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Reductions in baroreflex responsiveness have been 

thought to increase the prevalence of orthostatic 

hypotension in endurance trained athletes. To test this 

hypothesis, cardiovascular responses to orthostatic stress, 

cardiopulmonary and carotid baroreflex responsiveness, and 

the effect of cardiopulmonary receptor deactivation on 

carotid baroreflex responses were examined in 24 men 

categorized by maximal aerobic power (V0 2 m a x) into one of 

three groups: high fit (HF, V02max=67.Oil.9 ml•kg"
1•min"1), 

moderately fit (MF, V0aaaj-50.9±l.4 ml • kg"*. ̂ - 1 , , a n d l c w 

fit (LF, V02max-38.9±l.5 ml•kg
 1-min 1). Orthostatic stress 

was induced using lower body negative pressure (LBNP) at -5, 

-10, -15, -20, -35, and -50 torr. Cardiopulmonary 

baroreflex responsiveness was assessed as the slope of the 

relationship between forearm vascular resistance (FVR, 

strain gauge plethysmography) and central venous pressure 

(CVP, dependent arm technigue) during LBNP<-35 torr. 

Carotid baroreflex responsiveness was assessed as the change 

in heart rate (HR, electrocardiography) or mean arterial 



pressure (MAP, radial artery catheter) elicited by 600 msec 

pulses of neck pressure and neck suction (NP/NS) from +40 to 

-70 torr. Pressures were applied using a lead collar 

wrapped about the subjects' necks during held expiration. 

Stimulus response data were fit to a logistic model and the 

parameters describing the curve were compared using two-

factor ANOVA. The reductions CVP, mean (MAP), systolic, and 

pulse pressures during LBNP were similar between groups 

(P<0.05). However, diastolic blood pressure increased 

during LBNP m all but the HF group. (P<0.05). The slope of 

the FVR/CVP relationship did not differ between groups, nor 

did the form of the carotid-cardiac baroreflex stimulus 

response curve change during LBNP. changes in HR elicited 

with NP/NS were not different between groups (£>0.05). The 

range of the MAP stimulus response curve, however, was 

significantly less in the HP group compared to either the MP 

or LF group (£<0.05). These data imply that carotid 

baroreflex control of HR is unaltered by endurance exercise 

training, but carotid baroreflex control of blood pressure 

is impaired significantly, predisposing athletes to 

faintness. 
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PREFACE 

Ideally, the title of a monograph should be descriptive 

and complete; a succinct entity that both informs and 

entices the reader. The title of this dissertation may stir 

additional passions among physiologists, since few words in 

Physiology are so often misused as the word interaction. 

For the benefit of the reader, a clarification of the 

problem, as summarized by the cardiovascular physiologist 

Kiichi Sagawa (194), is offered: 

influence is linear or not." (p. 475) 

This dissertation was prepared to supply data that can 

be used to examine the interaction between two baroreflexes 

in humans using a systems theory approach (as defined by 

gawa). Hopefully the explanation permitted under the 

guise of a preface will help the reader to glean all of the 

information from the title that it should convey. 
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CHAPTER I 

INTRODUCTION 

origins of this dissertation are similar to the 

beginnings of most modern scientific research: an 

observation of some feature of the universe sparks 

curiosity, from which a question emerges. The question is 

pondered carefully, and distilled to several elemental (and 

therefore testable) hypotheses that relate (hopefully, to 

the original question. 

in this instance the observation is both anecdotal and 

documented in research literature (187,224). Many athletes 

primarily those involved in endurance training where large ' 

muscle groups are rhythmically activated for extended 

periods of time, on a regular (i.e., d a i l y ) b a s i s > ^ 

reported that they experience occasional dimness, nausea, 

and syncope when rising from the supine to standing position 

or after maintaining orthostatism. similarly, 

"cardiovascular deconditioning,- defined as eductions in 

systemic maxima! aerobic power ( v o W a n d cardiovascular 

compensation to orthostatism due to spaceflight seemed to be 

directly related to aerobic fitness (defined using vo, 

a criterion measure, (92,1H), a„ observation eloquen^y 
max a s 



summarized by Greenleaf and Kozlowski (l02) as the "bigger 

fall harder" hypothesis. 

