In summary, arterial baroreceptors modulate systemic pressure 

through sympathetically mediated changes in vascular smooth muscle tone. 

In contrast to the reflex control of heart rate, the control of blood pressure is 

substantially slower in nature with a measured latency of several seconds. 

However, despite this fact the arterial baroreflex can correct an "error" in 

blood pressure between 50% and 68% of its initial value. 

Venous Circulation 

Although arterial baroreflexes alter systemic blood pressure through 

changes in vascular resistance and heart rate, is the compliance of the 

venous circulation modified by arterial baroreflexes? If the venous 
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circulation plays an important role in cardiovascular homeostasis, then 

activation of arterial baroreflexes should influence the venous smooth 

muscle and alter venous compliance and capacitance. A reduction in 

baroreceptor input should increase sympathetic outflow and cause a reflex 

venoconstriction. This venoconstriction should in turn increase cardiac filling 

and cardiac output, and therefore increase arterial blood pressure. 

A wealth of information has been obtained from investigations of the 

control of the venous circulation. An excellent review of the work 

completed in this area has been published by Rothe (142). The neural 

modulation of the venous circulation was initially proposed by Griffith and 

Emery (69), who demonstrated that the liver and portal veins constricted 

following splanchnic nerve stimulation in cats. Classic studies on the carotid 

sinus reflex by Heymans et al. (74,75) reported that carotid sinus 

hypotension caused a reflex contraction of the spleen, liver and intestines in 

dogs, with little effect on the measured volume of the paw. Rashkind et al. 

(134) conducted the first quantitative studies of the changes in total 

systemic capacitance mediated by the carotid baroreflex. In his preparation 

the vagi were sectioned, the central venous pressure and cardiac output 

were held constant, and the venous return was directed to a reservoir. 

Stimulation of the carotid sinus nerve caused a vasodilation as reflected by a 

decrease in reservoir volume, while infusion of epinephrine resulted in a 

constriction as reflected by an increase in reservoir volume. This 

experimental model was used in conjunction with vascular isolation of both 
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carotid sinuses by Shoukas et al. (161,162,163) and Brunner et al. (26,27) 

to systematically examine the effects of changes in carotid sinus pressure on 

resistive and capacitive properties of the total systemic vascular bed. Their 

work supports the notion of carotid baroreceptor induced changes in venous 

compliance, and indicates that the carotid baroreflex controls total systemic 

venous capacity to a degree that potentially alters cardiac output by 30-40% 

per 25 mmHg decrease in carotid sinus pressure. 

Lack of techniques have so far prevented thorough investigation of 

this topic in humans. However, previous investigations (63,141) have 

demonstrated that deactivation and activation of the carotid baroreceptors 

produced no change in the level of central venous pressure. Therefore, 

based purely on this circumstantial evidence there appears to be no 

definitive support implicating baroreceptor influences on the venous 

circulation in humans. 

In summary, strong evidence supports the role of arterial baroreceptor 

control of the venous circulation in animals, but evidence is limited in man. 

Intuitively, one could project that a similar effect is mediated in man based 

upon the similar hemodynamic responses elicited by the arterial baroreflexes 

in animals and man; however, the specific vascular bed(s) affected remain 

under current investigation. 

Regulation of Blood Pressure During Dynamic Exercise 
and the Role Subserved by Baroreflexes 

A discussion of the role played by arterial and cardiopulmonary 
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baroreflexes during exercise is first preceded by a brief historical overview of 

the roles played by the central and autonomic nervous systems in the 

regulation of exercise blood pressure. 

During dynamic exercise the appropriate matching of cardiovascular 

responses to the intensity of exercise relies heavily upon an intact nervous 

system (119). As the intensity of exercise increases reflex changes occur 

within the autonomic nervous system; namely concomitant increases in the 

overall level of sympathetic nervous activity and decreases in the level of 

parasympathetic nervous system activity (146). Activation of sympathetic 

neural outflow mediates chronotropic and inotropic changes in myocardial 

function, as well as affecting the caliber of resistive and capacitive vessels 

within the systemic circulation, while decreases in parasympathetic activity 

mediate effects on the rate and contractility of the heart. 

Johansson in 1895 proposed two separate and distinct neural 

mechanisms which control the circulation during exercise (81). Since this 

time the roles of these two mechanisms of the neural control of circulation 

during exercise have generally been accepted (117,118,119,146). In one 

mechanism, neural signals from the motor cortex responsible for recruitment 

of motor units activate, in a parallel fashion, nuclei within the ventrolateral 

medulla involved in cardiovascular regulation. Clearly, this serves as a 

feedforward mechanism of cardiovascular control requiring no physiological 

error signal, and has been termed "central command" (68,94,119). In the 

other mechanism, peripheral receptors situated within the contracting 
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skeletal muscle, sensitive to mechanical deformation and chemical 

stimulation, reflexly activate the same population of nuclei within the 

medullary centers serving as a feedback mechanism to augment systemic 

blood pressure. As this reflex has been demonstrated to preferentially 

increase blood pressure when activated, it has been referred to as the 

"exercise pressor reflex" (4,33,113,117). 

Central Command 

The study of the effects of central command on cardiovascular 

regulation during exercise in humans has required the use of neuromuscular 

blocking agents (such as tubocurarine) to produce a partial neuromuscular 

blockade, and thus enhance the "central effort" of performing the same 

amount of physical work. Leonard et al. (96) utilized this technique to study 

the effects of altered levels of central command on the responses of heart 

rate and blood pressure during static muscle contraction. They measured 

the cardiovascular responses elicited by knee extension before and after the 

administration of an amount of tubocurarine sufficient to reduce the maximal 

force of contraction by approximately fifty percent. When equal muscular 

forces were generated before and after partial neuromuscular blockade, both 

the heart rate and blood pressure responses were greater during the 

blockade condition versus the control (unblocked) condition. However, 

when the same level of muscular force output was performed relative to the 

maximal force generated, as measured by a maximal voluntary contraction 

during the blocked and unblocked conditions, the heart rate and blood 
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pressure responses were of equal magnitude. From these studies it was 

concluded that a central neural mechanism or "central command" was 

responsible for producing the cardiovascular responses to static exercise. 

Further, the magnitude of the cardiovascular responses were determined by 

the intensity of the effort as signaled by central command. 

Different experimental approaches have been utilized to investigate 

the role of central command in the regulation of cardiovascular function in 

animals. Waldrop et al. (191) directly stimulated the subthalamic locomotor 

region in cats heavily anesthetized so they were unable to locomote. 

Following the onset of electrical stimulation of the subthalamic locomotor 

region they observed increases in heart rate, arterial blood pressure, left 

ventricular systolic pressure and the maximal rate of left: ventricular pressure 

development. These responses subsided immediately and returned to 

control values after the stimulation was terminated. Thus, in the absence of 

any apparent physical exertion stimulation of motor centers concomitantly 

activated cardiovascular control centers in the brainstem augmenting 

sympathetic neural outflow and increasing cardiovascular function. 

In summary, parallel recruitment of motor units and activation of 

cardiovascular control centers in the brainstem appear to establish a basal 

level of both sympathetic and parasympathetic activity which is tightly 

linked to the intensity of the exercise effort. However, the remaining 

question of what factor(s) modulate the level of central command, or what 

factor(s) are modulated by central command, requires further investigation. 
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Exercise Pressor Reflex 

This reflex has been studied in anesthetized animals by electrical 

stimulation of the peripheral ends of sectioned spinal ventral roots L7 and S, 

to induce static muscle contraction of muscles of the hindlimb. Such 

studies have demonstrated reflex increases in arterial blood pressure and 

heart rate (33,113,120). Using this approach Mitchell et al. (120) 

demonstrated contraction-induced increases in heart rate, arterial pressure, 

left ventricular systolic pressure, and maximal rate of left ventricular 

pressure development. To determine the origin of these responses, they 

then sectioned the dorsal roots and repeated the electrical stimulation of the 

ventral roots to induced contraction. With the dorsal roots sectioned, the 

induced muscular contraction was not accompanied by increases in any of 

the cardiovascular variables. Thus, this experiment eloquently demonstrated 

that static muscle contraction reflexly increased cardiovascular responses, 

which were mediated by afferent impulses originating within the contracting 

hindlimb and carried in the corresponding dorsal roots. 

The sensory (afferent) fibers which make up the dorsal root have been 

divided into four groups based upon both anatomical and electrophysiological 

measurements (77,118,121). Group I fibers are characterized by fast 

conduction velocities (79-114 m/sec) due to their heavy myelination. Within 

this group are muscle spindle endings (IA fibers) and Golgi tendon organs 

(IB fibers). Group II fibers have less myelination are hence slower 

conduction velocities (30-65 m/sec). Fibers within this group constitute 
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muscle spindles and Pacinian corpuscles. Group III have still less myelination 

with slower conduction velocities (3.6-15 m/sec) with unencapsulated nerve 

endings. Finally, Group IV fibers are non-myelinated afferents, also with 

unencapsulated nerve endings, having a conduction velocity of 

0.3-2.0 m/sec. 

Regarding their involvement in cardiovascular regulation, McCloskey et 

al. (114) and Waldrop et al. (192) have demonstrated that neither electrical 

or chemical stimulation of Group I and Group II fibers produced 

cardiovascular responses. However, electrical and chemical stimulation of 

Groups III and IV fibers produces strong cardiovascular responses (114,192). 

McCloskey and Mitchell (113) used direct current anodal blockade (to 

preferentially block large Group I and II fibers) and local application of 

lidocaine (to preferentially block smaller Group III and IV fibers) to the dorsal 

roots in an isolated hindlimb preparation during electrically induced muscle 

contraction to determine which afferent fibers were responsible for 

mediating the cardiovascular responses. These studies clearly demonstrated 

that the Group III and IV muscle afferents were responsible for the reflex 

cardiovascular responses that occurred during the induced static muscle 

contraction. Further detailed studies by Kaufman and colleagues (85,86) 

have identified the discharge characteristics of Group III and IV fibers to both 

mechanical and chemical stimulation. The results of these studies have 

demonstrated that Group III fibers discharge preferentially to mechanical 

deformation caused during contraction of the muscle and have been termed 
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mechanoreceptors, while Group IV afferents appear to be activated by 

metabolic changes occurring within the contracting muscle, and have been 

termed metaboreceptors (or muscle chemoreceptors). Although the search 

is still on to identify the "metabolic signal" activating these Group IV fibers 

during muscle contraction, possible candidates include interstitial potassium 

(203), decreases in tissue pH (188), and interstitial prostaglandins (175). 

Utilizing a conscious dog model Wyss et al. (205) progressively 

increased terminal aortic resistance during mild exercise by means of a 

chronically implanted terminal aortic occluder, which in turn reduced terminal 

aortic flow and femoral arterial pressure. By progressive decreases in aortic 

flow and femoral pressure during exercise, they demonstrated a region of 

"flow-independence" where decreases in arterial inflow did not affect 

systemic pressure. However, beyond a critical level of arterial inflow further 

increases in terminal aortic resistance, accompanied by further decreases in 

flow, resulted in dramatic increases in systemic blood pressure. Therefore, 

in the conscious dog during mild exercise, the muscle chemoreflex was not 

tonically active, but was evoked when muscle blood flow was reduced 

below some critical level. 

The functional domain of muscle chemoreflex during progressive 

exercise in humans has also been studied. Eiken and Bjurstedt (62) 

investigated the cardiovascular and respiratory effects of reductions in 

muscle perfusion pressure, induced by application of externally applied 

positive pressure (50 torr) to the lower extremities, during graded supine 
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cycle ergometry. At any given workload the arterial blood pressure response 

was greater when positive pressure was applied to the lower extremity. 

Similar findings were observed for blood lactate concentrations and 

pulmonary ventilation. From these findings it was concluded that the 

augmented pressor response during flow-restricted exercise supported the 

notion that activation of muscle chemoreflexes, by accumulation of muscle 

metabolic byproducts, functioned to reduce the local flow error signal 

established in the working muscle. In a recent study Rowell et al. (147) 

questioned whether the chemoreflex in human muscle was activated by 

small reductions in muscle perfusion pressure during mild exercise, or 

whether large reductions in muscle blood flow must first be established 

before evoking reflex responses in blood pressure from the muscle 

chemoreflexes as previously shown by Wyss et al. (205) in the dog. Cycle 

exercise was performed at 40, 87, and 142 watts with and without graded 

levels of positive pressure (0, 25, 35, 45, and 50-60 torir) applied to the 

lower extremities of men sealed at the waist in a lower body positive 

pressure chamber. At each intensity of exercise, increases in positive 

pressure progressively decreased leg blood flow (as measured by the direct 

Fick technique), while increasing arterial blood pressure, heart rate, and 

plasma concentrations of norepinephrine. From these results it was 

concluded that the muscle chemoreflex was operative during mild exercise in 

humans, and that small reductions in muscle blood flow caused by 

decreases in vascular perfusion pressure in the legs (produced by externally 
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applied positive pressure) gave rise to an augmented pressor response with 

no apparent threshold for activation. 

In summary, the exercise pressor reflex responds to both mechanical 

and chemical stimuli in order to reflexly increase arterial pressure through 

changes in both cardiac output and peripheral vascular resistance. 

Teleologically, the purpose for the reflex increase in arterial blood pressure 

may be to augment muscle perfusion pressure and muscle blood flow to 

decrease the metabolic error signal in the contracting muscle which arises 

when there is a mismatch between metabolic supply and metabolic demand. 

Role of Baroreflexes During Exercise 

Over a century ago, an inverse relationship between heart rate and 

arterial blood pressure was recognized by Marey (111), and its underlying 

mechanisms have been well described (74). However, with the onset of 

dynamic exercise, heart rate is permitted to rise concomitantly with the 

increases in arterial blood pressure. This appears to indicate that the 

function of the arterial baroreflexes had been altered to permit the parallel 

increases in heart rate and blood pressure. Bevegard and Shepherd (11) and 

Robinson et al. (140) examined the baroreflex modulation of systemic 

pressure by arterial baroreceptors during exercise. They concluded that this 

reflex was as effective a controller of blood pressure during exercise as at 

rest (ie. no change in reflex sensitivity) . In addition, animal studies have 

demonstrated no alteration in carotid baroreflex responsiveness during 

exercise (38,115,193,194,196,195). However, Bristow et al. (24) and 



34 

more recently Staessen et al. (173) were unable to replicate these findings; 

they demonstrated alterations in arterial baroreflex control of heart rate and 

blood pressure during exercise. As a result of these dichotomous findings, 

the understanding of this interesting and important facet of circulatory 

physiology remains equivocal. At least three factors are pertinent in 

explaining the reported discrepancies in baroreflex control during exercise: 

i) the difficulty of directly relating the conclusions obtained from animal 

studies to the regulation of blood pressure in humans during exercise; 

ii) differences in the methodological approaches used to investigate the 

function of baroreflexes during exercise; and iii) the use of vasoactive 

substances to alter systemic blood pressure, which not only affects multiple 

baroreceptor populations simultaneously, but also exert direct excitatory 

affects on baroreceptor nerve endings (76). This latter point has recently 

been demonstrated to be of importance in light of the functional differences 

in operational characteristics between these two baroreceptor populations 

(10,16,64). 

Several techniques have been developed to investigate the function of 

arterial baroreflexes during dynamic exercise. These include: i) sequential 

surgical denervation of sino-aortic baroreceptor populations 

(115,193,194,195); ii) vascular isolation of the carotid sinus region in order 

to alter carotid sinus perfusion pressure independent of systemic pressure 

(115); iii) infusion of vasoactive substances to alter systemic blood pressure 

in order to activate arterial baroreceptor populations (24,37,42); and 
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iv) alterations in carotid sinus transmural pressure elicited by changes in 

neck chamber pressure delivered by a malleable lead collar surrounding the 

anterior 2/3 of the neck (11,45,62,103,108,173,177). 

Arterial Baroreflexes 

Recently investigations in the conscious dog (115,193,194) have 

demonstrated that afferent information emanating from the aortic, carotid 

and cardiopulmonary baroreceptors tonically inhibits the vasomotor center 

and acts to minimize the lability in arterial blood pressure at rest, whereas 

during exercise only the arterial baroreflexes function in this capacity (194). 

Melcher and Donald (115) examined the ability of the vascularly isolated 

carotid sinus baroreceptors to regulate arterial pressure during rest and 

treadmill exercise in the instrumented dog with intact aortic and 

cardiopulmonary baroreceptors. Their results demonstrated an upward shift 

in the stimulus-response curves relating heart rate and arterial pressure to 

carotid sinus pressure, accompanied by no change in the functional 

characteristics of the reflex (ie. maximal gain, and carotid sinus pressure at 

maximal gain were the same at rest as during exercise). As these authors 

were interested in investigating the relative contribution of the carotid sinus 

baroreflex in cardiovascular control during exercise, they also repeated these 

experiments following acute bilateral vagotomy to interrupt the buffering 

effects from the aortic and cardiopulmonary baroreceptors. Denervation 

resulted in an increase in carotid sinus baroreflex gain and an increase in the 

magnitude of the blood pressure response at rest, while during exercise no 
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differences in maximal gain were reported. When pressure was than altered 

in the isolated carotid sinus during exercise, reflex changes in heart rate and 

arterial pressure were still evident. Therefore, they concluded that the 

carotid baroreflex retained its ability to buffer disturbances in systemic 

pressure as effectively during exercise as at rest, even in the absence of 

vagally-mediated information from the aortic and cardiopulmonary 

baroreceptors. Interestingly, they reported that acute bilateral vagotomy 

resulted in significant elevations in resting blood pressure; while during 

graded exercise the blood pressure responses were actually lower then the 

resting value. In addition, the arterial blood pressure stimulus-response 

curve during exercise had shifted downward and to the left to a lower 

pressure range, which was in opposition to the observed exercise induced 

upward shift of the stimulus-response curve with the vagi intact. Therefore, 

although it was not discussed by these authors, it appeared from their 

results that the loss of afferent input originating from the cardiopulmonary 

and aortic baroreceptors and carried by the vagi resulted in the downward 

shift in the arterial pressure stimulus-response curve during exercise. This 

was in direct contrast to the upward shift in the stimulus-response curve 

with the vagi intact. This finding suggests an important modulatory role of 

the carotid baroreflex by either the cardiopulmonary and/or aortic 

baroreceptors during exercise, which to date has not been clarified. 

In another series of studies, Walgenbach and Donald (193) examined 

the ability of the carotid baroreceptors to regulate blood pressure during 
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graded exercise in the chronic absence of the aortic baroreflex in dogs. 

When the carotid sinuses were vascularly isolated and unable to respond to 

the exercise-induced increases in blood pressure, an exaggerated blood 

pressure response was reported. However, the heart rate and cardiac output 

responses were similar to those produced when the carotid sinuses were 

permitted to respond to the changes in exercise blood pressure. Therefore, 

they suggested that the exaggerated pressor response was produced by a 

progressive increase in peripheral vascular resistance, which may have 

mediated by a powerful vasoconstrictor outflow attenuating the metabolic 

vasodilation in the exercising skeletal muscle beds. From these findings it 

appeared that the role of the carotid sinus baroreceptors was to adjust 

imbalances between the workload-induced metabolic vasodilation and the 

exercise-induced increases in sympathetic neural outflow, and thereby 

function to buffer excessive increases in systemic blood pressure during 

moderate-to-severe levels of exercise. In addition, it was clear from these 

findings that the carotid baroreceptors were rapidly reset during graded 

exercise; as at a constant carotid sinus pressure, graded resetting of the 

carotid baroreflex would be interpreted centrally as a progressive 

hypotensive stimulus which concomitantly would produce a greater 

sympathetic vasoconstrictor outflow. However, as these experiments were 

conducted on animals following chronic aortic denervation, the ability to 

draw definitive conclusions regarding carotid baroreflex function remains 

equivocal in light of the concomitant chronic adaptations in renal (89) and 
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endocrine (14) functions following the loss of aortic baroreceptor activity, in 

addition to adaptations which likely would have occurred within the central 

nervous system (153). 

Information pertaining to the arterial baroreceptor control of circulation 

in man is much more restricted, and is largely attributed to limitations in the 

techniques available for this type of investigation (107). Presently, the only 

technique available to selective study carotid baroreflex control of heart rate 

and blood pressure is by using the variable pressure neck collar, which 

increases and decreases pressure within the collar to produce quantifiable 

changes in the level of carotid baroreceptor activation and deactivation 

states (52,100,171). Utilizing this technique, Bevegard and Shepherd (11) 

in 1966 contrasted the effects of carotid baroreflex stimulation at rest and 

during supine cycle ergometry. They observed that increases in carotid 

sinus transmural pressure (by neck suction) produced similar changes in 

heart rate and systemic blood pressure following carotid sinus hypertension 

during exercise as observed at rest. The decreases in blood pressure were 

mediated primarily by reflex decreases in vascular resistance produced by 

dilation of resistance vessels in the limbs, as well as being accompanied by 

relatively small, 10% to 12%, decreases in cardiac output. From these 

findings they concluded that the carotid baroreflex continues to oppose the 

rise in blood pressure as effectively during exercise as at rest, a finding 

similar to those advanced by Melcher and Donald (115) in 1981. Similar 

conclusions reporting no alteration in arterial baroreflex sensitivity were 
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reported by Robinson et al. (140) in their study of pharmacologically-induced 

increases in systemic pressure during supine exercise in man. Other 

available data have reported graded reductions in arterial (24) and carotid 

(173) baroreflex sensitivities which were related to the intensity of exercise. 