Simply stated, -why do athletes stand up and pass 

out?" What is the lack of compensation causing what has 

been defined as training-induced orthostatic hypotension 

(TIOH)? Several investigators have centered on the 

hypothesis that diminished or caudally displaced central 

blood volume during orthostatism causes cardiac f i l l i n g 

pressure to be too low to maintain normal cardiac output 

(133,188), but the magnitude of differences observed after 

training is insufficient to account entirely for TIOH (178) 

A more recent suggestion has been that the response of 

baroreflexes (reflexes adapted to stabilize blood pressure 

(BP) by regulating both cardiac and peripheral vascular 

responses) to decreases in BP is attenuated with training 

(223). Of the three major baroreceptor populations (i.e., 

the primary structures initiating a baroreflex that residl 

at the carotid artery bifurcations, at the aortic arch, and 

throughout the heart and great thoracic vessels, at least 

two may contribute to TIOH. Carotid baroreflex control of 

both heart rate (HR> and BP have been observed to be 

diminished in trained athletes (223, o r i n e n d u r a n c e 

exercise-trained animals (59,20,239), while cardiopulmonary 

oreflex control of forearm (and presumably total 

systemic, vascular resistance has been reported to be less 



in people of moderate^ high aerobic fitness than in 

sedentary people (150). 

Additional negative effects of endurance exercise 

training on baroreflex activity were hypothesized based on 

other research literature describing the progressive loss of 

baroreflex function in patients suffering from congestive 

heart failure (CHF). Almost universally, baroreflexes have 

been reported to be severely limited in CHF patients 

(116,234). Experiments with volume loading in experimental 

animals have shown that cardiopulmonary receptors tonically 

oppose carotid baroreflex activity (26,255). S i n c e 

cardiopulmonary baroreceptors increase their activity when 

stretched, it seemed tenable that the expansion of blood 

volume stimulated by exercise training (i12), coupled with 

modest increases in cardiac chamber size and wall thickness 

stimulated by endurance exercise training (87, could 

stimulate cardiopulmonary receptors similar to CHF, thus 

inhibiting carotid baroreflex function indirectly. 

The need to keep invasive procedures to a minimum is a 

primary ethical concern when conducting research using human 

beings. However, two tools have been „ e n described that 

selectively perturb the carotid and cardiopulmonary 

baroreceptor populations: rapid, but brief external 

application of neck pressure and neck suction (NP/NS), and 

^ P P ^ - i o n of lower . . 
e r fcody negative pressure (LBNP), 

respectively. External application of pressure and suction 



to the neck has been used as a quantitative research tool 

for over 30 years (84,, t h e results obtained with this 

selective method to observe carotid baroreflex 

responsiveness compare favorably with other, more invasive 

-thods (,s,. Similarly, LBNP, when used with caution, may 

be a selective stimulus to cardiopulmonary receptors. At 

least two investigations have been unable to detect changes 

in aortic mean or pulse pressure when central venous 

pressure is decreased using relatively mild levels (o to - 2 0 

torr) of LBNP (124,256). Thus, using NP/NS and LBNP carotid 

baroreflex and cardiopulmonary baroreflex function can be 

assessed relatively independently. Furthermore, with the 

use Of NP/NS during graded LBNP, the type of summation 

between the cardiopulmonary and carotid baroreflexes (i e 

additive, subtractive, or facilitate) can be determined. ' 

This approach is well suited to uncover interactions 

(facilitative summation), as explained by Sagawa (194, : 

baroreflexes^sum I n U ' a d d S i J f o r S l i U t f 

different values to S i otherninDu?Ut' f s s i 9 n i n 9 
summation is linear ihe shirt o H L P ° r t ' t h e 

parallel and vertical• ^ u curves is 
position do not chanae ThIh*?e. a n d horizontal 
shifted curves depends "nr. ?? d l s t a ? c e between the 
second input and the ^ m a9 n itude of the 

second £ £ £ and thl £ t p u ^ " ^ b e ^ S e n t h e 

the curves are not parallel */h •°n other hand 
or altered in shfL? <horizontally shifted 
interaction^ v» linear summation (i e 
system?" somewhere in the' 1'"" 



Therefore, if « reduction in central venous pressure 

using LBNP affects the shape of the relationship between 

neck chamber pressure and BP or HR, an interaction between 

the two baroreflexes must be present. 

Statement of the Problem 

The effects of endurance exercise training on 

baroreflex function are not well known. The purpose of this 

experiment is to systematically evaluate cardiopulmonary and 

carotid baroreflex responsiveness in three distinct groups 

of men,^ characterized according to fitness level (defined as 

the maximal aerobic power (va \ * u • 
Power, (V0Jmax) as high fit (HF), medium 

fit (MF) , or low fit (LF) v. 
( P)• Carotid baroreflex responses 

Will be compared during supine rest in each group and during 

systematic deactivation of cardiopulmonary baroreceptors 

using LBNP. 