However, similar to the study of Robinson et al. (140), Bristow et al. (24) 

utilized pharmacological increases in systemic pressure produced by 

intravenous injections of phenylephrine, which simultaneously activated the 

carotid, aortic, and cardiopulmonary baroreceptor populations. Therefore, 

the ability to draw definitive conclusions regarding the function of specific 

baroreceptor populations was not possible. Also, although the study 

conducted by Staessen et al. (173) utilized rapid changes in neck suction 

and pressure to selectively examine the carotid baroreflex during graded 

exercise, they reported the reflex chronotropic changes as changes in 

R-R interval instead of changes in heart rate. These investigators assumed 

that the relationship between changes in heart rate and R-R interval were 

described by a linear function which has been demonstrated not to be the 

case (see Appendix H). By using changes in R-R interval they demonstrated 

what appeared to be an exercise induced attenuation in the sensitivity of the 

carotid baroreceptors to evoke reflex responses in heart rate during exercise. 

Therefore, their conclusions were incorrect due to the inappropriate use of 

changes in R-R interval. In addition, these authors utilized one level of neck 

pressure (approximately +30 torr) and neck suction (approximately -35 torr) 

at rest and during exercise to deactivate and activate the carotid 
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baroreceptors, respectively, which adds to the difficulty in interpretation of 

their data. 

Another suggested function of the arterial baroreflexes is to maintain 

a certain degree of vasoconstrictor tone within active skeletal muscle during 

moderate to severe exercise (145). This vasoconstriction is necessary to 

counteract metabolic vasodilation and maintain arterial blood pressure during 

strenuous physical exertion (152), since the metabolic demand of the 

skeletal muscle for blood flow can outstrip the cardiac pumping capacity. 

Recently, Strange et al. (177) in 1990 examined the reflex control of muscle 

blood flow and arterial pressure during moderate to severe exercise in 

humans. They applied pulsatile neck suction of -50 torr for 30 seconds 

during graded bicycle exercise and measured femoral venous blood flow by a 

constant-infusion thermodilution technique. At the lowest workload 

(40% V02 max) neck suction significantly reduced arterial blood pressure 

and heart rate while increasing leg vascular conductance without changes in 

femoral venous blood flow. However, at the highest workload 

(88% V02 max) no change in leg vascular conductance was observed, and 

both blood pressure and femoral venous blood flow decreased. From these 

findings they concluded that as leg vascular conductance was increased by 

neck suction during mild exercise intensities, net muscle blood flow during 

mild exercise was the resultant of competing metabolic vasodilation and 

sympathetic vasoconstrictor tone, which was modulated by the carotid 

baroreflex. In addition, since no change in leg vascular conductance was 
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observed during neck suction at the high exercise intensity, the level of 

vasoconstrictor outflow to active skeletal muscle during heavy exercise did 

not appear to be modulated by the carotid baroreceptors. 

Cardiopulmonary Baroreflexes During Exercise 

The inhibitory influence of the diffuse population of cardiopulmonary 

baroreceptors on carotid baroreflex control of heart rate and blood pressure 

has been demonstrated in resting humans (45,124,127,187) as well as 

conscious and anesthetized animals (34,39,41). Cardiopulmonary 

baroreceptors exert powerful changes in peripheral vascular resistance 

following small alterations in central venous filling pressure which occur 

independent of changes in systemic blood pressure (112). A cross-

sectional study by Mack et al. (104) and a longitudinal study by 

Chase et al. (29) examined the training-induced alterations in forearm 

vascular resistance elicited by changes in central venous pressure at rest. 

The slope of the central venous pressure-forearm vascular resistance 

relationship was reduced in trained men suggesting that the cardiopulmonary 

baroreflex was less effective in augmenting changes in forearm vascular 

resistance in the trained state. 

Despite the effects which endurance training appear to exert on 

cardiopulmonary baroreceptor function, less is known of the role played by 

these baroreceptors during exercise. Mack et al. (105) examined the 

changes in arterial blood pressure, cardiac output, and forearm blood flow 

during mild supine cycle ergometry with and without lower body negative 
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induced decreases in central venous pressure. During mild steady-state 

exercise lower body negative pressures of -10, -20 and -40 torr 

progressively decreased cardiac output and forearm blood flow without any 

changes in mean arterial pressure. This was accompanied by linear 

increases in forearm vascular resistance. From these results they suggested 

that selective deactivation, or unloading, of the cardiopulmonary 

baroreceptors activated vascular reflexes which aided in the maintenance of 

arterial blood pressure during exercise. In contrast, Walgenbach and Donald 

(195) found that in the acute absence of arterial baroreflexes, the vagally 

innervated cardiopulmonary baroreceptors exerted no significant role in the 

cardiovascular adjustments which functioned to maintain arterial pressure 

during exercise in the dog. Similar conclusions were obtained from studies 

conducted on dogs by Daskalopoulos et al. (38), and suggested that the 

action of cardiopulmonary baroreceptors was in the prevention of a post-

exercise rise in blood pressure by mediating a rapid dilation of systemic 

resistance vessels. 

Cardiopulmonary and Carotid Baroreflex Interactions 

Prior to a discussion of the degree of interaction between carotid and 

cardiopulmonary baroreceptors the concept of "interaction", from a systems 

control theory standpoint, is merited. Sagawa (150) in a thorough review of 

the overall performance of the baroreceptor reflex system defined the term 

interaction as follows: "...the word simply means any kind of mutual 

influence between two systems whether the summation is linear or not." In 
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terms of the baroreceptor systems they all exert effects on the effector 

organs (ie. heart, and blood vessels) to varying degrees. Under conditions 

where the input level from multiple baroreceptor populations is high it is 

likely that output from the reflex will be easily saturated. From the word 

"saturated" one might suggest that the output of a system will not be 

augmented by increasing the level of the inputs. However, under conditions 

where the input levels are small, the resultant output from multiple inputs 

can be additive, facilitatory, or inhibitory. Therefore, in order to examine the 

type of integration which may occur between multiple baroreceptor 

populations, graded levels of input signals must be used. 

A number of varying techniques have been used to modify 

cardiopulmonary baroreceptor afferent nerve activity. Volume expansion has 

been a widely used method to primarily activate, or load, the 

cardiopulmonary baroreceptors. However, it has been demonstrated that a 

10% volume expansion can result in the activation of the aortic 

baroreceptors (66,70). Hemorrhage produces the opposite effect by 

deactivating, or unloading, the cardiopulmonary baroreceptors. However, 

recently Shen et al. (156) have demonstrated that sino-aortic baroreceptors 

played a greater role then cardiac receptors in regulating arterial pressure 

during hemorrhage. This indicates that using hemorrhage may not be a 

selective stimulus to evoke cardiovascular reflexes from cardiac receptor 

unloading. In addition, other techniques utilized in the study of 

cardiopulmonary baroreceptor function in animals have included vagal 
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cooling, pericardial injection of local anesthetics, and surgical denervation of 

the vagal trunk. These techniques are discussed in a reyiew of cardiac 

mechanoreceptors written by Bishop, Malliani, and Thoren (15). 

Several different techniques have also been used to study 

cardiopulmonary baroreceptors in humans. Changes in posture (standing to 

supine) acutely activates, or loads, the cardiopulmonary baroreceptors by the 

translocation of blood volume into the central circulation producing 

concomitant increases in central venous pressure. This method was utilized 

by Eckberg et al. (59) and Harrison et al. (71) to alter the degree of 

activation of cardiopulmonary baroreceptors. The advent of lower body 

negative pressure has provided a method to produce finely graded changes 

in central venous pressure and hence, graded unloading of cardiopulmonary 

baroreceptors (12,127,179). In addition, head-out water immersion (125) 

has also been used to elicit long-term elevations in central venous pressure, 

and recently, application of low levels (less then 10 torr) of lower body 

positive pressure has been shown to increase central venous pressure in 

resting humans (159). 

All of these interventions provoked changes in central venous pressure 

which were probably sufficient to alter cardiopulmonary baroreceptor 

afferent activity. Similar changes in central venous pressure have been 

demonstrated to alter cardiopulmonary vagal afferent activity in experimental 

animals (182). 

Studies of the interaction between cardiopulmonary and carotid 
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baroreceptors have produced equivocal results. Takeshita et al. (179) 

investigated whether changes in central venous pressure would modify the 

arterial baroreflex control of heart rate in humans at rest. They utilized a 

combination of lower body negative pressure and leg elevation to decrease 

and increase, respectively, the level of central venous pressure. Neither of 

these interventions altered the baroreflex slope of heart rate obtained from 

phenylephrine injections or from neck suction. This is in agreement with the 

study by Eckberg et al. (59), which combined electrical stimulation of carotid 

sinus nerves with postural changes in humans. Vukasovic et al. (190) used 

neck suction and pressure with and without lower body negative pressure to 

study the effects of decreases in central venous pressure on the responses 

in heart rate and blood pressure. Their results are compatible with the view 

that application of lower body negative pressure did not alter the sensitivity 

of the baroreceptor reflex, and that any changes in responsiveness may have 

been due to non-linearities inherent to the stimulus-response curve. In a 

study by Bevegard et al. (12) they reported that lower body negative 

pressure had little to no effect on the heart rate responses to -40 torr neck 

suction, however, they reported greater falls in blood pressure to the same 

level of neck suction. From this finding they proposed that unloading of 

cardiopulmonary baroreceptors may exert differential effects on the two 

effector mechanisms of the carotid baroreflex (namely heart rate and blood 

pressure). 

On the other side of the coin, evidence exists to support the notion of 
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a significant interaction between these two baroreceptor populations. 

Circumstantial evidence was reported by Eckberg et al. (60), which 

demonstrated that upright posture augmented the carotid baroreflex-induced 

bradycardia to carotid sinus hypertension, while decreasing central venous 

pressure. They speculated that this augmentation may have resulted from 

decreases in central venous pressure producing a decrease in 

cardiopulmonary baroreceptor afferent nerve activity and reductions in the 

tonic level of inhibition mediated by cardiopulmonary baroreceptors on 

carotid baroreflex responsiveness. Similarly, Harrison et al. (71) reported 

greater shortening of the R-R interval following neck suction when the 

subject was in the upright position compared with the supine position. 

Supporting these concepts, Parati et al. (125) demonstrated the opposite 

effect during head-out water immersion which increases cardiac filling 

pressure. Pawelczyk and Raven (127) defined the complete carotid 

baroreflex stimulus-response curves for both heart rate and blood pressure 

with and without lower body negative pressure induced changes in central 

venous pressure in resting man. They found that reductions in central 

venous pressure and/or central blood volume augmented both heart rate and 

blood pressure responses to carotid baroreflex stimulation in man by 

reducing the inhibitory influence from cardiopulmonary baroreceptors. 

Several studies conducted in experimental animals have demonstrated 

that cardiopulmonary receptor activity modulates arterial baroreflex 

responses. Koite et al. (92) showed that transection of cardiopulmonary 
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vagal afferent nerves in anesthetized dogs increased the vasoconstriction 

evoked by carotid sinus hypotension. Conversely, Vatner et al. (185) rapidly 

infused saline into conscious dogs and reduced the reflex bradycardia caused 

by a similar rise in blood pressure without volume expansion. 

In summary, current published research has not provided definitive 

proof whether or not a functional interaction occurs between the 

cardiopulmonary and carotid baroreceptors at rest. Some of the 

discrepancies may be due to species differences, different methodological 

approaches, or may be obscured by a rapid resetting of the cardiopulmonary 

baroreceptor (28) following changes in input pressure (ie. central venous 

pressure and/or central blood volume). Also, it may be that in the upright 

human (as compared to the quadruped animal) the role of the 

cardiopulmonary baroreceptors are of different functional importance in 

cardiovascular regulation (especially during exercise) by providing critical 

information regarding the "filling status" of the heart. The present study 

was designed to examine the nature of this interaction during dynamic 

exercise in man. 

Chapter Summary 

Based on this review, it appears that the arterial baroreceptors buffer 

excessive sympathetic neural outflow during dynamic exercise to prevent 

non-physiological increases in systemic blood pressure. Sequential 

denervation of baroreceptor populations have attempted to assess the 

relative contribution of individual baroreceptor populations to systemic blood 
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pressure regulation during exercise in animals. However, in humans, 

research studying the role of isolated baroreceptor populations during 

exercise has been restricted to the study of the carotid baroreflex by use of 

the neck collar. In addition, there are currently no reported studies which 

have examined the interaction between cardiopulmonary and arterial 

baroreflexes in the control of cardiovascular function during exercise in man. 

Moreover, as previous investigations have demonstrated the presence of a 

facilitatory interaction between cardiopulmonary and carotid baroreceptors in 

resting man, it seems reasonable to probe into the modulatory role which 

these baroreceptors may exert on carotid baroreflex function during dynamic 

exercise. Finally, there is limited information available describing the 

complete stimulus-response relationship of carotid baroreflex control of heart 

rate and blood pressure during exercise in humans. Therefore, the purpose 

of this investigation was to determine the difference in carotid baroreflex 

responsiveness in men at varied levels of central venous pressure and 

varying metabolic demands. In attempting to explain any observed 

differences, the following characteristics of carotid sinus baroreflex function 

were assessed: 

i) Determine the reflex responses of heart rate and blood pressure 

evoked by neck pressure/suction during steady-state conditions 

of rest and two levels of steady-state exercise; 

ii) Compare the heart rate and blood pressure responses evoked 

by the carotid baroreflex under varied levels of central venous 



49 

pressure during steady-state conditions of rest and two levels 

of steady-state exercise; 

iii) Determine the ability of the cardiopulmonary baroreceptors to 

modulate the maximal gain of the carotid baroreflex control of 

heart rate and blood pressure during steady-state conditions of 

rest and two levels of steady-state exercise; 

iv) Define the relationship between various levels of metabolic 

demand (by comparisons made between rest and two levels of 

exercise) and alterations in cardiopulmonary baroreceptor 

activity (as determined from the graded reductions in central 

venous pressure). 



CHAPTER III 

EXPERIMENTAL PROCEDURES AND TECHNIQUES OF MEASUREMENT 

The primary aim of these series of investigations was to determine 

carotid baroreceptor responsiveness during acute physical exertion in man 

under varying intensities of dynamic exercise. An additional aim was to 

examine the modulatory role which cardiopulmonary baroreceptors may 

exert on carotid baroreflex function during physical exertion. With these 

considerations in mind, this chapter outlines in detail the experimental 

procedures, along with a description of the measurement techniques, which 

were utilized to investigate these questions. 

A novel approach was employed to characterize the carotid baroreflex 

stimulus-response relationship. Reflex heart rate (HR) and blood pressure 

(MAP) responses mediated by the carotid baroreflex were obtained from 

systematic alterations in carotid sinus transmural pressure produced by brief 

(5 second) stimulations delivered by static neck pressure and neck suction 

(NP/NS) techniques. Seven men aged 18 -35 years were selected for 

inclusion in these investigations based upon their level of peak aerobic 

power (V02p(MIk) ranging between 40 - 50 ml-kg'^min"1 as determined in the 

semirecumbent position. Metabolic and cardiovascular responses were 

obtained from each subject under resting and steady-state exercise 

50 
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conditions, as well as during LBNP-induced graded reductions in central 

venous pressure (CVP) in order to deactivate, or unload, the 

cardiopulmonary baroreceptors. Carotid baroreflex stimulus-response curves 

were obtained from each subject at rest and during steady-state exercise to 

determine the functional role of this high-pressure baroreceptor population in 

the regulation of systemic blood pressure. In addition, carotid baroreflex 

responsiveness was measured at each level of LBNP to determine the effect 

of reductions in cardiopulmonary baroreceptor afferent activity upon the 

operational characteristics of the carotid baroreflex during rest and exercise 

conditions. 

Subjects 

Volunteer men ranging in age from 18 to 35 years were recruited to 

participate from the Dallas-Fort Worth community, and from the student 

populations of Texas College of Osteopathic Medicine, the University of 

North Texas, and Texas Christian University. Prospective participants were 

automatically excluded if any of the following conditions existed: i) did not 

possess the underlying subject constraints (caucasian mate, aged 18 - 35 

years, V02peak ranging between 40 - 50 ml-kg"1-min"1); ii) medically 

documented hypertensive, cardiovascular, respiratory, metabolic or 

neurologic disorder; iii) were using prescribed or over-the-counter medication 

of any type; iv) demonstrated a positive Allen's test for collateral perfusion 

of the right hand. One prospective participant was eliminated due to 

previous medical drug therapy. 
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Each prospective participant was informed of the inherent risks and 

purposes of each experimental procedure and was asked to provide written 

informed consent for participation. Each subject completed a health 

questionnaire and received a resting supine and standing 12-lead 

electrocardiogram (EKG) prior to acceptance into the studies. All 

experiments conformed to the ethical considerations as approved by the 

Institutional Review Board for Human Subjects of the Texas College of 

Osteopathic Medicine. This information and an explanation of the risks and 

benefits of the study were outlined to the subject in lay language and all 

questions raised by each subject were addressed. Subjects possessing 

contraindications to the graded exercise test in accordance with the 

American College of Sports Medicine (5) did not proceed with the graded 

exercise tolerance test. Only those participants who successfully met the 

medical criteria as outlined above participated in these investigations. 

Additional screening included a graded exercise tolerance test performed on 

a cycle ergometer to volitional fatigue for determination of the peak 

metabolic response to exercise. 

A statistical procedure was employed to estimate the sample size 

required to obtained sufficient statistical power (32). A series of pilot 

studies were conducted on four men to investigate carotid baroreflex 

function during graded exercise utilizing varied levels of pulsatile neck 

pressure and suction. This was followed by mathematical modelling of HR 

responses to induced changes in carotid sinus pressure, followed by 
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calculation of the estimated carotid sinus pressure threshold. A one-tailed 

test was than performed at the 5 percent level of the null hypothesis 

(z„= 1.65). Based on the observed population standard deviation around the 

calculated mean shift in carotid sinus pressure threshold during exercise, this 

analysis projected that a sample size of five subjects should be sufficient to 

obtain differences which would attain statistical significance. Sixteen 

volunteers met all of the initial criteria for participation, however, due to the 

intricacies involved with placement of the central venous and radial artery 

catheter only seven successful investigations were completed. However, 

based upon the above described a priori sample size analysis, the number of 

subjects was sufficient. 

Participants who completed the entire series of experiments were 

compensated $250.00 for time lost. In the instance where subjects were 

unable to complete the entire series of experiments, as a result of an 

unusable central venous catheter, subjects were partially compensated on a 

hourly basis ($10.00/hour) which did not exceed $100.00. 

Test Days 

Three test days were required for completion of the proposed 

investigations. Each subject arrived at the laboratory and consumed 500 ml 

of tap water to ensure that the subject was in a hydrated state. Day One 

consisted of initial screening procedures, including the graded exercise 

tolerance test for determination of peak oxygen uptake (V02peak), 12-lead 

EKG, echocardiogram, and Alien's test for determination of collateral 
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perfusion of the right hand. Volunteers who met the criteria for inclusion to 

participate received a complete and thorough explanation of the purposes of 

the study, the protocols to be followed, and the procedures to be utilized in 

each experiment. Subjects then participated in a familiarization session to 

become acquainted with the non-invasive procedures utilized in each 

experimental protocol. These included exposure to the neck pressure and 

neck suction protocols, lower body negative pressure, graded cycle 

ergometry, and measurement of forearm blood flow by venous occlusion 

plethysmography. The procedures conducted on Day Two included the 

collection of ventilatory and hemodynamic data which did not require 

invasive procedures. These included verification of the submaximal exercise 

workloads (20% and 40% V02peak) from the measurement of oxygen uptake 

via open circuit spirometry, measurement of forearm blood flow (FBF) by 

venous occlusion plethysmography (202), quantification of active skeletal 

muscle motor activity from surface electromyography (EMG), a subjective 

evaluation of the level of physical exertion using the Borg scale of perceived 

exertion (RPE), as well as measurement of cardiac output (Qc) during 

exercise by continuous-wave Doppler echocardiography and acetylene 

rebreathing techniques. Day Three included assessment of carotid 

baroreflex control of HR and MAP at three discrete levels of CVP during rest 

and steady-state exercise at 20% and 40% of V02peak on a cycle ergometer. 

These procedures required the direct measurement of intra-arterial and 

central venous pressures. All participants initially completed the procedures 
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outlined in Day One. A Latin square design was then used to randomize the 

presentation of experimental Days Two and Three. 

Experimental Procedures 

Study 1 - Graded Exercise Test and Determination of V O w 

The graded exercise test (GXT) was conducted following the 

guidelines as established by the American College of Sports Medicine (5). 

Subjects arrived at the laboratory four hours post-prandial and having 

abstained from caffienated beverages, non-prescribed medications, and 

strenuous physical exercise for a minimum of 12 hours. 

Each subject completed a GXT on a magnetically-braked cycle 

ergometer (Intellifit, Inc., Houston, TX) housed within a lower body negative 

pressure chamber to volitional fatigue for the determination of V02peak-

Subjects were instructed to cycle at a constant pedal cadence of 60 rpm 

while the workload was systematically increased by 25 watt increments 

every minute until volitional fatigue. The constancy of pedal cadence was 

facilitated by continual visual feedback of the actual pedal cadence to the 

subject via a computer monitor. Criteria for attainment of V02peak included 

the inability to maintain a constant pedal cadence of 60 rpm, accompanied 

by a respiratory exchange ratio exceeding a value of 1.10. A three minute 

recovery period of 25 watts cycling was provided at the conclusion of the 

test. 

Heart rate (HR) responses were averaged from the last 10 seconds of 

each minute through-out this protocol and during the first three minutes of 
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recovery from the EKG. Systolic (SBP) and diastolic (DBP) blood pressures 

were obtained from brachial artery auscultation every third minute during the 

GXT, immediately after peak exercise, and every minute during recovery. 

Throughout the GXT measurement of the rate of oxygen uptake (V02) 

was obtained using a dedicated breath-by-breath open circuit spirometry 

system. Inspired and expired gas samples were collected continuously, with 

oxygen and carbon dioxide gas concentrations measured by a mass 

spectrometer (Perkin-Elmer, MGA 1100-AB, Pomona, CA) calibrated to 

known gas concentrations. Tidal volume (Vt) for each breath was measured 

using a low resistance turbine flow meter (VMM 2A, Alpha Technologies 

Inc., Laguana Hills, CA). A customized software package (Symbolic Logic 

Inc., Dallas, TX) calculated the respired gas and ventilatory volume signals 

following 12 bit A/D conversion, and corrections for delay and response 

times were performed for breath-by-breath calculation of oxygen uptake 

(V02), carbon dioxide production (VC02), respiratory exchange ratio (R), 

minute ventilation (VE), end-tidal PC02, end-tidal P02 and the ventilatory 

equivalents for oxygen (VE/V02) and carbon dioxide (VE/VC02). All data 

collection, storage and calculations were performed by a laboratory 

minicomputer (MINC 23, Digital Equipment, Inc., Maynard, MA). 

Determination of V02p6ak from the GXT was essential for calculation of 

the relative workloads (20% and 40% V02peJ which were utilized during 

the investigation of carotid and cardiopulmonary baroreflexes during 

exercise. 
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Study 2 - Carotid Baroreflexes At Rest And Purina Dynamic Exercise 

Investigations were performed during seated rest in a semi-recumbent 

position (70° back-supported) and during steady-state cycle ergometry at 

two workloads which represented 20% and 40% of each subject's 

previously determined peak oxygen uptake. The experimental setup is 

illustrated in Figure 1. 

RPM visualized 
on monitor 

Doppler probe 

Finapress 

Oxygen uptake 

Computer controlled 
magnetically braked 
cycle ergometer 

heart rale 

• 
Pressure in JL_ 

, J 

Figure 1. Illustration of the experimental setup. Subjects were seated in a 
semi-recumbent position and sealed at the iliac crest by means of a modified 
polypropylene skirt and a restraining belt. During the experimental protocols 
expired gases and ventilation were measured by a mass spectrometer and 
turbine flowmeter, respectively. Negative pressure was generated within the 
lower body negative pressure chamber manually by variable 
autotransformers controlling a vacuum source, and the negative pressure 
was displayed on a digital pressure monitor. The insert on the right 
illustrates the placement of the Doppler flow probe duririg measurement of 
cardiac output, and the FINAPRES finger plethysmograph for indirect 
measurement of arterial pressure. Not shown are the location of the two 
pressure transducers for direct measurement of radial arterial pressure and 
central venous pressure. Also not illustrated is the neck collar apparatus 
used to stimulate the carotid baroreceptors. 
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These two separate exercise workloads enabled the investigation of carotid 

baroreflex function under varying steady-state levels of central command 

and muscle afferent reflex activities (118,119). The protocol used in these 

studies to investigate the effect of graded exercise intensity (20% and 40% 

V02paak) on carotid baroreflex control of heart rate and systemic blood 

pressure is outlined in Figure 2. Hemodynamic and reflex responses to 

carotid baroreflex stimulation were first collected during the resting control 

condition, followed by either the 20% or the 40% VOjpe,* workload 

presented in a randomized fashion. A total of three experiments were 

completed on each subject following this scheme. 

Condition 

Cardiac output 

Forearm blood flow 

Carotid stimulation 

EMG / RPE 

Resting Control Exercise (20% & 40% VO2 peak) 

Time (minutes) 

Figure 2. Time-related protocol for determination of carotid baroreflex 
responsiveness. Note, data collection during resting control preceded the 
exercise conditions for all subjects. EMG/RPE - skeletal muscle motor 
activity/rating of perceived exertion. 

Each subject exercised continuously at each workload between 20 to 

25 minutes. Based upon the mild workloads incorporated in this protocol 



59 

steady-state cardiorespiratory responses were attained within the first three 

to five minutes (200), and the responses to carotid baroireflex stimulation 

were then collected between minutes five and 25 of steady-state exercise. 

By performing the measurements during steady-state exercise the "central" 

afferent input from central command (somatomotor activity) and muscle 

afferent activity remained constant (118,119). The order of the trials were 

randomized and separated by a 15 minute rest period to allow for adequate 

recovery from the preceding exercise bout. 

Carotid baroreflex responses were elicited in each subject by applying 

non-pulsatile pressure changes in multiple steps to the carotid sinus region 

encased by a malleable lead collar surrounding the anterior 2/3 of the 

subject's neck (171). Static levels of pressure and suction were generated 

by an industrial vacuum sweeper motor fans (Evans 8500) supported 

underneath the LBNP chamber. This pressure and suction source was 

connected to the neck collar by 2.5 cm internal diameter reinforced tubing to 

withstand the high negative pressures generated during the neck suction 

stimulations (ie. -80 torr). The vacuum motor fans delivered either pressure 

or suction to the neck collar through one-way shut-off valves (Automatic 

Switch Co., Florham Park, NJ). 

Carotid baroreflex responsiveness was determined principally through 

the use of 5 sec stimulations delivered to the carotid sinus region by brief 

periods of NP and NS. Two levels of NP ( + 20 and +40 torr) and four levels 

of NS (-20, -40, -60 and -80 torr) were presented in a pseudo-random 
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fashion to deactivate and activate, respectively, the carotid baroreflex over 

its complete functional range. The peak reflex HR and MAP responses to 

each level of NP and NS were taken as the "open-loop" response mediated 

by the carotid sinus baroreflex. As the precise effects of graded NP and NS 

on carotid sinus transmural pressure remain equivocal, it was assumed that 

the pressure transmission through the tissues overlying the carotid sinus 

region was 100 percent, and thus the estimated effective carotid sinus 

transmural pressure (ECSP) was calculated as the difference between the 

pre-stimulus MAP and the generated level of NP and NS within the neck 

collar. Through use of this protocol the typical sigmoidal relationship 

between reflex HR and MAP responses to changes in ESCP were attained. 

In addition, in several subjects a "train" of pulsatile neck pressure and 

suction, similar to the one described by Sprenkle et al. (171), was used to 

selectively stimulate the carotid baroreflex and obtain open-loop responses 

for HR and MAP. This technique has been well documented to accurately 

describe the operational characteristics of the carotid baroreflex in resting 

man (47,51,171). Briefly, twelve R-wave triggered stimulations were 

delivered to the carotid sinus region ranging in pressures from +40 torr to 

-65 torr. Following the first four stimulations at +40 torr, the following 

eight pulses proceeded in -15 torr decrements to a final pressure of -65 torr. 

While at rest each stimulation consisted of a pulse duration of 500 msec, 

and during exercise the pulse duration corresponded to 50% of the pre-

stimulus interbeat interval (RRI) in order to provide maximal carotid sinus 
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stimulation while retaining the pulsatile nature of the stimulus (48). At least 

5 "trains" with correlation coefficients expressing changes between RRI and 

neck chamber pressure in excess of 0.80 were accepted and subsequently 

meaned to obtain a carotid baroreflex stimulus-response curve at each stage. 

By following these procedures it was possible to compare the stimulus-

response curves derived from these two separate methodologies in order to 

assess the applicability of using "trains" of neck pressure and suction to 

characterize carotid baroreflex function during exercise. 

Study 3 - Carotid and Cardiopulmonary Baroreflex Interactions At Rest 

And Purina Exercise 

Three experimental conditions (rest and exercise at 20% and 40% 

v02P8ak) were utilized to investigate the effect of alterations in 

cardiopulmonary baroreceptor inhibition of carotid baroreflex responsiveness. 

Figure 3, on the next page, illustrates the design utilized to investigate the 

effect of changes in cardiopulmonary baroreceptor input on carotid 

baroreflex responsiveness. This protocol was identical to the first series of 

experiments, with the exception that prior to data collection LBNP was used 

to establish the desired decrease in CVP. Immediately after the level of CVP 

was stabilized, the hemodynamic and reflex responses to carotid baroreflex 

stimulation were collected in the order illustrated. A total of six experiments 

(2 at rest, 2 at 20% V02pMk# 2 at 40% V02peak) were completed on each 

subject. Each subject exercised for 25 minutes at both intensities of 

exercise. The index employed to document alterations in the level of 
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Condition 

Cardiac output 

Forearm blood flow 

Carotid stimulation 

EMG/RPE 

LBNP 

Resting Control Exercise (20% & 40% VO2 peak) 
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Figure 3. Time-related protocol for determination of the effect of 
cardiopulmonary baroreceptor unloading on carotid baroreflex 
responsiveness. Note, data collection during resting control preceded the 
exercise conditions for all subjects. EMG/RPE = skeletal muscle motor 
activity/rating of perceived exertion; Low/High levels = low level and high 
level of lower body negative pressure. 

cardiopulmonary baroreceptor inhibition of carotid baroreflex function, and 

therefore altered cardiopulmonary baroreceptor afferent nerve activity, was 

the LBNP-induced changes in central venous pressure (CVP). Two levels of 

LBNP-induced decreases in CVP were utilized: i) LOW-level LBNP: a mild (1-2 

mmHg) decrease in CVP; and ii) HIGH-level LBNP: a moderate (4-5 mmHg) 

decrease in CVP. The rationale for these changes in CVP were as follows: a 

1-2 mmHg decrease in CVP was easily obtained from levels of LBNP of less 

than -20 torr, which was not sufficient to effect systemic blood pressure. 

Therefore, this established the paradigm of selective unloading of the 

cardiopulmonary baroreceptors. The 4-5 mmHg change in CVP, while 
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concomitantly decreasing MAP, provided an important third level of CVP 

from which to examine the induced alterations in carotid baroreflex function. 

Forearm blood flow (FBF), Qc (Doppler echocardiography), surface 

electromyography (EMG) from the lower extremity, and a rating of perceived 

exertion (RPE) were measured at rest as well as during steady-state exercise 

at each level of CVP. Carotid baroreflex responsiveness was obtained at 

each discrete level of CVP as previously outlined above. Differences in the 

operational characteristics (threshold pressure, saturation pressure, maximal 

gain, operating point and centering point) of the carotid-cardiac and carotid-

vascular reflexes were compared within each condition as a function of the 

changes in CVP. 

Techniques of Measurement 

Oxvoen Uptake 

Each subject respired through a wide bore (2.2 cm internal diameter) 

mouth piece connected to a low-inertial mass turbine flowmeter (VMM 2A, 

Alpha Technologies, Luguana Hills, CA) for measurement of inspiratory and 

expiratory volumes. These measures enabled the calculation of tidal volume 

(Vt) and minute ventilation (VE). A fine-bore capillary line from a medical gas 

analyzer (Perkin-Elmer MGA 1100-AB, Pomona, CA) was inserted into the 

mouth piece assembly 3.0 cm from the subject's mouth for sampling of the 

end-tidal respiratory gases at a rate of 60 ml-min'1. The mass spectrometer 

was calibrated before each GXT with known gas concentrations. Analog 

gas signals from the mass spectrometer were first conditioned by a low-pass 
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filter designed to minimize the signal-to-noise ratio, and then the gas and 

ventilation signals were sampled by a laboratory minicomputer (PDP 11/73, 

Digital Equipment Corp., Maynard, MA) at 100 Hz for continuous breath-by-

breath measurements. Calculations were performed following 12 bit A/D 

conversion utilizing a customized software package (Symbolic Logic Inc., 

Dallas, TX) employing standard algorithms (21). 

Heart Rate 

During all studies heart rate (HR) was collected via EKG (Model 633, 

Quinton Instruments, Seattle, WA) utilizing a CM-5 configuration. The site 

for electrode placement was initially shaved (if required) and the surface of 

the skin abraded to remove surface dirt and any loose epidermal tissue. 

Silver-silver chloride electrodes (Electrotrace, Huntington Beach, CA) were 

secured in place and the electrode leads affixed to the skin to prevent 

excessive movement artifact. The EKG signal was processed by an EKG 

data computer (Model 741, Quinton Instruments, Seattle, WA) to determine 

the occurrence of each R-wave in real-time. This analog signal was then 

subjected to 12 bit A/D conversion by a laboratory minicomputer 

(PDP 11-73, Digital Equipment Corp., Maynard, MA) at a sampling frequency 

of 1 Khz, and sequential RRI were collected by a customized software 

package accurate to ± 1 msec. 

Cardiac Output 

The calculation of beat-to-beat cardiac output in selected studies was 

obtained from the measurement of ascending aortic blood flow velocity 
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(ABFV) and aortic root diameter (ARD) using an Ultrasound Doppler system 

(Model XL Series 3, Interspec, Inc., Conshohocken, PA). Briefly, with the 

subject in a seated semi-recumbent position, ARD was measured by 2-D, 

M-mode echocardiography using a 3.0 MHz adult cardiac imaging transducer 

positioned along the parasternal long axis. ABFV was measured on a beat-

to-beat fashion using continuous-wave Doppler echocardiography employing 

a 2.0 MHz Doppler transducer placed at the level of the suprasternal notch. 

Integration of the area of laminar flow, together with the measurement of 

ARD, resulted in the calculation of stroke volume (SV). Multiplication of the 

calculated SV with the simultaneously measured HR yielded cardiac output 

(Qc). The mean of ten consecutive beat-to-beat Qc measurements was 

calculated to represent the value of Qc at a particular stage within each 

experimental protocol. Although the validity of continuous-wave Doppler 

echocardiography to provide accurate estimates of Qc has been questioned, 

excellent results from its use have been demonstrated both at rest as well as 

during dynamic exercise (80). 

In addition, at rest and during each steady-state exercise workload 

duplicate measures of cardiac output were obtained by using a modified 

acetylene rebreathing procedure described by Triebwasser et al. (183). 

Briefly, a gas mixture of approximately 0.5% acetylene (C2H2), 10.0% 

helium (He), 35.0% oxygen, and balance nitrogen was rebreathed from a 

"closed" breathing system. The system was filled with a volume which 

represented each subject's Vt as determined from five consecutive tidal 
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breaths. Helium, an inert and insoluble gas, was utilized as an indicator of 

adequate and uniform mixing within the lung and the closed breathing 

system, as well as in the calculation of the total system volume. End-tidal 

concentrations of C2H2 were measured by a mass spectrometer (Perkin-Elmer 

MGA 100-AB, Pomona, CA) during the 4 - 6 rebreathe breaths. The 

disappearance rate of C2H2 has been demonstrated to be directly 

proportional to pulmonary capillary blood flow (183), and hence can be used 

as an indirect measure of Qc. In our laboratory the regression equation 

relating V0 2 and Qc using the acetylene rebreath technique from rest to 

85% V0 2 max exercise was experimentally determined as follows: 

Qc = 5.5(V02) + 4.2 (r2 = 0.99). Acetylene rebreathing estimates of Qc 

were obtained to assist in validation of the Doppler echocardiographic 

measures of Qc. 

Central Venous Pressure 

Changes in central venous pressure (CVP) were directly measured 

from a peripherally introduced double-lumen catheter 

(68 cm, 4 French, 23 gauge, Cook Critical Care, Inc., Bloomington, IN) 

positioned within the central circulation. A 20 gauge, 5 cm teflon catheter 

(Angiocath, Deseret Medical Inc., Sandy, Utah) was introduced 

percutaneously into the basilic or antecubital vein. A J-wire guide was 

advanced through the catheter and into the vessel, and then while 

maintaining the wire guide position the catheter was withdrawn from the 

vessel. A 1 % lidocaine solution was administered subcutaneously to 
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anesthetize the area, and a sterile #11 scalpel blade was utilized to enlarge 

the puncture site. A vascular dilator was passed over the guide wire and 

into the vessel to dilate the adventitia and tissue associated with the 

puncture site, and was then withdrawn. The CVP catheter was measured 

against the subject to determine approximate length of the catheter required 

from the puncture site to the desired position of the central venous catheter 

tip. The catheter was then introduced over the wire guide and carefully 

advanced into the vessel the predetermined distance. A brief chest X-ray 

was performed from a mobile fluoroscope (BV22, Philips Medical Systems, 

Eindhoven, Netherlands) to accurately confirm the position of the catheter 

tip within the central circulation. In all cases the tip of the CVP catheter 

was never advanced more then 2.0 cm below an imaginary line connecting 

the inferior borders of the clavicles (corresponding to a level equal to the 

third or fourth rib). Following confirmation of correct placement of the 

catheter tip, the wire guide was removed and the catheter flushed with a 

heparinized (2U/ml) normal saline solution to maintain patency. This 

procedure was performed by the collaborating anesthesiologist and/or a 

board-certified/eligible internist (S. Stern, D.O. and B. Foresmen, D.O. or 

A. Brown, D.O.). 

The distal port of the CVP catheter was connected via sterile pressure 

tubing to a calibrated disposable pressure transducer 

(CDX, 3cc, micro, Cobe, Inc., Lakewood, CO) and zeroed at the level of the 

midsternal line for the measurement of central venous filling pressure. A 
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heparinized normal saline solution (2U/ml) was flushed periodically to 

maintain patency between each experiment. A pressurized drip (3 ml-hr"1) 

saline solution (0.9% NaCI Injection USP) was maintained through the 

proximal port to prevent the possibility of blood clot formation. The 

pressure was quantified by a pressure amplifier (Model 78205B, Hewlett-

Packard, Palo Alto, CA) and monitor (Model 7803B, Hewlett-Packard, Palo 

Alto, CA) system. The pressure transducer was calibrated to known 

pressures prior to and immediately following termination of the final 

experiment. In addition, the pressure transducer was vented and allowed to 

equilibrate with atmospheric pressure between each experiment in order to 

reestablish the "electrical" zero. Output from the amplifier was directed to a 

chart recorder (Model 7D, Grass Instrument Co., Quincy, MA), a digital PCM 

recording adaptor (Model 4000A, A.R. Vetter Co., Rebersburg, PA) and VCR 

recorder (Model HR-D806U), and a laboratory mini-computer (PDP 11-73, 

Digital Equipment Corp., Maynard, MA) sampling at a rate of 1 kHz for beat-

to-beat recording and analysis of central venous pressure. Finally, to identify 

a possible shift in the pressure transducer's hydrostatic zero reference point 

relative to heart level during the LBNP protocols, a modified carpenter's level 

was utilized to detect any change between the level of the pressure 

transducer and the heart. If the position between the pressure transducer 

and the heart was altered during the LBNP protocol, the transducer was 

immediately repositioned to reestablish hydrostatic zero. This procedure 

ensured that an observed decrease in CVP reflected a true physiological 



69 

change in central venous filling pressure induced by the imposed level of 

LBNP. 

Arterial Blood Pressure 

Systemic blood pressure was measured simultaneously by both direct 

and indirect methods. Direct measurement of arterial pressure was obtained 

from a 5 cm long, 20 gauge teflon catheter (Angiocath, Deseret Medical 

Inc., Sandy, Utah) inserted into the radial artery by the collaborating 

anesthesiologist and/or internist. A 1 % lidocaine solution was injected 

subcutaneously prior to catheter insertion to reduce subject discomfort. 

Following insertion into the radial artery, the catheter was connected to a 

disposable pressure transducer (CDX, 3cc, micro, Cobe Critical Care Inc., 

Lakewood, CO) by sterile high pressure tubing. Pulsatile systemic blood 

pressure was measured by a pressure monitor system (Model 414, Tektronix 

Inc., Beaverton, Oregon). A pressurized heparinized saline solution (2U/ml) 

was flushed periodically after each experiment to maintain catheter patency. 

The pressure transducer was calibrated to known pressures prior to and 

immediately following the termination of all the experiments, and was also 

zeroed to atmosphere between each experiment. In order to identify a 

possible loss of the hydrostatic reference point relative to the heart during 

the LBNP protocols, a modified carpenter's level was utilized to continuously 

maintain a constant relationship between the pressure transducer and the 

heart. Output from the amplifier was directed to a chart recorder (Model 7D, 

Grass Instrument Co., Quincy, MA), a digital PCM recording adaptor (Model 
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4000A, A.R. Vetter Co., Rebersburg, PA) and VCR recorder (Model HR-

D806U), and a laboratory mini-computer (PDP 11-73, Digital Equipment 

Corp., Maynard, MA) at a sampling rate of 1 kHz for beat-to-beat recording 

and analysis of systolic (SBP) and diastolic (DBP) blood pressures. Digital 

integration of the arterial pressure waveform permitted the calculation of 

mean arterial pressure (MAP). Following removal of the catheter under 

direction from the collaborating physician, each subject wore a pressure 

bandage over the wound site for a minimum of two hours, and abstained 

from activities which elicited excessive increases in blood pressure for 

48 hours. 

In addition, a non-invasive measurement of systemic blood pressure 

was obtained from a photo-plethysmographic technique (FINAPRES, Model 

2300, Ohmeda, Inc., Madison, Wl) as described by Penaz (129). Briefly, a 

small occlusion cuff was placed on the middle finger of the right hand and 

zeroed to heart level. The occlusion cuff was connected to a negative 

feedback servo-pump system attached to the wrist which maintained finger 

volume constant during beat-to-beat changes of arterial pressure within the 

finger. The resultant changes in output voltage from the servo-pump system 

have demonstrated a high correlation with the pressure changes under the 

finger cuff (17). Output from the FINAPRES was also stored on VCR tape, 

chart recorder and a laboratory mini-computer for subsequent analysis. 

Lower Body Negative Pressure 

Alterations in CVP were produced through the use of LBNP applied to 
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the subject sealed in a LBNP chamber at the iliac crest. Each subject was 

placed in a semi-recumbent position in a customized composite wood and 

plexiglass LBNP chamber, and a seal established at the iliac crest by means 

of a modified kayaker's polypropylene skirt and a restraining belt. In 

addition, a modified wooden "T" assembly was placed under the subject's 

seat to prevent anterograde movement into the chamber induced by the 

negative pressures generated during the LBNP protocols. Negative pressure 

generated within the chamber was delivered by vacuum sweeper motors 

(Evans 8500) manually controlled using variable autotransformers (Type 

2PF1010, Staco Energy Products Co., Dayton, Ohio). Pressures applied 

during LBNP were displayed on a digital pressure monitor (Model DP-1, 

Biotek, Inc.) and on a chart recorder. Based on previous experiments 

(126,127,135,165,166) application of varied levels of LBNP to -60 torr 

were sufficient to produce corresponding decreases in CVP. In the proposed 

investigations, graded levels of LBNP were applied to effect venous return in 

such a manner as to decrease CVP 1-2 mmHg and 4-5 mmHg, and thereby 

alter cardiopulmonary baroreceptor afferent nerve activity. 