Hypotheses 

training affects carotid baroreflex or 

cardiopulmonary baroreflex control of the cardiovascular 

system, or the interaction of cardiopulmonary and carotid 

baroreflexes. Any combination of these three factors might 

contribute to T10H, therefore, the following hypotheses were 

formulated for testing in t h i s investigation: 

1) Both sympathetic vascular and parasympathetic 

chronotropic responses to NP/NS are inversely 

proportional to vo2 
max' 



Increases in forearm vascular resistance during LBNP 

will be less in aerobically fit individuals when 

compared at the same reduction in central venous 

pressure. 

3) BP and TO responses to NP/NS w i n i m p r o v e m o r e i n 

athletes during LBNP than in their less fit 

Counterparts by releasing a greater tonic inhibition of 

carotid baroreflex responsiveness by cardiopulmonary 

receptors. 

Delimitations of the Investigation 

Based on several methodological concerns, the following 

delimitations of the study were established: 

1) The experiments were conducted using men only. N o 

attempt was made to consider differences related to 

gender. 

2) The opposing effects of aortic baroreceptcrs on carotid 

baroreflex responses could not be controlled. The 

relative significance of aortic baroreceptors to reflex 

BP regulation in man have not been considered to be 

great. Also, the rapidity of responses to NP/NS should 

have minimized any opposing effects. However, during 

sustained alterations (> 1 5 s e c o n d s ) i n B p > 

»ust be considered to be the sum of i„ p u t s f r o m a l l 

baroreceptor populations. 

) BP measurements were made in a peripheral artery. 

Therefore, some amplification of the arterial pulse 



4) 

5) 

6) 

wave was expected. No determination of aortic or 

carotid artery pressure was attempted, but it was 

assumed that changes in radial artery pressure 

reflected baroreflex mediated changes in aortic 

pressure and vascular resistance. 

The precise change in carotid distending pressure 

induced by NP/NS was not well known, only one study 

has systematically examined this problem in man 

Ludbrook ^ ( 1 4 6 ) f o u n d ^ g 4 % Q f ^ 

pressure change was transmitted to the carotid sinus 

during NS, and 86% during NP, but did not stimulate 

carotid Osmoreceptors (147). Therefore, externally 

applied changes in carotid distending pressure was a 

selective perturbation to carotid baroreceptors, but 

pressures were transmitted asymmetrically and 

imperfectly. 

L° W l 6 V e l S ° f «" 2° torr, were considered to 

deactivate cardiopulmonary baroreceptors exclusively, 

(i.e., without decreasing arterial pressure and 

deactivating carotid baroreceptors). Previous 

researchers U 2 4 , 2 5 6 ) w e r e ^ ^ ^ 

« - a n arterial pressure, arterial pulse pressure, 

rate of arterial pressure change, or HR when central 

venous pressure was reduced with LBNP. 

A cross-sectional experimental design that allowed 

measurements of baroreflex function in groups widely 



7) 

ngmg in V0,max was employed in this investigation. 

Although this design might have hampered the 

interpretation of some data (since the effects of 

fitness could not be separated from genetic differences 

between the subject grouos} tho 
P // the improvements in 

statistical power (as a result of more meaningful group 

differences) offered by this experimental design were 

considered to be more important since the probability 

of overlooking meaningful results would be minimized. 

Fitness level was defined as vo2 T h i s 
max* J-nis measure of 

fitness may not have discrimated between individuals 

with a genetic predisposition for high vo, and 

individuals who engaged in regular t r a i n i n g ^ with a 

genetic predisposition for relatively low vo, T h i s 

delimitation probably affected the M P group T t l 

greatest extent. 



CHAPTER II 

REVIEW OF RELATED LITERATURE 

The dissertation process affords young scientists a n 

opportunity to critically summarize and question prior 

knowledge from which „ e w c a n b e ^ ^ ^ 

consideration in mind, t h i s r e v i e „ c e n t e r s ^ a 

and summary of: 1, the cardiovascular responses elicited 

through the predominant baroreceptor populations (carotid, 

aortic, and cardiopulmonary); 2) the effects of endurance 

exercise training on cardiovascular function; and 3) the 

effects of endurance exercise training on baroreflex control 

of the cardiovascular system. An attempt has been made to 

summarize data from human subjects where possible; however, 

relevant data from experimental animals are used to 

supplement the more limited data available from human 

subjects. Baroreflex mediated humoral responses are not 

considered in this review. 