Forearm Blood Flow 

Forearm blood flow (FBF) was determined by measuring changes in 

the volume of the forearm segment by using the venous occlusion 

plethysmography technique as described by Whitney (202). Briefly, a dual 

loop mercury-in-silastic strain gauge was positioned around the mid-forearm 

segment of the left arm and connected to a commercial bridge circuit (Model 
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271, Parks Medical Electronics, Aloha, Oregon). Output from the bridge 

was directed to a chart recorder. Arterial occlusion to arrest blood flow to 

the hand was accomplished through use of a wrist cuff inflated to supra-

systolic pressures, while venous drainage from the arm was prevented by 

inflation of a venous occlusion cuff to 40-50 mmHg around the upper 

portion of the arm. After the strain gauge was positioned, the arm was 

supported at a position which aligned the strain gauge to heart level to 

minimize the errors caused by a hydrostatic pressure gradient. Following 30 

seconds of wrist occlusion inflation of the venous occlusion cuff arrested 

venous drainage from the arm. Changes in output voltage from the 

constant current source represented an increase in resistance within the 

wheatstone bridge circuit, and therefore reflected an increase in forearm 

circumference. The change in volume of the arm segment was calculated by 

measuring the linear change in forearm circumference during venous 

occlusion, and was then used to calculate FBF from the following equation: 

V = [(2 C) • Ci'1]x 100 (I) 

FBF= V • T'1 (||) 

where: C = change in forearm circumference (cm) 
Cj = initial forearm circumference (cm) 
V = change in forearm volume (ml-100 ml tissue"1) 
T = time for measurement (min) 

The mean of a minimum of three sequential determinations represented the 

FBF response at each stage of the experimental protocol. Forearm vascular 

resistance (FVR) was calculated from the data as MAP • FBF1. 
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Skeletal Muscle Motor Unit Activity 

Skeletal muscle motor unit activity was recorded from disposable 

surface silver-silver chloride electrodes (Medicotest, Olstykke, Denmark) 

positioned on the lower one third of the vastus lateralis and lateral head of 

the biceps femoris muscle groups of the right leg. Sites for two active 

electrodes and one ground electrode were shaved over each muscle group, 

and the skin abraded and cleaned to maximize electrical conductivity. 

Electrodes were firmly affixed to the skin and secured with surgical tape. 

Electrical signals (EMG) from resting and contracting muscle were sampled 

by a 80386SX personal computer (Model M380-40, Olivetti Co., Inc.) 

interfaced with a 12 bit A/D convertor (PC-LabCard, Model PCL-812, 

Advantech, Co., Ltd.). Average EMG from the vastus lateralis and biceps 

femoris were calculated from 30 seconds of raw EMG data by the MESPEC 

4000 Spectrum System (Mega Electronics, Ltd.). 

Rating of Perceived Exertion 

A subjective index of perceived levels of physical exertion was utilized 

at rest and during each exercise condition. Each subject was instructed to 

indicate his subjective level of physical exertion on Borg's rating of perceived 

exertion scale (18) ranging from 6 (very, very light) to 20 (very, very heavy) 

at the fifth and twentieth minute of each protocol. This index correlates 

strongly with the chronotropic responses to physical exercise (18). Further, 

the subjective evaluation reported from this index reflects the level of 

activation of central mechanisms which are felt to be engaged in the 
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regulation of cardiovascular responses during exercise {96,118). Therefore, 

use of this index provided a means of monitoring changes in each subject's 

cognitive perception of physical effort, and provided an indirect index of the 

relative level of central command. 

Assessment of Carotid Baroreflex Responsiveness 

Carotid baroreflex responses were assessed at rest and during 

exercise by brief 5 second stimulations of graded levels of neck pressure 

(NP) and neck suction (NS) in order to complete the stimulus-response 

curves for the carotid-cardiac and the carotid-vascular reflexes. A flexible 

lead neck collar was applied to the anterior 2/3 of the neck, and was 

capable of generating discrete levels of NP and NS to the region surrounding 

the carotid sinuses (171). A laboratory mini-computer (MINC 23, Digital 

Equipment, Maynard, MA) with performance enhancement by Adcomp Inc. 

(Amherst, MA) controlled 3 large bore (2.5 cm ID) two-way solenoids (model 

8215B, Asco, Florham Park, NJ) connected to two commercial vacuum 

sweeper motors (Evans 8500). Each pressure pulse was delivered to the 

carotid sinus 50 msec after the R-wave for a duration of 5 seconds. To 

minimize the respiratory-related modulations in HR and MAP, all carotid 

baroreflex stimulations were conducted during a held expiration at end-

expiration, which has been demonstrated to elicit maximal baroreflex 

inhibition of HR and MAP (50). In addition, as the arterial blood gases may 

be affected by the duration of the breath-hold period utilized in this 

investigation, and in conjunction with documented alterations in arterial 
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baroreflex function induced by systemic hypercapnia and hypoxia (23,154), 

the arterial blood gases were measured during the breath-hold maneuvers at 

rest and during exercise. Results from this analysis can be found in 

Appendix F. Neck collar pressures delivered during NP and NS were 

controlled manually, and the beat-to-beat changes in HR, MAP, and 

generated neck chamber pressure (NCP) were collected by a laboratory mini-

computer at 1 kHz for subsequent analysis. During both techniques the 

generated NCP was visualized on a storage oscilloscope (Model T912, 

Tektronix Inc., Beaverton, Oregon) to facilitate the accurate delivery of each 

carotid baroreflex stimulation. 

Estimate of Cardiac Vaoal Tone 

The EKG signal was digitized at 1 kHz, and sequential R-R intervals 

were measured to the nearest millisecond. A sample of approximately one 

minute of steady-state data was obtained during each resting control 

condition, as well as at each low and high workload condition. These data 

were then analyzed using a time-series signal processing technique (132), 

which is the equivalent of spectral analysis. Briefly, non-periodic baseline 

fluctuations in R-R interval were removed by a third-order 21-point 

polynomial function. The frequency band from 0.14 to 1.04 Hz, which 

corresponds to breathing frequencies of between 8 and 62 breaths per 

minute, was used to constrain the time-series calculation to analyze the 

respiratory frequency components of heart rate variability. Quantification of 

the variability of heart rate associated within the respiratory frequency was 
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used as the index of cardiac vagal tone. The mean responses of heart rate, 

R-R interval, R-R interval variance {used to calculate standard deviation), and 

an index of cardiac vagal tone were obtained for each one minute period. 

Data Transformations 

Carotid baroreflex responsiveness was determined using the 

mathematical modeling technique of baroreflex function as described by 

Kent et al. (87). The expression chosen was a nonlinear logistic function 

(growth curve) derived by Verholst (189) in 1838: 

Yw = 1 • (1 + ex)"1 (III) 

When x = 0 , ex = 1 and Y = Vi. When x increases, e" becomes very large 

and Y approaches 0. Conversely, when x decreases, ex becomes very small 

and Y approaches 1. Therefore, the range of the logistic function in its 

simplest form is between 0 and 1, and its point of symmetry is x=0 , Y = V2. 

This logistic function was then expanded to accommodate the operational 

characteristics of the carotid sinus baroreflex by Kent et al (87). Stimulus-

response curves relating HR or MAP as the dependent variable to carotid 

sinus pressure were modeled to the following four parameter logistic 

function: 

Dependent variable = A, • {1 + e[
A2iEcsp-A3nj-i + (iv) 

where: ECSP - estimated carotid sinus pressure (mmHg) 
A, - maximum response - minimum response (bpm or mmHg) 
A2 - gain coefficient (units) 
A3 - carotid sinus pressure required to elicit 

equivalent pressor and depressor responses (mmHg) 
A4 - minimal response of each dependent variable (bpm or 

mmHg) 
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The mathematical model relating ECSP to HR and/or MAP has been 

demonstrated to explain the input-output relationship mediated by the 

carotid baroreflex with an accuracy of 96% (87). In addition, the above four 

variables of the model are all physiologically meaningful. They include: the 

total responding range of the dependent variable (identified as A,); the 

sensitivity of the reflex response (identified as A2); the ECSP from which 

equal pressor/tachycardiac and depressor/bradycardiac responses may be 

elicited (identified as A3); and the lower limit to which HR and MAP may be 

driven by maximal carotid baroreflex activation (identified as A4). In 

addition, several other physiologically meaningful parameters can be 

calculated from this model as follows: 

CSPsat (1.317/A2) + A3 (V) 

CSPthr (-1.317/A2) + A3 (VI) 

OPpt A4 + {A1 -[1 + exp (A2 x A3)]"1} (VII) 

CTRpt A4 - [(A./2) x -1 ] (VIII) 

MAXGAIN = (-A2 x A,)/4 (IX) 

Rangeop A, (X) 

Range(nc = CSP.rt - CSPthe (XI) 

where: CSP,rt - carotid sinus saturation pressure (mmHg) 
CSPthr - carotid sinus threshold pressure (mmHg) 
OPpt - operating point of the carotid sinus 

baroreflex (mmHg or bpm) 
CTRpt - centering point of the carotid sinus 

baroreflex (mmHg or bpm) 
MAXGAIN - maximally derived gain of the carotid sinus 

baroreflex (mmHg-mmHg1 or bpm-mmHg'1) 
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Range^ - operational range of the reflex (maximal 
response - minimal response) expressed in bpm 
or mmHg 

Rangefnc - functional range of the reflex (mmHg) 

CSP!at and CSPthr were calculated from the solution of the third 

derivative of the logistic function at its minima, and the carotid sinus 

pressures were subsequently reduced to the above terms. The numerator 

value (ie. 1.317) described the location of the threshold and saturation 

pressures relative to A3. However, Chen and Chang (30) recently developed 

new equations for the estimation of threshold and saturation pressures as 

follows: 

CSPBat = (2.0/A2) + A3 (XII) 

CSP^ = (-2.0/A2) + A3 (XIII) 

They observed that the equations of Kent and colleagues (87) 

consistently over-estimated CSPthr and under-estimated CSP,*. The 

modifications by Chen and Chang (30) more accurately described the 

location of these points on the derived stimulus-response curve. These 

modifications were found to be particularly useful when making comparisons 

among baroreflex curves which possessed differences in the range over 

which responses were observed, as well as when differences in reflex 

sensitivity or gain were evident. The operational point (OPpt) of the reflex 

was initially defined by Kent and colleagues (87) as the pressure where the 

carotid sinus pressure was found to equal the systemic arterial pressure 
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(ie. where the error signal was at its minimum). This parameter has been 

modified to allow the estimation of the operational position on the carotid 

baroreflex curve which has been obtained using the neck collar technique. 

This was achieved by setting NCP = 0 and then solving for the dependent 

variable (ie. HR or MAP). Therefore, the solution to this equation predicted 

the HR or MAP response when ECSP approximated the systemic blood 

pressure. The centering point (CTRpt) of the reflex was calculated to 

estimate the HR or MAP at the mid-point of the carotid baroreflex curve, and 

coincided with the point of maximal gain (MAXGAIN) or maximal buffering 

capacity of the reflex. The MAXGAIN was derived from the peak value 

obtained from calculating the first derivative of the logistic function at A3. 

Two additional variables were calculated to assist in the analysis of 

carotid baroreflex function. The operational range of the reflex (Rangeop) 

describes the peak observed change in the dependent variable (HR or MAP) 

elicited by maximal activation and deactivation of the carotid baroreceptor 

imposed by neck suction and pressure, respectively. In contrast, the 

functional range of the reflex (Rangefnc) represents the spectrum of carotid 

sinus distending pressures spanned by the reflex between the calculated 

threshold and saturation pressures. This provides an index of the 

physiological buffering domain within which the reflex functions. 

Research Design and Statistical Analyses 

The order of the experimental protocols is illustrated in Figure 4 on the 

next page. 
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Experimental Experiment Number 
Conditions 1 2 3 4 5 6 7 8 9 

LBNP low X X X 
hiah X X X 
rest X X X 

V02 20% X X X 
40% X X X 

Figure 4. Matrix illustrating the pseudo-random order of the nine 
experimental protocols, low/high - represent 1-2 mmHg and 4-5 mmHg 
decrease in central venous pressure, respectively. 

A total of nine investigations (three at each experimental condition) 

were completed in randomized order separated by 15 minutes of rest. 

Hemodynamic variables (HR, SBP, DBP) were collected continuously on a 

beat-to-beat basis during carotid baroreflex stimulation. This provided the 

necessary data to construct a family of open-loop stimulus-response curves 

for the isolated carotid baroreflex examining the reflex responses of HR and 

MAP to changes in estimated carotid sinus pressure. Individual subject data 

obtained from carotid baroreflex stimulation at each level of CVP and 

%v02p«* were mathematically fitted to the above logistic function by 

nonlinear least-squares regression {SigmaPlot, Ver 4.1, Jandel Corp.). The 

overall coefficient of variation describing the goodness of fit of the logistic 

model to the data describing the carotid baroreflex stimulus-response curves 

was 18%. Subjecting the raw data to this mathematical modelling 
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procedure enabled the description of the stimulus-response relationship of 

the isolated carotid baroreflex in terms of threshold (CSPthr) and saturation 

(CSP.J pressures, operating (OP,*) and centering (CTR^) points, maximal 

gain (MAXGAIN), as well as the Range^ and Rangefnc of the reflex. 

Steady-state cardiovascular variables and the calculated parameters 

following logistic modeling were initially evaluated for normality using the 

Shapiro-Wilk test (174). When the data were normally distributed, statistical 

differences were determined by using a parametric analysis of variance 

(ANOVA). In the instance where the data were not normally distributed, 

data were first rank ordered and a parametric ANOVA was then conducted 

on the ranks. The statistical design employed was a two-factor (CVP x 

%V02peak) repeated measures design ANOVA, blocked by each subject to 

remove intrasubject variability, with three levels within each factor (see 

Figure 5. on the next page). Use of this statistical model enabled analysis 

of the effects of LBNP-induced changes in CVP on selected cardiovascular 

variables across varied levels of oxygen uptake. 

In addition, to attempt to discern the effects of LBNP-induced changes 

in CVP on carotid baroreflex responsiveness within each level of oxygen 

uptake, a one-way ANOVA was conducted across the levels of lower body 

negative pressure. All statistical analyses were performed using the 

Statistical Analysis System (SAS, Cary, NC). When significant main effects 

were observed, differences were identified using the Student Newman-Keuls 

multiple range test. 
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Figure 5. Statistical model used to evaluate the effects of varied levels of 
central venous pressure (CVP) and relative oxygen uptake (%V02peak) on the 
steady-state cardiovascular variables. 

The extent of carotid-cardiopulmonary baroreceptor interactions were 

quantified from the slope of the least-squares linear regression line relating 

changes in the maximal gain of the carotid-cardiac or carotid-vascular 

baroreflex relationship to the LBNP induced changes in CVP within each 

metabolic stage (control, 20%, and 40% V02peilk). These slopes were then 

compared across levels of %V02peak using a one-way ANOVA. In all 

comparisons, the overall probability of rejecting the null hypothesis was 

established at 5%. 



CHAPTER IV 

RESULTS 

In the following chapter the mean values and statistical analyses 

performed on the cardiorespiratory variables, and on variables derived from 

the logistic model describing carotid baroreflex responsiveness at rest and 

during exercise are presented. In addition, graphical illustrations which 

depict alterations in carotid baroreflex responsiveness elicited by varying 

intensities of exercise, as well as by graded levels of lower body negative 

pressure induced changes in central venous pressure are presented. 

The descriptive physiological and anthropometric data are summarized 

in Table I on the next page. All of the subjects were documented as healthy 

and free from cardiorespiratory diseases following the preliminary physical 

examination conducted by the collaborating physician. Based on the low 

coefficient of variation (CV%) for each of these variables (less then 10%), 

the subjects appeared similar with respect to their anthropometric and 

baseline physiological measurements. In addition, the subjects represented a 

homogeneous and normally distributed population in terms of their age, 

height, weight, and peak oxygen uptake {p> 0.05) as determined from a 

statistical test for normality (174). 

83 
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TABLE I 

DESCRIPTIVE PHYSIOLOGICAL AND ANTHROPOMETRIC DATA 

Variables n Mean ± SEM CV% 

Age (years) 7 27.4± 1.9 6.9 

Height (cm) 7 181.7±2.5 1.3 

Weight (kg) 7 81,9±7.0 8.5 

V02peak (l-min"1) 7 3.3±0.1 3.0 

V02peak 

(ml-kg^-min1) 
7 41.4±3.6 8.7 

CV% = coefficient of variation [(SEM/mean) x 100]. 

Cardiorespiratory Responses to Exercise 

The mean peak rate of oxygen uptake (V02peak} was 41.4 ± 3.6 

milliliters 02 per kilogram body weight per minute, and corresponded to an 

average level of cardiovascular fitness based upon subject age. Oxygen 

uptake at rest and during exercise is summarized in Table II. 

TABLE II 

RESPONSES OF OXYGEN UPTAKE DURING CONTROL 
AND EXERCISE WORKLOADS 

n Rest Low Wkld 

(15 ± 3 W) 

High Wkld 

(93 ± 5 W) 

V02 

(l-min1) 
7 0.37±0.01 * 0.85±0.05 • 1.55±0.05 * 

V02 

(ml-kg-"1-min1) 
7 4.5±0.3 * 10.5±0.7 * 19.5±1.6 * 

* Significant difference between workloads, p< 0.05. Values represent 
mean ± SEM. Low Wkld = low workload; High Wkld = high workload. 
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The increases in V02 elicited during cycle ergometry at the low and 

high workloads {0.85 ± 0.05 and 1.55 ± 0.05 l-min'1, respectively) were 

significantly different from one another, as well as from resting control 

(0.37±0.01 l-min'1). The percentage of V02peilk (relative to body weight) 

elicited by the low (15 ± 3 watts) and high (93 ± 5 watts) workloads 

approximated 25% and 50% of the peak oxygen uptake (25.7±1.1 and 

47.4±1.9 %, respectively). 

An assessment of the temporal responses of selected physiological 

variables measured throughout the duration of the resting control condition 

are presented in Table III. 

TABLE III 

TEMPORAL RESPONSES OF SELECTED PHYSIOLOGICAL 
VARIABLES DURING RESTING CONTROL 

Variables Time (minutes) Variables 

5 10 20 

V02 (l-min"1) 0.37±0.01 0.37 ±0.01 0.36±0.02 

HR (bpm) 65.6±5.0 65.6±4.7 67.5±5.7 

Qc (l-min1) 6.2±0.5 5.7 ±0.6 5.3±0.5 

FBF (ml-100 mM-min'1) 1.99±0.19 1.93±0.17 1.95±0.19 

EMGquad U/V) 4.98±0.81 4.78 ±0.32. 4.28±0.33 

EMGham U/V) 7.73 ±1.04 9.28±0.99 9.10±0.89 

RPE (units) 6.0±0.0 6.0±0.0 6.0±0.0 

No significant differences were observed across time. Values represent 
mean ± SEM. V02=oxygen uptake; HR = heart rate; Qc = cardiac output; 
FBF = forearm blood flow; EMGquad = muscle motor unit activity from the 
vastus lateralis; EMGham = muscle motor unit activity from the biceps femoris; 
RPE = rating of perceived exertion. 
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There were no significant differences in any of these variables 

between the fifth and twentieth minute of the resting control condition. In 

addition, no significant differences were observed for any of these variables 

during the low and high workload conditions (see Table IV and Table V on 

page 87). A representative example of the respiratory responses from one 

subject during the three experimental conditions can be found in 

Appendix A. From these data it is clear that the metabolic and 

TABLE IV 

TEMPORAL RESPONSES OF SELECTED PHYSIOLOGICAL 
VARIABLES DURING LOW WORKLOAD CONDITION 

Variables Time (minutes) Variables 

5 10 20 

V02 (l-min1) 0.84±0.05 0.82±0.05 0.82 ±0.05 

HR (bpm) 88.7 ±4.7 88.8 ±5.7 88.0±5.6 

Qc (l-min1) 10.5±0.6 9.6±0.8 9.0±0.7 

FBF (ml-100 ml^-min"1) 2.18±0.21 2.18±0.17 2.41 ±0.21 

EMGquad (//V) 16.32±4.27 13.34±3.59 14.60 ±2.98 

EMGham ( A / V ) 11.90 ±1.23 13.76±2.07 14.60±2.98 

RPE (units) 7.0±0.0 8.0±1.0 9.0± 1.0 

No significant differences were observed across time. Values represent 
mean ± SEM. V02 = oxygen uptake; HR = heart rate; Qc = cardiac output; 
FBF=forearm blood flow; EMGquad = muscle motor unit activity from the 
vastus lateralis; EMGham = muscle motor unit activity from the biceps femoris; 
RPE = rating of perceived exertion. 

cardiovascular-related variables had attained steady-state values by the fifth 

minute of exercise, and did not vary significantly over the remaining duration 

of the experimental procedure. 
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TABLE V 

TEMPORAL RESPONSES OF SELECTED PHYSIOLOGICAL 
VARIABLES DURING HIGH WORKLOAD CONDITION 

Variables Time (minutes) Variables 

5 10 20 

V02 (l-min*1) 1.54±0.05 1.51 ±0.04 1.51 ±0.04 

HR (bpm) 115.6±3.8 117.5±3.8 118.2±3.7 

Qc (l-min'1) 14.6±0.8 13.8±0.8 13.5±0.7 

FBF (ml-100 mM-min"1) 3.38 ±0.42 3.67±0.64 4.19± 1.17 

EMGquad (//V) 43.23 ±6.34 29.04 ±8.24 38.76±6.87 

EMGham 0#V) 18.62±3.22 22.72±2.79 20.12±3.35 

RPE (units) 11.0±1.0 12.0± 1.0 13.0±0.0 

No significant differences were observed across time. Values represent 
mean ± SEM. V02=oxygen uptake; HR = heart rate; Qc=cardiac output; 
FBF=forearm blood flow; EMG,uad = muscle motor unit activity from the 
vastus lateralis; EMGham = muscle motor unit activity from the biceps femoris; 
RPE = rating of perceived exertion. 