Carotid Ra r o rpfi o v a g 

Anatomy and Morphology 

in mammals, carotid baroreflexes are an important 

component of short-term blood pressure (BP, control. The 

receptors responsible for these reflexes are located, in 

humans, m the carotid sinus, an enlargement of the internal 
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carotid artery at its origin from the common o a r o t i f l 

i rr aiso inciuae'to a iesser «- ™ 
segment of the external carotid artery (206). 

The carotid sinus is innervated by a branch of the 

glossopharyngeal nerve, and to a limited extent by f i b e r s 

fro, the cervical sympathetic chain. A rich supply of 

myelinated fibers, mostly 2- 4 i n d i a m e t e r > ^ ^ ^ 

adventitia of the sinus wall adjacent to the media ( 9 7 ) 

These terminals constitute neurofibrillary end plates that 

- m parallel to the longitudinal axis of the vessel (3, 

The smooth muscle content of the region may be reduced 

(14,189), increasing compliance of the sinus. Furthermore 

compliance may be modulated by sympathetic adrenergic fibers 

that innervate the region (14 91 
(14,91,226). consequently, the 

carotid sinus is exquisitely suit-oH +• 
4 itely suited to sense changes in both 

mean and pulsatile 
r o a t u e arterial pressure (45) . 

Physiology 

carotid Pf,roi-efleY Ppr,„1atinn ^ 

Sino-Atrial Node 

Since norma! cardiac rhythm is established by the sino-

» raal (SA, node, a study of carotid baroreflex control of 

heart rate (HR) is somewhat analogous to a study of 

baroreflex control of the <sa 
S A n°de- F l b « s Of the right and 

vagus nerve innervate the SA node; however, it is 

likely that the right vagus contributes more importantly to 

o m c regulation of HR since more branches of the right 
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vagus innervate the SA node (27,43,54). Surgical ablation 

right vagus causes greater changes in HR than removal 

of the left vagus ,109) . Increases in BP occurring 

naturally (93), stimulated artificially (39,77,136), or 

produced experimentally (157) have a similar effect: R-R 

interval increases from 3-15 msec per torr increase in BP 

A similar effect, though opposite in direction, is usually 

observed with artificial or experimental hypotension 

(136,157,182); therefore, the carotid baroreceptors are 

tomcally active and are capable of increasing or decreasing 

HR proportional to spontaneous fluctuations in arterial 

pressure. 

This effect occurs rapidly, m humans, experimental 

determinations of the latency in HR resulting from changes 

in carotid sinus perfusion pressure (74) or electrical 

Stimulation of baroreceptor afferent fibers (33) suggest 

that Changes in HR occur with a latency from 240-600 msec 

the former value derived using a necK chamber and the latter 

value using electrical stimulation. The early response to 

carotid baroreoeptor deactivation is effectively eliminated 

with atropine (78,140,156), indicating that the effect is 

elicited by the stimulation of muscarinic cholinergic 

receptors. I t is l e s s l i k e l y ^ 

influences control the early change in HR to any great 

extent. For example, Peering ^ ( 1 8 3 ) 

change m the early tachycardia caused by administration of 
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the vasodilator amyl „ i t r a t e w h e n t h e n o n . s e l e c t . v e 

^-adrenergic blocking agent propranolol was administered 

first. Similar results were nhfain^ v. 
were obtained when the early 

responses to neck suction were unchanged or increased during 

administration of propranolol (72,246), but were abolished 

by the administration of atropine (71,. I n contrast, 

complete cardiac autonomic blockade was required to 

eliminate the tachycardia resulting from carotid 

baroreceptor inhibition (17 29 99 
u/,29,99,156,212), suggesting that 

tachycardia resulted from baroreflex mediated 

sympathoexcitation and parasympathoinhibition. However the 

Possibility that other baroreceptor populations mediate! 

this response secondary to restoration of carotid sinus 

perfusion pressure cannot be excluded. 

The selectivity of the early (less than one second, 

vagal response makes the neck chamber method particularly 

well suited to evaluate cholinergic carotid baroreflex 

responses in humans, using this method, Eckberg ^ ( 7 „ 

observed a direct relationship between the baseline R- R 

interval and the R-p prolongation caused by n e Ck suction. 