A summary table of the statistically significant differences found 

between the steady-state physiological responses following LBNP induced 

changes in central venous pressure at rest, as well as during the low and 

high workload conditions are presented in Table VI on page 88. Results 

from this analysis demonstrated statistically significant interaction effects for 

R-R interval (ANOVA, F = 4.71, p=0.003), heart rate (ANOVA, F = 4.71, 

p = 0.003), systolic blood pressure (ANOVA, F=4.34, p = 0.005), central 

venous pressure (ANOVA, F = 2.76, p=0.03), and forearm vascular 

resistance (ANOVA, F = 4.09, p = 0.007). In addition, significant condition 
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TABLE VI 

SUMMARY OF STATISTICALLY SIGNIFICANT DIFFERENCES 
FOR SELECTED PHYSIOLOGICAL VARIABLES 

Main Effects 

Condition LBNP Interaction 

RRI (msec) - - S 

HR (bpm) - - S 

SBP (mmHg) - - S 

DBP (mmHg) S NS -

MAP (mmHg) S NS -

CVP (mmHg) - - S 

Qc (l-min1) s NS -

FBF (ml-100ml'1,min1) s S -

FVR (PRU) - - s 
PVR (PRU) s NS -

Main effects are : Condition (resting control, low workload, high workload) and 
lower body negative pressure [LBNP] (none, low-level, high-level). Interaction 
= significant interaction between condition and lower body negative pressure 
(p< 0.05). RRI = interbeat interval; HR = heart rate; SBP = systolic blood 
pressure; DBP = diastolic blood pressure; MAP = mean arterial pressure; 
CVP = central venous pressure; Qc=cardiac output; FBF== forearm blood flow; 
FVR = forearm vascular resistance; PVR = peripheral vascular resistance. 
S=significant difference (P< 0.05); NS = not significantly different. 

main effects were found for diastolic blood pressure (ANOVA, F = 11.53, 

p=0.0001), mean arterial pressure (ANOVA, F = 29.02, p=0.0001), cardiac 

output (ANOVA, F= 100.70, p = 0.0001), and peripheral vascular resistance 

(ANOVA, F=4.09, p=0.0073). Finally, significant main effects for both 

independent variables were found for forearm vascular resistance (ANOVA, 
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condition main effect, F = 43.12, p = 0.0001; LBNP main effect, F = 10.56, 

p = 0.0002). 

Lower Body Negative Pressure Induced Changes in Central Venous Pressure 

The primary purpose for the use of lower body negative pressure 

(LBNP) in these studies was to alter central venous filling pressure in a 

controlled fashion and decrease central venous pressure in two discrete 

steps. By using graded levels of LBNP the desired changes in central venous 

pressure were produced and are presented in Table VII. A representative 

TABLE VII 

LOWER BODY NEGATIVE PRESSURE INDUCED CHANGES 
IN CENTRAL VENOUS FILLING PRESSURE 

Change in Central Venous Level of Lower Body 
Pressure (mmHg) Negative Pressure (mmHg) 

Resting Control 0 0 

low LBNP -1.8±0.2 -12± 1 

high LBNP -4.0 ±0.3 -35 ±3 

Low Workload + 1.6±0.6 0 

low LBNP -1.6±0.3 -18±2 

high LBNP -3.7 ±0.4 -40 ± 2 

High Workload + 0.8±0.7 0 

low LBNP -2.3±0.4 -21 ± 2 

high LBNP -3.7±0.4 -44 ± 3 

No significant differences were found between conditions (resting control vs. 
low workload vs. high workload). Values represent mean ± SEM. low 
LBNP = low level of lower body negative pressure; high LBNP = high level of 
lower body negative pressure. 



90 

tracing from one subject illustrating the experimental induced changes in 

central venous pressure can be found in Appendix B. Exercise at both low 

and high workloads resulted in a small steady-state increase in central 

venous pressure ( + 1 .6±0.6 , and + 0 . 8 ± 0 . 7 mmHg, respectively). The 

LBNP induced changes in the two levels of central venous pressure were of 

equal magnitude across the three conditions (resting control vs. low 

workload vs. high workload), and were not significantly different (ANOVA, 

F = 0.54, p> 0.59). Therefore, these results were pooled across condition, 

and differences in central venous pressure were tested. Across the two 

levels of LBNP (low level, and high level) changes in central venous pressure 

( -1 .8±0.2, - 3 .8±0 .2 mmHg; ANOVA, F = 138.6, p< 0.0001) and the 

levels of LBNP (-17.4±1.3, -39 .9±1 .8 torr; ANOVA, F = 253.3, 

p< 0.0001) were found to be different. The relationship between levels of 

LBNP and the changes in central venous pressure are illustrated in Figure 6 

on the next page. There was a strong relationship between the levels of 

LBNP used and the induced changes in central venous pressure, as 

demonstrated by a high correlation coefficient (r = 0.83). In addition, the 

slope (m=-0.31) of this relationship was significantly different from zero 

(p< 0.0001), confirming that central venous pressure was decreased by 

using graded levels of LBNP. 
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Figure 6. Linear regression analysis between lower body negative pressure 
and the changes in central venous pressure for data at rest and during low 
and high workloads in seven subjects. The line-of-best-fit was y = -0.31 x 
+ 0.08 (r=0.83). The slope was significantly different from zero 
(p< 0.0001). Data represent responses from individual subjects. 

Reflex Induced Changes in Forearm Vascular Resistance 

Deactivation of cardiopulmonary baroreceptors via decreases in central 

venous filling pressure and/or central blood volume have been demonstrated 

to evoke reflex changes in vascular resistance in the forearm which are 

linearly related to the reductions in cardiac filling pressure (104,180). 

Therefore, to verify that the LBNP induced changes in central venous 

pressure produced in this study deactivated cardiopulmonary baroreceptors, 

the reflex changes in forearm vascular resistance (FVR) were plotted against 
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the changes in central venous pressure (CVP) and used as an index of 

cardiopulmonary barorefiex responsiveness. A representative tracing from 

one subject can be found in Appendix C. The results from each subject 

between the changes in FVR and CVP are illustrated in Figure 7. Although 

the correlation coefficient (r=0.37) was not high and could explain only 

14% of the total variance, the slope (m = -6.5) of the relationship between 

the reflex changes in forearm vascular resistance and central venous 

pressure was significantly different from zero (p< 0.03). 
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Figure 7. Linear regression analysis of the reflex changes in forearm 
vascular resistance evoked by decreases in central venous pressure for data 
at rest and during low and high workloads. The line-of-best-fit was 
y = -6.5x - 9.3 (r=0.37). The slope was found to be significantly different 
from zero (p< 0.03). Data represent responses from individual subjects. 

Therefore, these data confirm that the LBNP induced decreases in 

central venous pressure were of sufficient magnitude to deactivate 

cardiopulmonary baroreceptors, as indicated by significant increases in 
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forearm vascular resistance. 

Estimates of Cardiac Vagal Tone 

Approximations of the exercise induced changes in cardiac vagal tone 

are presented in Table VIII. 

TABLE VIII 

ESTIMATES OF CARDIAC VAGAL TONE AT REST 
AND DURING LOW AND HIGH WORKLOADS 

Resting Control Low Workload High Workload 

HR (bpm) 60.2±3.8 * 83.8±5.2 * 116.7±3.6 * 

RRI (msec) 1022.2±68.9 * 734±49.6 * 517.1 ±15.6 # 

Range (msec) 337.4±27.2 * 176.0 ±34.3 • 67.4±21.4 * 

Vagal tone 6.9±0.3 5.5±0.4 2.9±0.8 § 
(In msec2) 

* Significantly different between workloads. § Significantly different from 
resting control. Values represent mean ± SEM. RRI = R-R interval; 
Range = difference between minimal and maximal R-R interval; Vagal 
toneh#art = cardiac vagal tone estimate (In msec2). 

The exercise induced tachycardia was produced, at least in part, by a 

progressive withdrawal of cardiac vagal tone as indicated by the associated 

decrease in the calculated index of cardiac vagal tone as heart rate 

increased. This decrease in cardiac vagal tone was significant during the 

high workload (p< 0.05). Figure 8 illustrates the relationship between the 

exercise induced tachycardia and changes in cardiac vagal tone. Data 

obtained from a study of progressive muscarinic blockade in a resting 
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subject suggested that the relationship between the successive withdrawal 

of cardiac vagal tone and the concomitant tachycardia was best described 

by a rectangular hyperbola (personal unpublished observations). As the data 

from this investigation could not be modelled by an equation describing a 
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Figure 8. Relationship between heart rate and cardiac vagal tone from data 
at rest and during low and high workloads. A second-order polynomial was 
chosen as the line-of-best-fit, which described this relationship by the 
following: y = -5.4X, - 0.49x2 + 129.4 (r=0.82). Data represent 
responses from individual subjects. See text for further discussion. 

rectangular hyperbola, this relationship was fitted to a second-order 

polynomial function to describe the relationship between changes in cardiac 

vagal tone and heart rate during progressive exercise. Clearly, the slope of 

this relationship deviates from zero and demonstrates a strong relationship 

between changes in heart rate and estimates of cardiac vagal tone. 
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Carotid-Cardiac Baroreflex Responsiveness 

The presentation of the heart rate responses to carotid baroreceptor 

stimulation in this section are in two formats: i) the group mean responses 

are illustrated in graphical format; and ii) results from the statistical analyses 

are presented in tabular form. It should be noted that due to the nature of 

the logistic function (ie. constants taken to an exponential power) the 

graphical mean for the gain curves are not identical to the reported group 

means for maximal gain reported in the summary tables. 

In general, when the transmural pressure across the carotid sinus wall 

was altered by the external application of neck pressure and suction, rapid 

changes in heart rate were observed with a latency of response in the order 

of several hundred milliseconds. When the heart rate responses were 

plotted against the sequential changes in estimated carotid sinus pressure, 

they for the most part followed a sigmoidal shaped curve. The mean 

changes in heart rate and estimated carotid sinus pressure to each level of 

neck pressure and suction can be found in Appendix D. Therefore, this 

permitted the fitting of individual subject curves to a logistic model 

describing carotid baroreflex function (87), and the derived parameters and 

variables describing the curve were compared statistically. Successful curve 

fits were obtained for all heart rate curves. The criteria used to determine 

the goodness of fit was when the absolute value of the difference between 

the norm of the residuals (square root of the sum of squares of the residuals) 

from one iteration to the next was less than the tolerance value (default 
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tolerance value = 0.0001). 

A representative tracing of a subject's responses of mean arterial 

pressure and central venous pressure to carotid baroreceptor stimulation at 

rest and during exercise can be found in Appendix G. The reflex responses 

of heart rate mediated by the carotid sinus baroreceptors following selective 

activation and deactivation by neck suction and neck pressure, respectively, 

at rest and during exercise are illustrated in Figure 9, with the corresponding 

gain for the stimulus-response curves in Figure 10 (page 97). Sigmoidal 

heart rate responses characterized the carotid baroreflex responses at rest, 

as well as during the low workload and high workload conditions. Visual 

inspection of the reflex curves immediately illustrate an 
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Figure 9. Mean responses of heart rate following carotid baroreceptor 
stimulation during the resting control condition (•), low workload condition 
(•), and high workload condition (•) in seven subjects. Data were fitted 
with the logistic function to represent the mean response across each 
condition. Data represent mean ± SEM. 
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Figure 10. Gain of the relationship between estimated carotid sinus pressure 
and heart rate. Curves represent average responses during resting control, 
low workload, and high workload conditions. 

apparent upward resetting of the stimulus-response relationship in a fashion 

graded to the intensity of exercise. The steady-state responses during the 

control rest condition, low workload and high workload conditions for heart 

rate (59.7±3.8, 84.1 ±4.9, 116.6±3.7 bpm, respectively) prior to carotid 

baroreceptor stimulation were found to be significantly different. 

A statistical comparison of the variables derived from the logistic 

model describing carotid-cardiac baroreflex responsiveness during resting 

control, low workload and high workload conditions are presented in Table 

IX on the next page. Steady-state exercise at both the low and high 

workloads significantly increased the A4 parameter (minimal heart rate 

response), while significantly increasing A3 (equal pressor and depressor 
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TABLE IX 

COMPARISON OF VARIABLES DERIVED FROM LOGISTIC MODEL 
DESCRIBING CAROTID-CARDIAC BAROREFLEX RESPONSIVENESS 

BETWEEN REST, LOW AND HIGH WORKLOAD CONDITIONS 

N Rest Low Wkld High Wkld 

A, (bpm) 7 12.6± 1.8 15.8±1.5 16.4±3.0 

A2 (units) 7 0.15 ±0.08 0.08 ±0.02 0.13 ±0.06 

A3 (mmHg) 7 99.7±3.0 108.1 ±5.8 126.0±7.2a 

A4 (bpm) 7 50.4±3.5§ 69.1 ±5.3§ 97.4±6.8§ 

CSP8at (mmHg) 7 124.7±7.4 140.4 ±12.1 157.7±9.9* 

CSPthr (mmHg) 7 74.8 ±7.9 75.8±2.3 94.3±9.9* 

OPpt (bpm) 7 50.8±3.4§ 69.1 ±5.3§ 97.5±6.8§ 

CTRpt (bpm) 7 57.1 ±3.1 § 77.0±5.2§ 105.6±6.5§ 

Max Gain 7 -0.31 ±0.05 -0.30 ±0.05 -0.39 ±0.13 

Range^ (bpm) 7 12.6±1.8 15.8± 1.5 16.4±3.0 

Rangefnc (mmHg) 7 49.9±9.8 64.6 ±13.4 63.3± 13.9 

* Significant difference from Rest condition, p< 0.05. § Significant difference 
between conditions, p< 0.05. * Significantly different from rest and low wkld, 
p< 0.05. Values represent mean ± SEM. Rest= resting central venous 
pressure; Low wkld = low workload; High wkld = high workload; A, = range of 
heart rate response; A2 = gain coefficient; A3=estimated carotid sinus pressure 
at which equal increases and decreases in heart rate can be elicited; 
A4 = minimal heart rate response. CSPBat = carotid sinus saturation pressure; 
CSPthr = carotid sinus threshold pressure; OPpt = operating point; 
CTRpt = centering point; Max Gain = maximal gain or sensitivity (bpm-mmHg1; 
Rangeop = A,; Rangefnc = CSPsat-CSPthr. 

responses) during the high workload condition. Of particular interest, the 

saturation (CSPBat) and threshold (CSPthr) pressures during the high workload 

condition were shifted to higher carotid sinus pressures than resting control 

(p< 0.05). Further, the operating (OPp,) and centering (CTRpt) points were 
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progressively increased during exercise, and were significantly different 

across all three conditions. A physiologically significant observation was the 

absence of a discernable difference between the derived maximal gains for 

the carotid-cardiac baroreflex between the rest and exercise conditions 

(-0.31 ±0.05, -0.30±0.05, -0.39 ±0.13 bpm-mmHg'1 for rest, low, and 

high workloads, p = 0.12). From this finding it is apparent that the 

sensitivity of the carotid baroreflex control of heart rate was not altered 

during dynamic exercise. 

The mean carotid-cardiac baroreflex responses obtained at rest and 

during LBNP induced changes in central venous pressure are illustrated in 

Figure 11 (page 100), with the gain curve of the stimulus-response curve 

presented in Figure 12 (page 100). While at rest, application of lower body 

negative pressure (LBNP) significantly decreased central venous pressure 

from the mean resting control value (3.0±0.6 mmHg). Low levels of LBNP 

resulted in a mean change in central venous pressure of -1.8±0.2 mmHg 

from resting control, while high levels of LBNP decreased central venous 

pressure a mean value of -4.0 ±0.3 mmHg. These changes in central 

venous pressure were significantly different from one another 

(Student t-test, t = 5.65, p< 0.0001). 

The steady-state heart rate responses prior to LBNP were 59.7 ±3.8, 

59.2 ±3.5, and 57.7 ±3.2 bpm. Following the LBNP induced decreases in 

central venous pressure, steady-state heart rate responses of 

59.5 ±3.7 bpm and 62.5 ±3.6 bpm were observed. Therefore, the actual 
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Figure 11. Mean responses of heart rate following carotid baroreceptor 
stimulation during the resting control condition (•), and during low (T) and 
high (•) decreases in central venous pressure induced by graded lower body 
negative pressure in seven subjects. Data were fitted with the logistic 
function to represent the mean response across the three conditions. Data 
represent mean ± SEM. 
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Figure 12. Gain of the relationship between estimated carotid sinus pressure 
and heart rate. Curves represent average responses at rest during low and 
high levels of lower body negative pressure. 



101 

LBNP induced tachycardia was 0.3 ±0.8 bpm and 4.8 ±0.8 bpm for low and 

high LBNP, respectively. This induced tachycardia was significant only 

during the high level LBNP (Student t-test, t = -4.00, p< 0.002). 

Calculated changes in selected physiological variables from steady-

state levels during graded lower body negative pressure are presented in a 

summary table (see Table X, page 102). The resultant decreases in central 

venous pressure were significantly different of one another within each 

condition (resting control vs. low workload vs. high workload). High level 

LBNP was sufficient to elicit a mild tachycardia which was found to be 

significantly different for both heart rate and R-R interval responses during 

the low level LBNP within each condition. In addition, the changes in central 

venous pressure were accompanied by a trend for concomitant increases in 

forearm vascular resistance (FVR), especially during the high levels of lower 

body negative pressure. These directional changes in FVR demonstrate that 

the LBNP induced decreases in central venous pressure were of sufficient 

magnitude to deactivate cardiopulmonary baroreceptors producing reflex 

vasoconstriction within the forearm and increases in regional vascular 

resistance. 

A statistical comparison of variables derived from the logistic model 

describing carotid-cardiac baroreflex responsiveness during resting control 

are presented in Table XI on page 103. The decrease in CVP (CVPhiBh) 

induced by the high level LBNP significantly increased the CTR^ of the 

carotid baroreflex control of HR (57.1 ±3.1 vs. 63.7 ±3.7 bpm, CVP^,, vs. 
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CVPhioh, respectively). In addition, the maximal gain of the carotid baroreflex 

was increased from resting control following the LBNP-induced decreases in 

CVP, and was significantly different from rest during the CVPhioh condition 

(-0.31 ±0.05 vs. -0.57±0.23 bpnvmmHg'1, CVP^ vs. CVPhigh, respectively). 

TABLE XI 

VARIABLES DERIVED FROM LOGISTIC MODEL DESCRIBING 
CAROTID-CARDIAC BAROREFLEX RESPONSIVENESS DURING 

RESTING CONTROL CONDITION 

n CVPOTT CVP1OW CVPHIOH 

A, (bpm) 7 12.6± 1.8 12.4±2.1 17.9±2.9 

A2 (units) 7 0.15 ±0.08 0.10±0.02 0.11 ±0.03 

A3 (mmHg) 7 99.7 ±3.0 97.9±3.0 99.6±5.1 

A4 (bpm) 7 50.4±3.5 52.3±3.6 54.8±3.5 

CSP8AT (mmHg) 7 124.7 ±7.4 123.0 ±5.5 123.5±7.8 

CSP^ (mmHg) 7 74.8 ±7.9 72.7±6.5 75.6±5.7 

OP^ (bpm) 7 50.8±3.4 52.3 ± 3.6 54.8±3.5 

CTRPT (bpm) 7 57.1 ±3.1 58.5±3.3 63.7±3.7* 

Max Gain 7 -0.31 ±0.05 -0.27 ±0.05 -0.57±0.23* 

Rangeop (bpm) 7 12.6± 1.8 12.4±2.1 17.9±2.9 

Rangefnc (mmHg) 7 49.9±9.8 50.2± 10.4 47.9 ±9.0 

* Significantly different from rest, p< 0.05. Values represent mean ± SEM. 
CVPcon= resting central venous pressure; CVPlow=steady-state central venous 
pressure following low-level lower body negative pressure; CVPhigh = steady-
state central venous pressure following high-level lower body negative pressure; 
A, = range of heart rate response; A2=gain coefficient; A3-estimated carotid 
sinus pressure at which equal increases and decreases in heart rate can be 
elicited; A4 = minimal heart rate response. CSPsllt = carotid sinus saturation 
pressure; CSPthr=carotid sinus threshold pressure; OP,* = operating point; 
CTRpt = centering point; Max Gain = maximal gain or sensitivity (bpm-mmHg1); 
Rangeop = A1; Rangefnc = CSP„,-CSPthf. 
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The operational point (OP,*) was also shifted to higher heart rates in a 

systematic fashion during the stepwise decreases in central venous pressure 

(p< 0.06). There were no further significant alterations in any of the other 

carotid baroreflex variables. 

Alterations in the mean carotid-cardiac baroreflex curves following 

stepwise LBNP induced decreases in central venous pressure during the low 

workload condition are illustrated in Figure 13 (page 105), with the gain of 

the stimulus-response curve presented in Figure 14 on page 105. Simple 

visual inspection of the reflex curves immediately demonstrate an altered 

responsiveness during the LBNP induced decreases in central venous 

pressure during exercise. Low and high levels of lower body negative 

pressure decreased central venous pressure -1.6±0.3 and -3.7±0.4 mmHg, 

respectively (Student t-test, t = 3.98, p< 0.002). The steady-state heart 

rates during the three exercise bouts at the low workload were 84.1 ±5.0, 

92.9 ±5.1, and 91.6 ±4.4 bpm. Following the LBNP induced decreases in 

central venous pressure, the steady-state exercise heart rates were 

94.3 ±4.5 bpm and 96.3 ±4.7 bpm. This reflected a LBNP induced 

tachycardia of 1.4±0.9 bpm and 4.7±0.8 bpm during the low and high 

levels of LBNP, respectively (Student t-test, t=-2.82, p< 0.02). 