Similarly, Smyth et_al. ( 2 1 9 ) f o u n d t h a t ^ b r a d y c a r d i a 

elicited with boluses of phenylephrine followed a similar 

relationship. Furthermore, in subjects whose baseline R- R 

interval increased spontaneously over a 6 week period, R- R 

prolongation following neck suction increased while 

responses were unchanged in subjects whose baseline R- R 
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interval was increased artificially using continuous neck 

(72)• It is likely that the greater bradycardia was 

caused by Physiological increases in carotid baroreflex 

sensitivity, since the effect could not be elicited 

experimentally. 

Whether the bradycardia observed following a program of 

endurance exercise training results fro* baroreflex mediated 

mechanisms s unknown. Training bradycardia has been 

observed to result from a reduction in intrinsic HR and an 

increase m parasympathetic influences on the heart 

(81,128,214). The latter effect could be baroreflex 

mediated, m several studies an increase in R-R interval 

prolongation elicited with neck suction improved after 

endurance exercise training (16,90,67). Consequently 

enhanced carotid baroreflex control of HR could contribute 

to training bradycardia. 

Since the rapid HR responses to changes in carotid 

perfusion pressure can occur within 0.5 seconds of 

Stimulation, responses to the stimulus may be sensitive to 

the respiratory and cardiac cycles. These properties have 

been studied in detail by Eckberg and his colleagues using 

the neck chamber approach (74). By varying the time of 

application of the stimulus before the anticipated 

depolarization of the SA node (P w a Ve of the 

electrocardiogram), prolongation of R-R i n t e r v a l w a s 

observed to be maximal when the stimulus preceded SA node 



depolarization by approximately 750 ,Seo. simiiar results 

were obtained when the stimulus was delivered during the 

upstroke of the carotid pulse wave. Therefore, maximum 

reflex responses were obtained when the stimulus was 

delivered to affect the firing of the greatest number of 

baroreceptor units. 

in another study, Eckberg sj^i. ( 7 8 ) delivered 

baroreceptor stimuli (-30 torr neck suction, at varying 

points in the respiratory cycle. T h e increase in R-R 

interval elicited with these stimuli was least in early 

inspiration, but maximal during early expiration. These 

results suggested that maximal baroreflex responses could be 

evaluated during held exDira-t-inn o • . 
expiration. Surprisingly, these 

responses were completely out of phase with the well 

documented respiratory sinus dysrhythmia. The mechanisms 

regulating these responses remain the topic of considerable 

debate; since this pattern existed even during voluntary 

apnea it is tenable that medullary pools of neurons 

generating respiratory patterns and neurons involved in 

baroreceptor mediated cardiac control may oppose each other 

additively, rather than through some "gating" mechanism that 

controls baroreflex sensitivity in some periodic fashion 
f 1 K C \ (155). 

To summarize, the SA node response to changes in 

carotid sinus perfusion pressure occurs rapidly and decays 

rapidly. W i t h i n 0. 5 s e C Q n d s Q f b a r o r e c e p t Q r s t i m u l a t i h r 
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is altered reflexly by changing vagal release of 

acetylcholine at the SA node. This response is dependent on 

he baseline HR, the relationship to the cardiac cycle, and 

the relationship to the respiratory cycle. Furthermore 

Changes l n the response of this reflex may help to explain 

changes in HR, such as respiratory sinus dysrhythmia or 

resting HR, commonly observed in individuals after endurance 

exercise training. 

Atrio-Ventricular Node 

st data from studies using human subjects agree with 

animal investigations demonstrating a role of carotid 

baroreceptors in regulating function of the atrio-

ventricular ( A V ) node. Direct measurement of Av-„is bundle 

and His-ventricular conduction times revealed that both 

change little when R-R interval is increased with reflex 

vagal stimulation (bolus injection of phenylephrine, ( 1 5 s ) 

However, if R-R I N T E R V A L I S FAY ^ 

conduction time slows, a finding that is eliminated with 

atropine (156). Undoubtedly, the AV node is innervated with 

cholinergic fibers of vagal origin, but their function 

appears to be to maintain the temporal relation of atrial 

and ventricular depolarization during vagal stimulation 

rather than to alter it. 