A statistical comparison of variables derived from the logistic model 

describing carotid-cardiac baroreflex responsiveness during the low workload 

condition are presented in Table XII (page 107). Both levels of 

experimentally reduced central venous pressure significantly altered logistic 
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Figure 13. Mean responses of heart rate following carotid baroreceptor 
stimulation during the low workload condition without lower body negative 
pressure (•) , and with low (•) and high (•) decreases in central venous 
pressure induced by graded lower body negative pressure in seven subjects. 
Data were fitted with the logistic function to represent the mean response 
across the three conditions. 
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Figure 14. Gain of the relationship between estimated carotid sinus pressure 
and heart rate. Curves represent average responses during the low workload 
condition with low and high levels of lower body negative pressure. 
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model parameters A2 (gain coefficient) and A4 (minimal heart rate response), 

as well as affecting the derived variables describing threshold pressure 

(CSPthr), operating point (OP,*), centering point (CTR,*), maximal gain (Max 

Gain) and the functional range of the reflex response (Rangefnc). The CSPthr 

was significantly increased during the graded changes in central venous 

pressure, while the CSP,rt remained unaffected. This behavior between the 

changes in CSPthr and CSPaat clearly explains the observed progressive 

reduction in the Rangefnc on the reflex (p< 0.05). Further, the deactivation 

of the cardiopulmonary baroreceptors facilitated a potentiation in the 

maximal gain, or sensitivity, of the reflex. Incidently, these changes in 

maximal gain were similar to the changes observed during high level LBNP 

within the resting control condition. 

The mean carotid-cardiac baroreflex responses during the high 

workload condition are illustrated in Figure 15 (page 108), with the gain 

curve of the stimulus-response curve presented in Figure 16 (page 108). 

Low and high levels of lower body negative pressure decreased central 

venous pressure -2.3 ±0.4 and -3.7 ±0.4 mmHg, respectively (Student 

t-test, t = 2.61, p< 0.02). It appears from this figure that the LBNP induced 

decreases in central venous pressure produced a substantial tachycardia, as 

reflected by the upward shift in the stimulus-response curve. Although 

varying degrees of tachycardia were produced during LBNP, the apparent 

degree of tachycardia presented in this figure is misleading. 
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TABLE XII 

VARIABLES DERIVED FROM LOGISTIC MODEL DESCRIBING 
CAROTID-CARDIAC BAROREFLEX RESPONSIVENESS DURING 

LOW WORKLOAD CONDITION 

N CVP^ CVPlow CVPhioh 

A, (bpm) 7 15.8 ± 1.5 16.0±2.1 16.9±1.9 

A2 (units) 7 0.08 ±0.02 0.20 ±0.09* 0.23±0.08* 

A3 (mmHg) 7 108.1 ±5.8 101.5±9.1 101.9±3.7 

A4 (bpm) 7 69.1 ±5.34§ 111.5±5.8§ 80.4±5.9§ 

CSP8Bt (mmHg) 7 140.4 ± 12.1 122.6±9.5 114.6±5.2 

CSP^ (mmHg) 7 75.8±2.3 80.4±7.1 * 89.3±3.3* 

OPp, (bpm) 7 69.1 ±5.3 78.6±4.9* 80.4±5.9* 

CTR^ (bpm) 7 77.0±5.2 86.6±4.7* 88.6±5.7* 

Max Gain 7 -0.30 ±0.05 -0.83 ±0.43* -0.83±0.17* 

Range^ (bpm) 7 15.8± 1.5 16.0±2.1 16.9± 1.9 

Range^ (mmHg) 7 64.6 ±13.4 42.2± 11.7* 25.3±4.6* 

* Significantly different from rest, p< 0.05. § Significantly different between 
levels of CVP, p< 0.05. Values represent mean ± SEM. CVPcon= resting 
central venous pressure; CVP,ow = steady-state central venous pressure 
following low-level lower body negative pressure; CVPhiflh=steady-state central 
venous pressure following high-level lower body negative pressure; A r range 
of heart rate response; A2 = gain coefficient; A3 = estimated carotid sinus 
pressure at which equal increases and decreases in heart irate can be elicited; 
A4 = minimal heart rate response. CSPsat = carotid sinus saturation pressure; 
CSPthr = carotid sinus threshold pressure; OPpt = operating point; 
CTRp, = centering point; Max Gain = maximal gain or sensitivity (bpm-mmHg'1); 
Range^=A,; Rangefnc = CSP,rt-CSPthr. 
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Figure 15. Mean responses of heart rate following carotid baroreceptor 
stimulation during the high workload condition without lower body negative 
pressure (• ) , and with low (• ) and high ( • ) decreases in central venous 
pressure induced by graded lower body negative pressure in seven subjects. 
Data were fitted with the logistic function to represent the mean response 
across the three conditions. 
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Figure 16. Gain of the relationship between estimated carotid sinus pressure 
and heart rate. Curves represent mean responses during the high workload 
condition with graded levels of lower body negative pressure. 
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The measured steady-state exercise heart rate responses prior to 

LBNP during the three exercise bouts at the high workload were 116.6 ±3.7, 

120.5 ±3.9, and 123.1 ±4.5 bpm. Therefore, it is clear that although a rest 

period was interjected between exercise bouts, the steady-state heart rate 

responses for the same workload were increased. Further, the steady-state 

exercise heart rate responses following the low and high levels of LBNP were 

124.7±4.2 and 130.9±4.8 bpm, respectively. Thus, the actual 

tachycardia produced by low and high levels of LBNP during the high 

workload condition account for increases in heart rate of 4.2 ± 1.2 bpm and 

7.8±0.8 bpm (Student t-test, t = -2.48, p< 0.03). 

A statistical comparison of variables derived from the logistic model 

describing carotid-cardiac baroreflex responsiveness during the high 

workload condition are presented in Table XIII on the next page. Lower 

body negative pressure significantly increased the gain parameter (A2) and 

the functional range of the reflex (Rangefnc) during both small (CVP,ow) and 

large (CVP^) decreases in central venous pressure. The OP,,,, CTR,*, and A4 

were significantly altered across the three experimental levels of central 

venous pressure. Also, as can be observed from Table XIII, although the 

derived maximal gain of the reflex was potentiated during the high workload 

exercise condition at both levels of controlled central venous pressure, the 

apparent large inter-/intra-subject variability obscured any statistical 

significance. 
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TABLE XIII 

VARIABLES DERIVED FROM LOGISTIC MODEL DESCRIBING 
CAROTID-CARDIAC BAROREFLEX RESPONSIVENESS 

DURING HIGH WORKLOAD CONDITION 

N CVP^ CVPlow CVPhioh 

A, (bpm) 7 16.4±3.0 11.8 ±1.6 14.0±3.2 

A2 (units) 7 0.13 ±0.06 0.42±0.16* 0.30±0.14* 

A3 (mmHg) 7 126.0±7.2 116.0±9.1 127.4±6.3 

A4 (bpm) 7 97.4±6.8§ 111.5±5.8§ 126.3±6.4§ 

CSPSBt (mmHg) 7 157.7±9.9 130.5± 10.6* 145.8±11.1 

CSP^ (mmHg) 7 94.3 ±9.9 101.5±9.9 108.9±3.8 

OPpt (bpm) 7 97.5±6.8§ 111.5±5.8§ 126.3±6.4§ 

CTRpt (bpm) 7 105.6±6.5§ 117.4±5.2§ 133.2±5.5§ 

Max Gain 7 -0.39 ±0.13 -1.00±0.38 -0.83 ±0.43 

Range^ (bpm) 7 16.4±3.0 11.8 ± 1.6 14.0±3.2 

Range^ (mmHg) 7 63.3± 13.9 29.0±9.3* 36.9 ±10.9* 

* Significantly different from rest, p< 0.05. § Significantly different between 
levels of CVP, p< 0.05. Values represent mean ± SEM. CVPoon= resting 
central venous pressure; CVP,0W=steady-state central venous pressure 
following low-level lower body negative pressure; CVPhioh = steady-state central 
venous pressure following high-level lower body negative pressure; A r range 
of heart rate response; A2=gain coefficient; A3 = estimated carotid sinus 
pressure at which equal increases and decreases in heart rate can be elicited; 
A4 = minimal heart rate response. CSPsat = carotid sinus saturation pressure; 
CSPthr = carotid sinus threshold pressure; OP^ = operating point; 
CTR^scentering point; Max Gain = maximal gain or sensitivity (bpm-mmHg1); 
Rangeop = A,; Rangefnc = CSP^-CSP*,. 

Carotid-Vascular Baroreflex Responsiveness 

The presentation of the blood pressure responses to carotid 

baroreceptor stimulation in this section are in two formats: i) the group mean 

responses are illustrated in graphical format; and ii) results from the 
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statistical analyses are presented in tabular form. It should be noted that 

due to the nature of the logistic function (ie. constants taken to an 

exponential power) the graphical mean for the gain curves are not identical 

to the reported group means for maximal gain reported in the summary 

tables. 

In general, when the transmural pressure across the carotid sinus wall 

was altered by the external application of neck pressure and suction, a 

relatively rapid change in blood pressure was observed with a latency of 

response in the order of two to three seconds. When the MAP responses 

were plotted against the sequential changes in estimated carotid sinus 

pressure they followed a sigmoidal shaped curve. Mean responses of mean 

arterial pressure and estimated carotid sinus pressure to each level of neck 

pressure and suction dan be found in Appendix E. Therefore, this permitted 

the fitting of individual curves to a logistic model describing carotid 

baroreflex function (87), and the derived parameters and variables describing 

the curve were compared statistically. Successful fits were obtained for 52 

of 63 blood pressure curves. The criteria used to determine the goodness of 

fit was when the absolute value of the diffrence between the norm of the 

residuals (square root of the sum of squares of the residuals) from one 

iteration to the next was less than the tolerance value (default tolerance 

value = 0.0001). 

The mean reflex responses of blood pressure (MAP) mediated by the 

carotid sinus baroreceptors during resting control, low, and high workload 



112 

conditions are illustrated in Figure 17, with the gain of the stimulus-response 

curve presented in Figure 18. 
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Figure 17. Mean responses of blood pressure following carotid baroreceptor 
stimulation during the resting control condition (•), low workload condition 
(•) , and high workload condition (•). Data were fitted with the logistic 
function to represent the mean response across each condition. Data 
represent mean ± SEM. 
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Figure 18. Gain of the relationship between estimated carotid sinus pressure 
and blood pressure. Curves represent mean responses at rest and during 
low and high workload conditions. 
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The steady-state MAP responses during resting control, low, and high 

workload conditions prior to carotid baroreceptor stimulation were 

90.5 ±2.7, 98.9±4.3, and 106.3 ±4.3 mmHg, respectively. The pressor 

response elicited by the high workload condition was significantly greater 

then the low workload and resting control condition. 

TABLE XIV 

COMPARISON OF VARIABLES DERIVED FROM LOGISTIC MODEL 
DESCRIBING CAROTID-VASCULAR BAROREFLEX RESPONSIVENESS 

BETWEEN REST, LOW AND HIGH WORKLOAD CONDITIONS 

Rest Low Wkld High Wkld 
(n = 7) (n = 5) (n = 6) 

A, (mmHg) 12.1 ± 1.2 15.3±2.4 * 16.3±3.2 * 

A2 (units) 0.10±0.02 0.07 ±0.02 0.22±0.17 

A3 (mmHg) 81.2±3.6 105.5±6.9 * 107.1 ±6.3 * 

A4 (mmHg) 86.7±2.4 83.7±2.5 88.7±5.0 

CSPBat (mmHg) 106.1 ±3.7 144,7±13.2 * 142.9±8.9 # 

CSPthr (mmHg) 56.4±6.6 66.3±11.6 71.3±12.5 

OPpt (mmHg) 98.7±2.4 98.7±3.3 104.7±5.1 * 

CTRpt (mmHg) 92.7±2.3 91.4±2.7 96.8±4.8 # 

Max Gain -0.30 ±0.08 -0.23 ±0.04 -0.60±0.38 

Rangeop (mmHg) 12.1 ± 1.2 15.3±2.4 16.3±3.2 

Rangefnc (mmHg) 49.7±8.0 78.4±20.6 71.7 ±17.6 

* Significant difference from rest, p< 0.05. Values represent mean ± SEM. 
Rest= resting central venous pressure; Low wkld = low workload; High 
wkld = high workload; A, = range of heart rate response; A2 = gain coefficient; 
A3 = estimated carotid sinus pressure at which equal increases and decreases 
in heart rate can be elicited; A4 = minimal heart rate response. CSPBat = carotid 
sinus saturation pressure; CSP,^ carotid sinus threshold pressure; 
OPpt = operating point; CTRp,=centering point; Max Gain = maximal gain or 
sensitivity (mmHg mmHg"1); Rangeop = A1; Rangefnc = CSP,rt-CSP, 

thr 
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A statistical comparison of variables derived from the logistic model 

describing the carotid baroreflex mediated reflex blood pressure responses 

during resting control, low workload, and high workload conditions are 

presented in Table XIV on the preceding page. Steady-state exercise at both 

low and high workloads significantly increased logistic parameters A1 and 

A3, as well as the saturation pressure of the reflex (CSPBat) above the resting 

condition. In addition, the operating point (OPTpt) and centering point 

(CTR^) of the reflex were increased to higher pressures during the high 

workload condition (p< 0.05). The derived maximal gain {Max Gain) of the 

reflex was not significantly altered by exercise at either workload. 

The mean vascular responses to carotid baroreceptor stimulation at 

rest during the LBNP induced changes in central venous pressure are 

illustrated in Figure 19 (page 115), with the gain of the stimulus-response 

curve presented in Figure 20 on page 115. Lower body negative pressure at 

rest significantly decreased central venous pressure {as previously reported). 

The changes in steady-state blood pressure following the LBNP induced 

changes in central venous pressure were -0.2 ±0.5 and -1.3 ±1.2 mmHg 

during the low level and high level LBNP, respectively. These observed 

changes in blood pressure were not different (Student t-test, t=0.76, 

p> 0.46). 

A statistical comparison of variables derived from the logistic model 

describing the vascular responses to carotid baroreceptor resting control are 

presented in Table XV on page 116. 
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Figure 19. Mean responses of blood pressure following carotid baroreceptor 
stimulation during resting control without (•), and with low (•) and high (•) 
levels of lower body negative pressure. Data were fitted with the logistic 
function to represent the mean response across each condition Data 
represent mean ± SEM. 
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and Wood pressure. Curves represent mean responses at rest during graded 
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TABLE XV 

VARIABLES DERIVED FROM LOGISTIC MODEL DESCRIBING 
CAROTID-VASCULAR BAROREFLEX RESPONSIVENESS 

DURING RESTING CONTROL CONDITION 

Jp 
>

 
II 

(J 
c
 

CVP1OW 

(n = 7) 
CVPHIOH 

(n = 6) 

A, (mmHg) 12.1 ±1.1 13.7±2.4 13.9±3.1 

A2 (units) 0.10±0.02 0.17 ±0.06 0.21 ±0.09 

A3 (mmHg) 81.2±3.6 87.3±4.3 91.6±4.7 

A4 (mmHg) 86.7±2.4 85.7±2.8 83.7±3.6 

CSPBAT (mmHg) 106.1 ±3.7 111.3±7.8 113.3± 10.7 

CSPTHR (mmHg) 56.4±6.6 63.4±8.7 69.7±5.7 

OPP, (mmHg) 98.7 ±2.4 99.2± 1.9 97.6±2.5 

CTRPT (mmHg) 92.7±2.3 92.5±2.0 90.7±2.7 

Max Gain -0.30±0.08 -0.46 ±0.14 -0.50±0.16 

Range^ (mmHg) 12.1 ±1.2 13.7±2.4 13.9±3.1 

Rangefnc (mmHg) 49.7 ±8.0 47.9 ± 14.2 43.6± 14.3 

* No significantly differences were found between and of the variables. 
Values represent mean ± SEM. CVPcm= resting central venous pressure; 
CVP,0W = steady-state central venous pressure following low-level lower body 
negative pressure; CVPhiflh = steady-state central venous pressure following 
high-level lower body negative pressure; A, = range of heart rate response; 
A2 = gain coefficient; A3 = estimated carotid sinus pressure at which equal 
increases and decreases in heart rate can be elicited; A4 = minimal heart rate 
response. CSPS(W = carotid sinus saturation pressure; CSP ,̂. = carotid sinus 
threshold pressure; OP,* = operating point; CTRp, = centering point; Max 
Gain = maximal gain or sensitivity (mmHg-mmHg'1); Rangeop = A1; 
Rangefnc = CSPtat-CSPthr. 

The induced decreases in central venous pressure at rest had no significant 

effect on any of the logistic parameters, nor did it significantly alter any of 

the derived variables. 
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Alterations in the mean vascular responses to carotid stimulation 

following stepwise decreases in central venous pressure during the low 

workload condition are illustrated in Figure 21, with the gain of the stimulus-

response curve presented in Figure 22 on the next page. Lower body 

negative pressure significantly decreased central venous pressure (as 

previously reported). The steady-state responses in blood pressure during 

the low workload and following the LBNP induced changes 

in central venous pressure were 98.9 ±4.3, 91.7±3.6, and 91.2±2.2 

mmHg, respectively. However, the actual changes in blood pressure 

induced by low and high LBNP were +1.7 ±1.3 and +0.4±0.8 mmHg, 

respectively (Student t-test, t = 0.84, p> 0.41). 
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Figure 21. Mean responses of blood pressure following carotid baroreceptor 
stimulation during the low workload condition without (•), and with low (•) 
and high (•) levels of lower body negative pressure. Data were fitted with 
the logistic function to represent the mean response across each condition. 
Data represent mean ± SEM. 
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Figure 22. Gain of the relationship between estimated carotid sinus pressure 
and blood pressure. Curves represent mean responses during the low 
workload condition during graded lower body negative pressure. 

A statistical comparison of logistic parameters and derived variables 

describing the reflex vascular responses during the low workload condition 

are presented in Table XVI on the next page. From visual inspection of 

differences only in parameter A3 and the saturation pressure (CSP.J, with 

both increased from their steady-state values at small (CVPlow) and large 

(CVP^) changes in central venous pressure. And although there appeared a 

trend for an augmentation in maximal gain following stepwise decreases in 

central venous pressure ( -0.23±0.05, -0 .33±0.05 , and Figures 21 and 22 

it appears that the induced changes in central venous pressure modified the 

stimulus-response relationship of the reflex. However, careful inspection of 
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Table XIV demonstrates statistically significant -0.58±0.20 mmHg-mmHg"1), 

these changes were not found to be significant. 

TABLE XVI 

VARIABLES DERIVED FROM LOGISTIC MODEL DESCRIBING 
CAROTID-VASCULAR BAROREFLEX RESPONSIVENESS 

DURING LOW WORKLOAD CONDITION 

CVP^ 
(n = 5) 

CVPl0W 

(n = 6) 
CVPhioh 

(n = 6) 

A, (mmHg) 15.3±2.4 15.2±2.2 16.9±1.5 

A2 (units) 0.07±0.02 0.09±0.01 0.17±0.09 

A3 (mmHg) 105.5±6.8 88.5±2.5 * 88.1 ±4.5 * 

A4 (mmHg) 83.7±2.5 81.8±2.5 83.1 ±2.5 

CSP8at (mmHg) 144.7±13.2 113.3±6.9 * 111.7±3.2 * 

CSP^ (mmHg) 66.3± 11.6 63.7±7.9 64.4 ±9.5 

OPpt (mmHg) 98.7±3.3 96.9±3.8 99.9±2.2 

CTR^ (mmHg) 91.4±2.7 89.3±3.0 91.5±2.2 

Max Gain -0.23 ±0.05 -0.33 ±0.05 -0.58±0.20 

Rangeop (mmHg) 15.3±2.4 15.2±2.2 16.9±1.5 

Rangefnc (mmHg) 78.4±20.6 49.7±7.8 47.2± 11.1 

* Significantly different from rest, p< 0.05. § Significantly different between 
levels of CVP, p< 0.05. Values represent mean ± SEM. CVPcon= resting 
central venous pressure; CVP,ow=steady-state central venous pressure 
following low-level lower body negative pressure; CVPhioh=steady-state central 
venous pressure following high-level lower body negative pressure; A r range 
of heart rate response; A2 = gain coefficient; A3 = estimated carotid sinus 
pressure at which equal increases and decreases in heart rate can be elicited; 
A4 = minimal heart rate response. CSPBBt = carotid sinus saturation pressure; 
CSPthr = carotid sinus threshold pressure; OPpt = operating point; 
CTR^ = centering point; Max Gain = maximal gain or sensitivity (mmHg-mmHg'1); 
Range., = A,; Rangefnc = CSP^-CSP^. 

The mean vascular responses to carotid baroreceptor stimulation 
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following LBNP induced decreases in central venous pressure during the high 

workloads are illustrated in Figure 23, with the gain of the stimulus-response 

curve presented in Figure 24 (page 121). The effect of LBNP significantly 

decreased central venous pressure in a stepwise manner (as previously 

reported). The steady-state blood pressure responses during the high 

workload, and during the low and high levels of LBNP were 106.3 ±4.3, 

101.5 ±3.7,and 104.6±2.9 mmHg, respectively. The actual changes in 

blood pressure produced by the graded levels of LBNP during exercise were 

-1 .0±0.9 mmHg and -0.4±1.1 mmHg, and were found not to be different 

(Student t-test, t=-0.42, p> 0.68). 
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Figure 23. Mean responses of blood pressure following carotid baroreceptor 
stimulation during the low workload condition without (•) , and with low (•) 
and high (•) levels of lower body negative pressure. Data were fitted with 
the logistic function to represent the mean response across each condition. 
Data represent mean ± SEM. 
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Figure 24. Gain of the relationship between estimated carotid sinus pressure 
and blood pressure. Curves represent mean responses during the high 
workload condition during graded lower body positive pressure. 