Ventricular Function and Myocardial Contractility 

The concept that carotid baroreceptors play an 

important role in regulating myocardial contractility has 
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V l g ° r O U S l y d S b a t e d « « . decades. T h e early 
results of Sarnoff ( 2 0 1 ), i n w h i c h c a r d i a c o u t p u t o f 

an anesthetized, atrially paced dog heart increased when 

carotid perfusion pressure was increased, opened this 

controversial issue. However, these data were challenged 

for several reasons, including the lack of control of 

ventricular preload and afterload and the dependency of the 

cerebral circulation on carotid blood flow in the 

experimental preparation. T h e question was re-examined b y 

DeGeest at^i. ( s 6 ), w h o d e s i g n e d ^ 

Preparation in which preload, afterload, HR, and circulating 

catecholamine concentrations were controlled in a neurally 

intact left ventricle. Increased pressure in the right 

carotid sinus caused decreases in peak left ventricular 

systolic pressure, which „ e r e interpreted as reductions in 

ventricular contractility. A similar investigation using an 

autosupported feline heart preparation was reported by 

Downing and Gardner (S3,, who found that no changes in 

ventricular mechanics were observed during carotid 

baroreceptor stimulation when ventricular afterload was 

prevented from rising. These authors felt that the reflex 

increases in afterload (stroke work) were offset by 

concomitant reductions in stroke volume. Positive inotropic 

changes were elicited when cephalic blood flew was reduced 

by decreasing carotid sinus perfusion pressure, suggesting 

that previous observations by Sarnoff et^l. ( 2 0 1 ) K e r e 
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error as a result of poorly conceived surgical technique. 

This issue therefore remains unresolved until well 

controlled experiments can be devised that control preload, 

afterload, and HR but do not overwhelm the experimental 

preparation with anesthesia or overzealous surgical 

technique. 

Previously it had been noted that carotid baroreceptor 

stimulation improved the status of patients with angina 

pectoris (144), suggesting that carotid baroreflex control 

of myocardial function exists in humans. Only recently has 

this hypothesis been addressed using an experimental 

approach. Raven et al. (186) used applications of neck 

pressure and neck suction to elicit changes in BP in 

conscious men. The ratio of end-systolic pressure, measured 

from a radial artery, to end systolic dimension, measured 

using M-mode echocardiography, was used as an index of 

myocardial contractility, in control experiments, end-

systolic dimension was maintained despite wide changes in 

ventricular afterload, suggesting that myocardial 

contractility was matched to ventricular afterload. When 

the hypothesized effect was eliminated with cardio-selective 

6-blockade, end-systolic dimensions paralleled the change in 

end-systolic pressure, as would be expected from the Frank-

Starling mechanism. Thus, limited evidence suggests that 

carotid baroreceptors exert an important effect on 

ventricular function in humans. 
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Carotid Baroreflex Regulation of the Circulation 

Venous Circulation 

Lack of suitable techniques to assess changes in venous 

capacitance and compliance in humans have seriously hampered 

efforts to assess carotid baroreflex control of the venous 

circulation. Several studies using the isolated vein 

technique, in which a tributary free segment of cutaneous 

vein is arrested from the circulation to determine venous 

pressure isovolumically, have shown increases in venous 

pressure resulting from a Valsalva manuever or deep 

breathing, but no decrease during neck suction of -60 torr 

(22,83). it is possible that venoconstriction elicited with 

a Valsalva manuever was more related to thoracic volume and 

pressure rather than to direct reductions in the stimuli to 

carotid baroreceptors. Studies assessing baroreceptor 

mediated changes in venous compliance by measuring the 

change in venous pressure in an arm with arrested 

circulation (197) have reported decreases in venous pressure 

during lower body negative pressure (LBNP) (240), but not 

during carotid baroreflex inhibition (2,95,184,198,240). 

Unfortunately, these techniques can be applied to the 

cutaneous circulation only. Perturbations of other 

capacitance beds, such as the splanchnic bed, have relied 

primarily on the use of lower-body negative pressure (LBNP). 

While splanchnic blood flow does decrease during LBNP (124), 

it is unclear whether the change in flow results from active 
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venoconstriction, or a passive redistribution of splanchnic 

volume secondary to splanchnic vasoconstriction (124). 

In experimental animal investigations, recent well 

controlled studies indicate that control of venous tone may 

be an important regulatory component during carotid 

hypotension. Greene and Shoukas (101), using a canine 

model, determined mean circulatory filling pressure (MCFP) 

of the circulation when carotid sinus perfusion pressure was 

altered independently. The change in MCFP was indirectly 

related to the change in perfusion pressure, as was total 

systemic capacitance, determined by the change in the volume 

of blood of a reservoir placed in series between the 

arterial and venous circulations. In summary, the carotid 

baroreceptors may play a role in maintaining cardiac filling 

pressure through active constriction of the capacitance 

circulation in experimental animals, but no related effect 

has yet been demonstrated in humans. 

Arterial Circulation 

A well established and potent reflex effect elicited by 

inhibiting carotid baroreceptors is a pronounced increase in 

BP, operating, at least in part, through increases in 

vascular resistance. Upon application of neck suction in 

conscious humans, a decrease in arterial pressure begins 

within 2-3 seconds of stimulation, and reaches a maximum 

change 10-20 seconds after stimulation (157,220). While 

this pressure change subsides somewhat after approximately 
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30 seconds (22,157), it is maintained when arterial pressure 

increases in response to sustained applications of neck 

pressure (157). Phasic modulation of BP due to respiration 

probably obscures these responses to some extent (155), but 

when the response is sustained (closed loop response) the 

ratio of the compensatory changes (i.e., BP) to the carotid 

sinus perturbation (change in mean arterial pressure 

subtracted from external neck pressure), or the reflex gain, 

when corrected for losses of pressure through the neck 

tissues (147), approximates 0.5 (22,23,223). 

Several of the HR and BP responses to carotid 

baroreceptor stimulation are similar. First, since reflex 

responses to increases and decreases in carotid transmural 

pressure can be elicited, the reflex must be tonically 

active, second, the BP reflex demonstrates latency, 

although it is considerably longer than the cardiac-

parasympathetic response. Consequently, the vasomotor 

component of the carotid baroreflex lags the chronotropic 

component. 

Elegant studies by Wallin and his colleagues have 

explored the time course of the BP carotid baroreflex in 

considerable depth. Wallin and Eckberg (244) measured the 

latency between carotid baroreceptor deactivation and bursts 

of muscle sympathetic nerve activity using the 

microneurographic technique. In general, the nerve traffic 

response lagged the stimulus by 1.3 seconds, m a related 
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investigation, Bath et_al. (19) observed that changes in 

diastolic BP always lagged the muscle sympathetic nerve 

activity response, with the peak changes in BP occurring 

approximately 5 seconds after carotid sinus deactivation. 

Thus, when neck suction was applied in a sinusoidal fashion 

with a period of 15 seconds, the BP response was nearly out 

of phase with the stimulus (i.e., increases in BP resulting 

from neck pressure, or carotid sinus hypotension, occurred 

during neck suction, or carotid sinus hypertension). 

While vasomotor responses in muscle appear to be 

closely linked to carotid baroreceptors, responses in other 

human regional circulations are less well known. Skagen et 

al. (208) were unable to find a change in skin blood flow, 

measured by local 1 3 3Xe clearance, during neck suction in 

normothermic men. Muscle blood flow, however, measured 

using the same technique, was increased nearly 75%. Skin 

vasoconstriction was observed during peripheral 

redistribution of blood volume using head-up tilting, 

suggesting that skin blood flow was unaffected by carotid 

baroreceptors. Reports summarized by Wallin and Fagius 

(245) were unable to demonstrate any link between cardiac 

rhythmicity and bursts of skin sympathetic nerve activity, 

supporting the hypothesis that carotid baroreceptors do not 

affect skin blood flow to any measureable degree. 

Carotid baroreceptors also influence splanchnic blood 

flow, as demonstrated by the changes in clearance of 
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indocyanine green dye in conscious men subjected to -40 torr 

neck suction during LBNP at -40 torr (1). M o t h e r t e r m s_ 

restoration of carotid transmural pressure eliminated the' 

splanchnic vasoconstriction resulting from LBNP-induced 

hypotension. 

Secondary reflex actions elicited by carotid 

baroreceptor inhibition help to maintain BP by altering HR 

myocardial contractility, and venous return after changes in 

total systemic capacitance. In rabbits, for example, 

Stinnett e£_al. (226) observed that administration of 

propranolol decreased the slope of the carotid sinus 

perfusion pressure - mean arterial pressure relationship 

41%. vagotomy also reduced reflex responses, either by 

elimination of the efferent cardiac response to changes in 

carotid sinus perfusion pressure or by elimination of 

afferent traffic from cardiopulmonary receptors. Thus, the 

cardiac responses to carotid sinus inhibition or stimulation 

contribute to the observed pressor responses (226,135,158). 