A statistical comparison of logistic parameters and derived variables 

describing the reflex vascular responses to carotid baroreflex stimulation are 

presented in Table XVII on the next page. The only alteration in carotid 

baroreflex vascular responsiveness during the high workload condition was a 

significant reduction in the gain coefficient (A2) from the steady-state value 

during the large (CVP^) decrease in central venous pressure. Interestingly, 

the derived maximal gain actually appeared to be attenuated during the 

graded reductions in central venous pressure. No additional significant 

alterations were found in any of the other variables. 



TABLE XVII 

VARIABLES DERIVED FROM LOGISTIC MODEL DESCRIBING 
CAROTID-VASCULAR BAROREFLEX RESPONSIVENESS 

DURING HIGH WORKLOAD CONDITION 
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CVP^ 
(n = 6) 

cvp1ow 
(n = 5) 

CVPhiBh 

(n =4) 

A, (mmHg) 16.3±3.2 15.9±2.3 15.3±1.2 

A2 (units) 0.23±0.17 0.12±0.06 0.05 ±0.01 * 

A3 (mmHg) 107.1 ±6.3 100.4 ±10.4 110.1 ±15.1 

A4 (mmHg) 88.7 ±5.0 91.4±2.2 90.5±2.6 

CSP8at (mmHg) 142.9±8.9 129.4± 10.9 153.2±21.5 

CSP^ (mmHg) 71.3± 12.5 71.5± 14.9 67.0± 10.9 

OP,* (mmHg) 104.7±5.1 107.1 ±4.1 105.6±3.1 

CTRpt (mmHg) 96.8 ±4.8 99.3±3.1 98.1 ±2.8 

Max Gain -0.61 ±0.38 -0.38±0.11 -0.19 ±0.03 

Range,,, (mmHg) 16.3±3.2 15.9± 12.3 15.3± 1.2 

Rangefnc (mmHg) 71.7±17.6 57.8± 15.8 86.9± 15.9 

* Significantly different from CVPcnt, p< 0.05. Values represent mean ± SEM. 
CVPcrt= resting central venous pressure; CVP,ow=steady-state central venous 
pressure following low-level lower body negative pressure; CVPhi(Jh = steady-
state central venous pressure following high-level lower body negative pressure; 
A, = range of heart rate response; A2 = gain coefficient; A3 = estimated carotid 
sinus pressure at which equal increases and decreases in heart rate can be 
elicited; A4 = minimal heart rate response. CSP.^carotid sinus saturation 
pressure; CSP*^ carotid sinus threshold pressure; OP^ = operating point; 
CTRpt=centering point; Max Gain = maximal gain or sensitivity (mmHg-mmHg"1); 
Rangeop = A1; Rangefnc = CSP^-CSP^. 



CHAPTER V 

DISCUSSION AND CONCLUSIONS 

Two hypotheses were initially established in the null form for testing 

in this investigation: i) carotid baroreflex-mediated parasympathetic and 

sympathetic responsiveness will not be attenuated during dynamic exercise; 

and ii) changes in cardiopulmonary baroreceptor afferent nerve activity will 

not potentiate the carotid baroreflex responsiveness of heart rate and blood 

pressure during dynamic exercise. Neither of these hypotheses were 

rejected. In light of these findings, and other related findings reported in the 

literature, the results of this investigation will be discussed in this chapter in 

five parts: i) cardiorespiratory responses at rest and during steady-state 

exercise; ii) carotid baroreflex responsiveness; iii) interactions with 

cardiopulmonary baroreceptors; iv) summary of the research findings; and 

v) specific conclusions and directions for future research. 

Cardiorespiratory Responses 

Anthropometric Measurements 

An intent of this investigation was to match subjects based upon their 

anthropometric measurements and level of aerobic fitness. Since 

cardiovascular responses mediated by the carotid baroreflex have been 

reported to be altered by age (93,133) and level of aerobic fitness (126), it 

123 
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became a necessity to constrain this study to a relatively homogeneous 

group of subjects. As the coefficient of variation (CV%) for age and peak 

oxygen uptake (V02paak) for the subject population was 6.9% and 8.7%, 

respectively, it seems likely that these two groups were homogeneous. 

Responses of Oxvaen Uptake 

The relative ventilatory responses to steady-state dynamic exercise 

were expected to be similar between subjects. In order to elicit equal 

relative responses in oxygen uptake (V02) for each subject during the low 

and high workload conditions, the exercise workloads were predicted for 

each subject from an equation derived from the linear regression between 

V02 and workload (watts) obtained from the graded exercise test. Initially, 

the low and high workloads were chosen to elicit 20% and 40%, 

respectively, of V02peak. As reported, the measured relative percentage of 

V02peak elicited by the low and high workloads were approximately 25% and 

50%, respectively. Therefore, although these workloads were somewhat 

greater than anticipated each subject exercised at the same percentage of 

V02Pe«k' as reflected by the low coefficient of variation between V02 

responses (6.7% and 8.2%, low and high workloads, respectively). 

Insuring that the relative metabolic demand during exercise was 

equivalent between subjects was of paramount importance to this 

investigation. As it has been demonstrated that the level of physical 

exertion is directly proportional to the cardiovascular responses during 

exercise (118,146), each subject exercised at the same relative degree of 
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effort in order for direct comparisons of selected cardiovascular variables to 

be meaningful. More specifically with regard to the blood pressure 

regulatory mechanisms, it has also been demonstrated that the level of 

central command is tightly linked to the intensity of the exercise effort 

(68,96,119). The "indirect" indices of central command used in this 

investigation (ie. levels of ratings of perceived exertion, and absolute EMG 

activity) were found to be similar between subjects within each level of 

exercise. Importantly, was the finding that the levels of these two variables, 

as well as the responses of V0 2 and heart rate, did not change significantly 

during the 25 minute duration of each exercise condition. What this 

indirectly implies is that the level of central command did not change 

significantly during the 25 minutes of exercise during which time data were 

collected to investigate carotid baroreflex responsiveness. Furthermore, as 

these workloads were in an intensity domain where muscle perfusion and 

metabolic demand were highly matched (145,146) and remained constant 

over the entire exercise period, it was unlikely that changes in the exercise 

pressor reflex were occurring of sufficient magnitude to significantly alter 

the cardiovascular response to exercise. Therefore, alterations in carotid 

baroreflex responsiveness could be directly attributed to changes in the level 

of metabolic demand (%V02peak) and/or changes in the level of 

cardiopulmonary baroreceptor afferent nerve activity. 

Lower Body Negative Pressure Induced Changes in Central Venous Pressure 

Changes in central venous pressure were used as an index of the 
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relative changes in cardiopulmonary baroreceptor afferent nerve activity. 

This is based on the findings of Thoren (182) from recordings of atrial 

receptors with nonmedulated vagal afferents in the cat during changes in 

atrial pressure. We successfully utilized lower body negative pressure 

(LBNP) to alter the level of central venous pressure in two discrete pressure 

changes: mean decreases of approximately 2 mmHg and 4 mmHg while at 

rest and during each exercise condition (see Table VII, page 89). As 

reported, progressively greater levels of LBNP were required to elicit these 

steady-state changes in central venous pressure during both exercise 

conditions. This was most likely the result of differentially engaging the 

muscle pump in direct relation to the work intensity of each exercise 

condition and thereby facilitating an increased venous return (7,199). To 

confirm that our measurements of the changes in central venous pressure 

did truly deactivate cardiopulmonary baroreceptors and in turn decrease 

cardiopulmonary baroreceptor afferent nerve traffic, we measured forearm 

blood flow (by venous occlusion plethysmography) and calculated the 

changes in forearm vascular resistance during decreases in central venous 

pressure. The results of this analysis demonstrated a significant relationship 

between the changes in central venous pressure and changes in forearm 

vascular resistance, which occurred not only at rest but also during dynamic 

exercise. This is in agreement with previous investigations which have also 

utilized LBNP to decrease central venous pressure (104,180). Therefore, 

from these findings it appears that we successfully decreased central venous 
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pressure and unloaded cardiopulmonary baroreceptors, thereby permitting us 

to investigate the effects of decreases in cardiopulmonary baroreceptor 

afferent nerve activity on carotid baroreflex responsiveness during exercise. 

Carotid Baroreflex Responsiveness 

This investigation intended to evaluate three aspects of carotid 

baroreflex responsiveness at rest and during exercise: i) reflex control of 

heart rate; ii) reflex control of blood pressure; iii) interactions with 

cardiopulmonary baroreceptors. 

The central theme of this investigation was to study the role of 

carotid baroreflexes in control of the circulation at rest and during dynamic 

exercise in humans. As the carotid baroreflexes play a dominant role in 

buffering transient changes in blood pressure at rest (36), and considering 

the controversy reported in the literature surrounding their functional roles 

during exercise (11,24,140,173), their capacity to respond to abrupt 

changes in blood pressure during physical exertion merits further study. 

Carotid baroreflex responsiveness was assessed by abruptly changing 

carotid sinus pressure with brief periods of neck suction (NS) and neck 

pressure (NP) delivered manually to a neck collar (171). The stimulus-

response relationship between the reflex changes in heart rate and blood 

pressure, and the changes in estimated carotid sinus pressure were 

completed by using graded levels of NP and NS in 20 torr steps ranging 

between +40 torr and -80 torr. The opposing influences from extra-carotid 

baroreceptor populations were minimized by examining the responses to 
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brief applications of NS and NP only. 

In addition to extra-carotid baroreceptor populations, other factors 

must be controlled in order to obtain a true reflex response which is 

mediated predominantly by the carotid baroreceptors. As described earlier in 

the literature review, respiration affects both heart rate and blood pressure 

through changes in intrathoracic pressure and venous return (3,109). The 

effects produced by respiration were eliminated by stimulating the carotid 

baroreceptors during a period of held expiration at each subject's functional 

residual capacity. In addition, this procedure has been shown to produce 

maximal carotid baroreflex responses following carotid baroreceptor 

stimulation as the level of pulmonary C fiber activity has been minimized 

(48,50). Initially we had a concern that while performing this breath-hold 

procedure during exercise subjects may inadvertently perform a valsalva 

maneuver which would alter intrathoracic pressures (3). Each subject was 

instructed in the proper technique of breath-holding, both at rest and during 

exercise, in order to minimize changes in central venous pressure. Also, as 

we directly measured central venous filling pressure continuously throughout 

each carotid baroreceptor stimulation period, the presence of a valsalva 

maneuver was readily detectable and when observed that period of carotid 

baroreceptor stimulation was excluded from the analysis. Finally, it was also 

possible that breath-holding during exercise may have altered arterial blood 

gas levels in sufficient magnitude to activate arterial chemoreceptors and 

consequently alter carotid baroreflex responsiveness (23,154). Therefore, in 
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four subjects we measured arterial blood gases, arterial pH, and arterial 

oxygen saturation and content, at rest and at both levels of steady-state 

exercise during periods of breath-holding (see Appendix F). Results from 

this analysis found no significant changes in the levels of arterial P02 and 

PC02, arterial pH, as well as arterial oxygen saturation or content. These 

findings would suggest that the degree of breath-holding used in this 

investigation were not sufficient to cause hypercapnia, hypoxia or arterial 

acidosis, and therefore eliminated the activation of arterial chemoreceptors 

as a possible source of input affecting carotid baroreflex responsiveness. 

Reflex Control of Heart Rate 

Results from this investigation suggest that the responsiveness, or 

gain, of the carotid-cardiac baroreflex was not significantly altered from 

resting conditions during graded levels of dynamic exercise in man. These 

results appear to be in general agreement with those published by Melcher 

and Donald (115) in the exercising dog, and the human experimentations 

conducted by Bevegard and Shepherd (11) and Robinson et al. (140). In the 

present investigation, both the operating point and the centering point of the 

stimulus-response curves were offset proportional with increases in exercise 

intensity (see Table IX, page 98). This indicates an acute resetting of the 

stimulus-response curve to the higher heart rates associated with steady-

state exercise. Further confirmation that the stimulus-response curve was 

acutely reset during exercise was a progressive increase in the point of equal 

pressor and depressor responses (A3) to higher levels of estimated carotid 
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sinus pressure {99.7±3.0, 108.1 ±5.8, 126.0±7.2 mmHg for rest, low, 

and high workloads, respectively). As this point represents the carotid sinus 

pressure around which symmetrical responses in heart rate are produced 

(150), it is clear that the stimulus-response curve was positioned to 

continually respond to changes in carotid sinus pressure. 

Importantly, the range of response of heart rate (Range,,,) to carotid 

baroreflex stimulation appeared to progressively increase from rest to low 

workload to high workload conditions (12.6±1.8, 15.8 ±1.5, 16.4±3.0 

bpm, respectively). This trend for a larger range in heart rate response 

during steady-state exercise versus rest may be a function of the degree of 

withdrawal of cardiac vagal tone. Evidence which supports this hypothesis 

is as follows: in resting dogs (13) and humans (97,162,168) atropine 

blockade produced dramatic increases in heart rate which indicated a high 

degree of vagal restraint of the heart at rest. Similarly, dynamic exercise 

was accompanied by an immediate tachycardia which has been 

demonstrated to be significantly delayed if preceded by muscarinic blockade 

with atropine sulfate (139). Therefore, the immediate heart rate response to 

dynamic exercise is produced by a rapid withdrawal of cardiac vagal tone 

which removes tonic inhibition on the discharge rate of the sino-atrial node. 

Progressive decreases in cardiac vagal tone during exercise have been 

demonstrated previously (13,128), and were also present in this 

investigation (see Table VIII, page 93 and Figure 8, page 94). If one 

considers cardiac vagal tone as exerting a "braking effect" on the heart, then 
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as heart rate increases during exercise and efferent cardiac vagal nerve 

activity concomitantly decreases the "reserve capacity" for cardiac vagal 

tone to decrease heart rate progressively increases. Thus, one could argue 

that for a similar input pressure to the carotid baroreceptor {ie. change in 

estimated carotid sinus pressure) progressively greater responses in heart 

rate may be evoked during exercise due to a greater "reserve capacity" to 

increase cardiac vagal tone. However, it should be kept in mind that as the 

characteristics of pressure transmission during varied levels of NP and NS 

remain unknown (98), it is possible that a given level of NP or NS during 

exercise may elicit a different change in carotid sinus transmural pressure 

and thus a different input stimulus. If the pressure transmission 

characteristics of the region surrounding carotid sinuses were altered during 

exercise, then the resultant interpretation of the reflex responses in heart 

rate would be much more difficult. 

The derived maximal gain of the stimulus-response curves reported in 

this study were not significantly altered during exercise (-0.31 ±0.05, 

-0.30 ±0.05, -0.39 ±0.13 bpm-mmHg'1 for rest, low, and high workloads, 

respectively), however, the estimated carotid sinus pressure where the 

maximal sensitivity was centered was shifted to higher carotid sinus 

pressures. Heesch and Carey (72) described this shift to a higher 

operational range as an acute resetting of the baroreflex. It would appear 

that this resetting enables the baroreflex to respond to changes in input 

pressure during exercise with the same sensitivity as at rest. 
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Human studies by Mancia et al. (108) and Ludbrook et al. (103) 

utilizing the variable-pressure neck chamber evoked carotid baroreflex 

responses during isometric handgrip exercise and reported a reduction in the 

reflex bradycardia caused by increases in carotid sinus transmural pressure. 

However, they also reported that the blood pressure responses to changes in 

carotid sinus transmural pressure were virtually unaffected by handgrip 

exercise at 35%, 45%, and 65% of maximal voluntary contraction. This at 

first glance appears to contradict the results reported in this investigation 

regarding the sensitivity of the carotid-cardiac baroreflex during exercise. 

Following close examination of these two studies it was found that changes 

in the reflex heart rate responses were reported as R-R interval instead of 

heart rate, and because of the known exponential relationship between heart 

rate and R-R interval (discussed previously on page 16), this provides an 

explanation of their results with respect to the carotid baroreflex control of 

heart rate. 

Reflex Control of Blood Pressure 

In addition to altering heart rate, the carotid baroreflex elicits changes 

in vascular smooth muscle tone through alterations in sympathetic neural 

outflow. Since the regulation of heart rate by the carotid baroreceptors does 

not indicate the full capacity of this reflex to control blood pressure (101), 

the direct assessment of the reflex control of vascular smooth muscle tone 

is required to completely understand the functional capacity of the 

baroreflex. 
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In this investigation the blood pressure responses were measured from 

a radial artery catheter during carotid baroreceptor stimulation by neck 

pressure and suction. By focusing our attention on the peak response in 

blood pressure which occurred during the stimulation period, the reflex 

changes in blood pressure were primarily ascribed to reflex alterations in 

vascular resistance, as changes in cardiac output have been reported to 

contribute little to the reflex changes in blood pressure elicited by levels of 

NP and NS as used in this study (110). This was also supported by 

observations from Ludbrook et al. (102) that changes in cardiac output were 

reasonably well preserved and accounted for only 25% of the change in 

blood pressure during stimulation of the isolated carotid sinuses in conscious 

rabbits. Results from this investigation indicated that exercise significantly 

increased the point of equal pressor and depressor responses (A3) to higher 

estimated carotid sinus pressures, thus shifting the stimulus-response curve 

to the right. This effect was also observed in the carotid baroreceptor 

control of heart rate, thus further supporting the notion of acute baroreflex 

resetting during exercise. The pressure threshold (CSPthr) was not 

significantly altered by exercise, although CSP^ progressively increased 

towards higher levels of estimated carotid sinus pressure (56.4±6.6, 

66.3 ±11.6, 71.3 ±12.5 mmHg for rest, low, and high workloads, 

respectively). This was accompanied by a significant rightward shift in 

saturation pressure (CSP.J to higher levels of estimated carotid sinus 

pressure during both exercise conditions. Taking these findings together 



134 

may explain the significant increase in range of the reflex blood pressure 

responses found during exercise as compared to rest (12.1 ±1.2, 15.3±2.4, 

16.3.3 ±3.2 mmHg for rest, low, and, high workloads, respectively). 

Despite this apparent increase in responsiveness of blood pressure during 

exercise, the derived maximal gains were not found to be significantly 

altered by exercise. 

Summary 

As the complete stimulus-response profiles for the carotid baroreflex 

were constructed in this investigation, this provides new information 

regarding the functional characteristics of carotid baroreceptor control of 

both heart rate and blood pressure during exercise in man. Previous studies 

utilizing a single level of neck pressure and/or suction have demonstrated 

that the carotid baroreceptors do indeed continue to operate during exercise 

in humans (11,103,108,173,177), however, this previous work provided 

minimal information regarding the functional domain of the reflex. 

Importantly, the position of the operating point on the baroreflex function 

curve can not be known without first constructing the stimulus-response 

relationship. 

Results from this investigation have also demonstrated that the 

carotid baroreflex stimulus-responses curves relating heart rate and mean 

arterial pressure to estimated carotid sinus pressure were reset to a higher 

pressure range during exercise. The term "resetting" has been described as 

a change in the preset control value or set-point (145). In reality, the arterial 
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baroreflex has an "operating point" (rather than a fixed set-point) which can 

continuously be reset over a wide range of systemic blood pressures. 

Dorward et al. (44) demonstrated that the stimulus-response curve of the 

aortic baroreceptor in rabbits rapidly reset within 30 seconds following a 

transient change in blood pressure. They suggested that the shift in 

operating point of the baroreflex function curve was determined by the 

prevailing level of the mean arterial pressure. 

The question now becomes: "What are the signals which reset the 

arterial baroreflexes during dynamic exercise?". In a recent review, Rowell 

and O'Leary (145) described the proposed mechanisms involved in reflex 

control of the circulation during exercise. In it they suggested that during 

exercise central command resets the operating point of the arterial baroreflex 

stimulus-response relationship laterally to higher pressures, while the 

exercise pressor reflex from active skeletal muscle shifted the baroreflex 

function curve vertically which resulted in an increase in sympathetic nerve 

activity and elevations in blood pressure with no change in the operating 

point of the reflex. The net effect of these two shifts in the baroreflex 

function curve is a resetting of the stimulus-response curve in a parallel 

manner with increases in blood pressure during exercise. As such, the 

resetting of arterial baroreflexes may be essential for the initial increases in 

blood pressure and heart rate which accompany the onset of dynamic 

exercise, and appear to stabilize or buffer transient changes in systemic 

blood pressure around its new operating point during exercise. 
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It is important to determine the role played by arterial baroreflexes 

during exercise, as in both intact animals and humans the net cardiovascular 

response to exercise represents an integrated response which not only 

involves arterial baroreflexes, but also cardiopulmonary baroreceptors, as 

well as the effects of central command and muscle mechano- and chemo-

receptors on baroreflex function. 

Interactions with Cardiopulmonary Baroreceptors 

The present investigation was particularly interested in testing the 

hypothesis that altering the level of cardiopulmonary baroreceptor inhibition 

will not augment carotid baroreflex responsiveness during exercise. Previous 

investigations on resting humans have provided results which both support 

(60,71,125,127) and refute (12,59,179,190) the idea of a functional 

interaction between cardiopulmonary and carotid baroreceptors. However, 

to date no studies have attempted to investigate this interaction during 

dynamic exercise in humans. 

Effects on Carotid-Cardiac Baroreflex 

From examination of Figures 12, 14, and 16 in the Results section 

(pages 100,105,108) it is clear that low levels of LBNP during the resting 

control condition had no significant modifying effect on the carotid-cardiac 

baroreflex gain curve, however, at rest with high levels of LBNP the maximal 

gain curve significantly increased. In contrast, during both low and high 

workload conditions low levels of LBNP appeared to alter the maximal gain 

in both cases, despite equal decreases in central venous pressure during all 
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three conditions (-1.8±0.2, -1.6±0.3, -1.2±0.5 mmHg for rest, low, and 

high workloads, respectively). Although speculative, it would appear that 

during exercise small changes in central venous pressure may result in a 

greater diminution in cardiopulmonary baroreceptor inhibition of carotid 

baroreflex responsiveness, and hence impart a greater modulatory role on 

carotid sinus baroreflex function during exercise versus rest. 

These findings during LBNP induced decreases in central venous 

pressure appear to suggest that an interaction between cardiopulmonary and 

carotid baroreceptors does exist. In an attempt to further investigate this 

interaction the individual slopes from linear regression analysis describing the 

changes in maximal gain of the carotid-cardiac baroreflex relative to the 

lower body negative pressure induced decreases in central venous pressure 

were calculated for each subject during each of the three conditions (resting 

control, low workload, and high workload). The individual slopes were then 

tested by an one-way analysis of variance (ANOVA) across the three levels 

of condition to determine if the slopes were affected by exercise. The 

results of this analysis demonstrated that there were no significant 

differences between the slopes across levels of condition (ANOVA, F = 0.46, 

p> 0.64). Thus, from these results it was concluded that steady-state 

exercise of varying intensities did not significantly affect the relationship 

between the lower body negative pressure induced changes in central 

venous pressure and the changes in maximal carotid-cardiac baroreflex gain. 

Therefore, as there were no differences in the change in maximal gain 
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between resting and exercise conditions, the three levels of condition were 

pooled together and the relationship between the unloading of 

cardiopulmonary baroreceptors and the maximal carotid-cardiac baroreflex 

gain were then examined. The results of this analysis are illustrated in 

Figure 25. These data demonstrate a trend for a progressive increase in 

carotid-cardiac baroreflex gain with decreases in central venous pressure and 

concomitant unloading of cardiopulmonary baroreceptors (Regression 

analysis, F = 8.6, p< 0.005). The slope of this relationship was also found 

to be significantly different from zero (m=0.09 ±0.02 bprn-mrnHg'1, F = 8.6, 

p< 0.005). Therefore, based upon the above discussion it would appear 
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Figure 25. Linear regression analysis of the changes in maximal gain of the 
carotid-cardiac baroreflex across lower body negative pressure induced 
decreases in central venous pressure in seven subjects. The line-of-best-fit 
was y = 0.09x + 0.79 (r=0.96). 
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that independent of the metabolic state of the organism, progressive 

decreases in cardiopulmonary baroreceptor afferent nerve activity produce 

linear increases in maximal gain of the carotid-cardiac baroreflex within the 

range of central venous pressures used in this study. Importantly, as this 

effect was not consistent during all conditions and did not produce the 

effect in a graded manner concomitant with the graded decreases in central 

venous pressure, the initially proposed hypothesis could not be rejected. 

Effects on Carotid-Vascular Baroreflex 

A powerful interaction of carotid and cardiopulmonary baroreceptors 

with the sympathetic excitatory responses mediated by peripheral somatic 

(Type lll/IV) afferents has been demonstrated by Abboud and Thames (2) in 

1981. They demonstrated that increased activity of carotid (carotid 

hypertension) and/or cardiopulmonary (volume expansion) baroreceptors 

inhibited the reflex vasoconstrictor responses to activation of somatic 

afferents following direct electrical stimulation or electrically induced muscle 

contraction. The opposite effect (ie. augmentation of the sympathetic 

vasoconstrictor response) was observed following carotid hypotension and 

bilateral vagotomy. These findings clearly demonstrate that various 

populations of baroreceptors interact, in some fashion, to produce the net 

cardiovascular response. 

Results from the present investigation demonstrated that during the 

resting control condition LBNP induced clear decreases in central venous 

pressure which appeared to produce no significant alteration of the stimulus-
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response curve describing reflex changes in blood pressure. However, 

during the low workload condition both levels of LBNP appeared to alter the 

profile of the stimulus-response curve. Specifically, the saturation pressures 

(CSP,*) demonstrated a leftward shift to lower estimated carotid sinus 

pressures, and although not significant, there was a trend for the maximal 

gain to increase during both levels of lower body negative pressure. This 

shift in the stimulus-response curve was similar to the alterations in the 

isolated carotid baroreflex stimulus-response curve in exercising dogs 

following acute bilateral vagotomy reported by Melcher and Donald (115). 

Following vagotomy the carotid baroreflex stimulus-response curve during 

exercise showed a steeper slope and a lower threshold pressure. Taken 

together, these results and those from this investigation suggest that 

alterations in the carotid baroreflex function curve occur during dynamic 

exercise when the total afferent input signal to the central barosensitive 

neuron pools shared by both carotid and cardiopulmonary baroreceptors is 

altered. In contrast, during the high workload condition LBNP clearly had no 

significant effect on the stimulus-response curves. 

As during exercise (and to a lesser degree during graded lower body 

negative pressure) powerful vasoconstrictor responses occur in non-

exercising skeletal beds and in the vascular beds of some visceral organs 

(148,149), one may expect that the vasodepressor response to a given level 

of neck suction may be greater due to the higher regional levels of vascular 

resistance. Although this appears to be a tenable hypothesis, further 
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investigations are needed to accept or refute this concept which may be 

used to glean further insight of the blood pressure responses reported in this 

study. 

The inconsistency in the responses of blood pressure at rest and 

during exercise makes interpretation of an interaction effect between the 

cardiopulmonary and carotid baroreceptors difficult. However, in an attempt 

to examine the presence or absence of an interaction the derived maximal 

gain for the carotid-vascular baroreflex were pooled across levels of 

condition (rest, low, and high workloads), and a linear regression between 

the maximal gain and the changes in central venous pressure was 

conducted. Results of this analysis are illustrated in Figure 26 on the next 

page. The slope of this relationship (m = 0.01 ±0.01 mmHg-mmHg"1) was 

not significantly different from zero (Linear regression, F = 1.25, p> 0.27). 

Therefore, although decreases in cardiopulmonary baroreceptor afferent 

nerve activity progressively augmented the maximal gain for blood pressure, 

its functional existence can not be definitively accepted based upon the 

minor effect which it appeared to evoke on carotid baroreflex function. 

The results reported from this study indicate that cardiopulmonary 

baroreceptors appear to modulate carotid baroreflex control of heart rate, 

and to a lesser degree blood pressure, during dynamic exercise in man. 

When trying to interpret the inconsistency of the responses to carotid 

baroreflex stimulation, it may be possible that lack of a significant interaction 

effect between carotid and cardiopulmonary baroreceptors may have been 
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Figure 26. Linear regression analysis of the changes in maximal gain of the 
carotid-vascular baroreflex across lower body negative pressure induced 
decreases in central venous pressure in seven subjects. The line-of-best-fit 
was y = 0.01x - 0.44 (r=0.93). 

due to a "masking effect" produced by other factors. Several factors may 

have obscured the influence of the level of cardiopulmonary baroreceptor 

nerve activity upon carotid baroreflex mediated responses. First, LBNP 

induced decreases in centra! venous pressure may have produced 

modulatory effects on carotid baroreflex function, but were very transient in 

nature because of a rapid adaptation of the cardiopulmonary baroreceptors 

(29). Therefore, it is conceivable that although central venous pressure was 

measured directly and continuously adjusted to maintain the desired level of 

cardiac filling pressure, afferent nerve traffic from these receptors may have 

adapted to the new pressure level rapidly. However, if adaptation of 
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cardiopulmonary baroreceptors did occur than one would predict that during 

prolonged exercise changes in output from this reflex (ie. changes in forearm 

blood flow) would be measurable. As the measures of forearm blood flow 

from this study reported in Tables III, IV and V (pages 85-87) did not change 

significantly between the fifth minute and the twenty-fifth minute of rest or 

during exercise, this suggests that adaptation of cardiopulmonary 

baroreceptors did not occur. This does not exclude the possibility that 

adaptation was complete by the fifth minute of exercise. However, a study 

by Joyner et al. (83) measured forearm blood flow and muscle sympathetic 

nerve activity (MSNA) from the peroneal nerve using microneurography 

during a prolonged (20 minute) period of lower body negative pressure in 

humans, and found that forearm blood flow decreased and MSNA increased 

abruptly following the onset of lower body negative pressure. These 

changes remained significantly different from baseline over the entire 20 

minute period of lower body negative pressure. They concluded that 

prolonged decreases in the activity of cardiopulmonary baroreceptors 

produced sustained increases in sympathetic neural outflow to the skeletal 

muscle of the limbs. This is put forth as further evidence that in humans 

adaptation of cardiopulmonary baroreceptors to prolonged decreases in 

central venous filling pressure does not occur. 

Second, the sinus node response to carotid baroreceptor stimulation 

may have been augmented during lower body negative pressure, however, 

this interaction may have been negated by the increased levels of beta-
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adrenergic stimulation to the myocardium. It has been demonstrated 

previously that increases in background beta-adrenergic stimulation 

attenuates the braking effects of cholinergically mediated bradycardia 

(53,206). As this study reported equal changes in the range of heart rate 

responses at rest and during exercise, in conjunction with the increased 

levels of beta-adrenergic stimulation to the heart which accompany exercise, 

this possibility seems unlikely. 

Third, a central interaction may have been obscured by the fact that 

at rest sinus node responses to carotid baroreceptor stimulation occur within 

the same cardiac cycle (46), however, during exercise this effect can occur 

upwards of four to five heart beats following the stimulus (unpublished 

personal observations). If this were the case then it is possible that reflex 

changes in aortic baroreceptor activity also may have occurred, which 

subsequently elicited a strong modulatory effect on carotid baroreceptor 

responsiveness (43,79). 

Fourth, although the breath-hold period was restricted to a relatively 

short time-frame (approximately 8-10 seconds) it was reported by several 

subjects that performing this maneuver, within the constraints defined by 

the investigator, was difficult to complete especially during the high 

workload condition. Even though the occurrence of a valsalva maneuver 

was readily detectable (from the central venous pressure trace) the pure 

straining effect not to breathe may have been sufficient to partially obscure 

the interaction effects elicit by the cardiopulmonary baroreceptors. This may 
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have contributed to the lack of a modulatory effect on the blood pressure 

responses during the high workload condition. 

Summary of the Research Findings 

The arterial and cardiopulmonary baroreceptors appear to be activated 

during exercise because of the associated rise in arterial pressure, and the 

increases in cardiac filling pressure which results from shifts in blood volume 

during compression of peripheral veins due to the action of the skeletal 

muscle contraction and increases in the force of ventricular contraction (2). 

The sympathoexcitatory response to dynamic exercise has been attributed to 

increased neural activity from both central command and reflexes arising 

from Type lll/IV afferent nerves located in active skeletal muscle 

(118,119,144). This investigation provides evidence which supports the 

notion that the carotid baroreflex retains its functional capacity in the control 

of both heart rate and blood pressure during dynamic exercise in humans. 

An additional interpretation of the findings from this investigation may be 

that acute resetting of carotid baroreflexes contributes to the 

sympathoexcitation during dynamic exercise. Teleologically, what are the 

purposes for resetting the arterial baroreflexes during exercise? First, a rapid 

resetting of the arterial baroreflexes at the onset of exercise would permit 

parallel increases in blood pressure, heart rate and cardiac output. The 

importance of this first point has been illustrated by studies using sino-aortic 

denervated animals (6,115,193). Following the onset of exercise, blood 

pressure of these animals fell precipitously and remained below resting blood 
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pressure values throughout the majority of the exercise. If the arterial 

baroreceptors were intact and the operating point was rapidly reset at the 

onset of exercise, then afferent information received from the arterial 

baroreceptors would be interpreted centrally as a hypotensive stimulus 

relative to the new operating point, and therefore permit parallel increases in 

heart rate and blood pressure. In other words, by acutely resetting the 

carotid baroreflex and shifting the stimulus-response curve in a parallel 

fashion following the onset of exercise, a pressure error signal would be 

established which would permit concomitant increases in heart rate, cardiac 

output, and arterial blood pressure. Recently, DiCarlo and Bishop (42) 

proposed that in exercising rabbits, acute resetting of the arterial 

baroreflexes significantly contributed to the increases in heart rate and renal 

sympathetic nerve activity following the onset of treadmill exercise. They 

further suggested that central command may change the operating point of 

the baroreflex by modulating the response of barosensitive neurons in the 

nucleus tractus solitarus to baroreceptor inputs. This concept of "central 

resetting" of arterial baroreflexes has also been adopted as a possible 

mechanism related to the alterations in baroreflex function seen during 

hypertension (181). Secondly, this acute resetting could be important 

functionally in the ability of the carotid baroreflex to continually respond to 

transient changes in arterial pressure around a new elevated blood pressure. 

For example, during dynamic exercise as arterial pressure is increased for a 

period of minutes acute baroreceptor resetting results in a parallel shift of 
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the baroreflex stimulus-response curve in the direction of the elevated 

pressure. Thus, as the operating pressure range is shifted to higher 

pressures the sensitivity of the baroreflex to changes in carotid sinus 

distending pressure is maintained. If acute baroreceptor resetting did not 

occur then the operating point would simply shift down the stimulus-

response curve as arterial pressure increased resulting in a decrease in 

carotid baroreflex sensitivity. This relationship is illustrated conceptually in 

Figure 27 on the next page. As the parallel shift in the carotid baroreceptor 

function curve was observed in both the control of heart rate and blood 

pressure during exercise, it can be proposed that the parallel shift of the 

carotid baroreflex is dependent upon a "floating" operating point which may 

be linked to an acute resetting of the arterial baroreflexes. A third function 

of the arterial baroreflexes during exercise may be to limit the elevations in 

systemic blood pressure following activation of muscle exercise pressor 

reflexes during moderate to severe intensities of exercise. This idea was 

investigated by Sheriff et al. (157), who restricted terminal aortic blood flow 

and femoral arterial pressure in exercising dogs with and without neurally 

intact arterial baroreflexes. Progressive occlusion of terminal aortic blood 

flow during exercise eventually triggered a muscle chemoreflex producing 

increases in arterial blood pressure. Interestingly, following sino-aortic 

denervation similar degrees of terminal aortic occlusion produced 

significantly greater elevations in systemic blood pressure, suggesting that 

intact arterial baroreflexes act to oppose the muscle chemoreflex at higher 



148 

Upward Resetting Parallel Resetting 

ECSP ECSP 

Figure 27. A conceptual illustration of the proposed mechanism of carotid 
baroreceptor resetting during a steady-state rise in arterial pressure during 
dynamic exercise. The panel on the left illustrates an "upward resetting", 
while the panel on the right illustrates a "parallel resetting". See the text for 
specific discussions. 

work rates. 

As the changes in cardiopulmonary baroreceptor afferent nerve 

activity reported in this investigation during exercise evoked some 

modulatory effect on carotid baroreflex control of heart rate and blood 

pressure, although these responses appeared at times to be inconsistent, the 

results from these data would suggest that afferent inputs received from the 
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cardiopulmonary baroreceptors may provide critical information to the 

cardiovascular control centers which ultimately determines carotid baroreflex 

responsiveness. Further experimentations need to be completed in order to 

come to a definitive conclusion regarding the extent of cardiopulmonary-

carotid baroreceptor interactions during exercise in humans, especially with 

regards to the reflex control of blood pressure. 

Specific Conclusions and Directions for Future Research 

The major new findings of this investigation are that: i) the carotid 

baroreflex can control heart rate and blood pressure homologously at rest 

and during varied levels of dynamic exercise in man; ii) this equivalent 

baroreflex control appears to be the result of an acute resetting of the 

baroreflex function curve to a higher pressure range in parallel with increases 

in systemic pressure; iii) input received from cardiopulmonary baroreceptors 

appears to modulate carotid baroreflex control of heart rate in a facilitatory 

manner at rest as well as during mild dynamic exercise; and iv) the 

modulatory effect on carotid baroreflex control of blood pressure following 

changes in cardiopulmonary baroreceptor afferent nerve activity during 

dynamic exercise requires further investigation. 

Further research is required to define the specific type of summation 

(simple addition, facilitatory, or inhibitory) which occurs between the 

cardiopulmonary and carotid baroreflexes during exercise. To this end, 

studies should be formulated which alter cardiopulmonary baroreceptor 

nerve activity bidirectionally (both increases and decreases in cardiac filling 
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pressure). Further, stimulation of carotid baroreceptors must be both 

specific to the carotid sinus region, as well as physiological in nature (ie. 

changes in baroreceptor distending pressure vs. electrical stimulation of 

afferent nerve fibers). Finally, activation and deactivation of the carotid 

baroreceptors must occur independent of altering the activation state of 

extra-carotid baroreceptors (ie. aortic baroreceptors). 

Clearly the study of a global response, such as the cardiovascular 

response to dynamic exercise, embraces the net effects of numerous 

redundant control mechanisms operating simultaneously to produce a new 

state of circulatory homeostasis. This redundancy in multiple reflex control 

mechanisms makes the task of differentiating the relative contribution which 

an individual control mechanism may impart on the net global response 

extremely difficult, and possibly inconsequential. However, it is the goal of 

the cardiovascular physiologist to strive to elucidate the functional domains 

of specific control mechanisms, as well as to identify the nature of their 

interactions. As Nobel Laureate physiologist August Krogh so eloquently 

stated in 1922: 

"...I venture to think, however, that the essential aims of physiology 
are better served by an attempt, however hopeless it may appear, to 
find causal explanations...". 
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Resting Control Condition 
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Note - Transition of the application and removal of lower body negative 
pressure (LBNP) during resting control. NS/NP = neck suction/neck pressure; 
CVP = central venous pressure; AP = radial artery pressure; 
FINAPRES = indirect systemic blood pressure. 
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Low Workload Condition 
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Note - Transition of the application and removal of lower body negative 
pressure (LBNP) during steady-state exercise. NS/NP = neck suction/neck 
pressure; CVP = central venous pressure; AP = radial artery pressure; 
FINAPRES - indirect systemic blood pressure. 
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Resting Control 
I LBNP-16torr | 

Forearm Blood Flow (ml / min per 100 ml) 

1.93 1.83 1.04 

LBNP -40 torr I 

Forearm Vascular Resistance (Units) 

| 40.9 1 |-

Low Workload 
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Forearm Vascular Resistance (Units) 
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LBNP-25 torr 

Forearm Blood Flow (ml / min per 100 ml} 

2.91 2.92 2.62 

Forearm Vascular Resistance (Units) 

| 33.7 1 J— 32.2 1 J- 36.4 

H 

| LBNP-19 torr | | LBNP -42 torr ~] 

Forearm Blood Flow (ml / min per 100 ml) 

2.17 2.08 1.57 

| LBNP-50 torr | 
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MEAN RESPONSES OF HEART RATE AND ESTIMATED CAROTID SINUS 
PRESSURE EVOKED BY CHANGES IN NECK PRESSURE 

AND NECK SUCTION 
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APPENDIX G 

REPRESENTATIVE TRACING OF THE RESPONSES OF HEART RATE AND 
MEAN ARTERIAL PRESSURE TO CAROTID BARORECEPTOR 

STIMULATION AT REST AND DURING EXERCISE 
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Resting Control Condition 

LBNP 
(torr) 

NS/NP 
(mmHg) 

-40 

40 

0 

-80 

BWibt 

CVP 
(mmHg) 

AP 
(mmHg) 

-4 

200 

100 

0 

Note - Ten second breath-hold during resting control. Beginning and end of 
each breath-hold is indicated by the event marker at the top of the trace. 
NS/NP = neck suction/neck pressure; CVP = central venous pressure; 
AP»= radial artery pressure. 
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Resting Control Condition 

LBNP 
(torr) 

NS/NP 
(mmHg) 

-40 

40 

0 

-80 
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CVP 
(mmHg) 

AP 
(mmHg) 

4 

0 

-4 

200 

100 

0 

Note - Five second carotid baroreceptor stimulation with varied levels of 
neck pressure ( + 20 and +40 torr) during resting control. NS/NP = neck 
suction/neck pressure; CVP = central venous pressure; AP = radial artery 
pressure. 
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Resting Control Condition 

LBNP 
(torr) 

NS/NP 
(mmHg) 

-40 

40 

0 

-80 
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- 4 - -t-

iru 
CVP 

(mmHg) 

AP 
(mmHg) 

-4 

200 

100 

0 

Note - Five second carotid baroreceptor stimulation with varied levels of 
neck suction (-60 and -80 torr) during resting control. NS/NP = neck 
suction/neck pressure; CVP = central venous pressure; AP = radial artery 
pressure. 
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Low Workload Condition 

LBNP 
(torr) 

NS/NP 
(mmHg) 

-40 

40 

0 

-80 

IM lllllllipilllipillip 
-f-

II 
CVP 

(mmHg) 

AP 
(mmHg) 

4 

0 

-4 

200 

100 

0 

Note - Five second carotid baroreceptor stimulation with varied levels of 
neck suction (-60 and -80 torr) during steady-state exercise. NS/NP = neck 
suction/neck pressure; CVP = central venous pressure; AP = radial artery 
pressure. 
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High Workload Condition 
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LBNP 
(torr) 

NS/NP 
(mmHg) 

CVP 
(mmHg) 

AP 
(mmHg) 

-40 

Note - Five second carotid baroreceptor stimulation with neck suction 
(-80 torr) during steady-state exercise. NS/NP = neck suction/neck pressure; 
CVP=central venous pressure; AP = radial artery pressure. 



APPENDIX H 

RELATIONSHIP BETWEEN CHANGES IN HEART RATE 
AND CHANGES IN R-R INTERVAL 
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2000 -

1500 - V 

1000 -

500 -

500 msec difference 

42 meee difference 

80 120 160 200 

Heart Rate (bpm) 

240 

Note - Graphical relationship between changes in R-R interval and 
changes in heart rate. Dependent upon the initial heart rate value, an 
equivalent change in heart rate of 20 beats will not be reflected by the 
same magnitude of change in R-R interval. As illustrated, a 20 beat 
change in heart rate from 40-60 bpm equates to a difference of 500 
msec, whereas the same change in heart rate from 160-180 bpm 
results in a difference of only 42 msec. 
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