The contribution of this effect to carotid and aortic 

control of BP in humans is not known. 

Methods to Qeterminp rarotid R e s n n n g i „ a „ „ „ 

Carotid baroreflex function has been assessed by many 

methods that vary in their degree of invasiveness, with all 

methods, it is important to recognize that baroreflexes do 

operate in a vacuum; when a new steady-state is attained 

carotid baroreceptors may be operating close to their 
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control pressure, but other baroreceptors will be operating 

at altered perfusion pressures. As a result, when 

experiments are performed in situ, most perturbations of 

carotid baroreceptors assess closed-loop responses of the 

carotid baroreflex, while only the most rapid of techniques 

approach the true open-loop response. 

Invasive Perturbations 

At least two methods have been used to control 

carotid baroreceptor activity directly in humans. Direct 

electrical stimulation of the carotid sinus nerves was a 

short lived, but relatively popular technique to treat 

supraventricular arrhythmias (35) and hypertension (37) 

during the early 1960's but was later abandoned because of 

its unpleasantness and lack of long term success 

(36,203,220). Some of the major critiques of this method 

included invasiveness, unnatural method of stimulation, and 

simultaneous stimulation of chemoreceptor fibers (154,248). 

The second method used to explore tonic baroreceptor 

influences has been to denervate the carotid sinus 

temporarily, with anesthesia (106,131,241), or permanently, 

by surgical ablation (9,65,166). Objections to these 

techniques are similar to those raised regarding electrical 

stimulation; furthermore, the completeness of the anesthetic 

nerve block is difficult to evaluate, and may block 

cardiopulmonary afferents also. The techniques may cause 

major temporary side effects such as dysphagia and 
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dysphonia. Therefore, these techniques are poorly suited to 

study carotid baroreflex responsiveness outside of the 

surgical suite. 

Non-Invasive Perturbations 

Non-mvasive perturbations leave the carotid 

baroreceptors and their afferent and efferent nerves intact, 

relying on external changes in pressure to decrease or 

increase the transmural pressure across the carotid sinus. 

These methods have been employed by many investigators 

because the stimuli are relatively selective, yet well 

suited for human subjects. However, precise determination 

of the stimulus to the baroreceptors remains a problem. 

garoUd The stimulation of carotid 

baroreflexes by vigorously stroking one carotid sinus has 

been a technique used for several centuries (155). This 

technique remains useful for rapid clinical determination of 

carotid baroreceptor hypersensitivity and, along with facial 

immersion in cold water, is a popular method to terminate 

supraventricular tachycardias (35). A variation of this 

technique was reported by Roddie and Shepherd (191), who 

taught subjects to compress their own carotid arteries to 

reduce carotid pulsatile and mean pressure, which elicited 

large increases in BP. However, neither method allows 

quantification of the baroreceptor stimulus, precluding any 

usefulness of the technique as a research tool. 
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(iegk PrBssnre/Svctinn. m 1957, Ernsting and Parry 

reported the hemodynamic effects elicited by distending the 

carotid arteries by lowering the ambient pressure around the 

neck (84). Early neck suction devices were rigid, full-

head enclosures, using a tube to connect the subject's mouth 

to ambient pressure. These chambers were warm, noisy, and 

difficult to seal, in fact, Stegemann et al. kept an 

airtight seal around the chamber by enclosing the neck and 

shoulders in a plaster cast (223)I 

The rate of pressure change (dP/dt) at the carotid 

sinus, duration of the pressure change, and timing of the 

stimulus within the cardiac cycle all contribute to the 

responses elicited with neck suction. Mason et *1. (i60) 

reported that the range of human arterial dP/dt (determined 

m the brachial artery) ranged from 400-1180 torrsec"1. 

The average dP/dt measured in rigid head and neck chambers 

used in the 1960's was approximately 5 torrsec"1, much less 

than arterial dP/dt. Logically, a suction device that 

encompassed a smaller volume would improve the chamber 

dP/dt. Therefore, Eckberg gt_al. (76) developed a chamber 

comprised of sheet lead and rimmed with foam rubber that 

could be placed around the anterior 2/3 of the subject's 

neck. This new device was capable of producing quick 

pressure changes (in excess of 3000 torr sec"1) because of 

the tremendous decrease in chamber volume and the addition 

of solenoid operated valves. Subject comfort was greatly 
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improved because the subject's head was undisturbed. 

Subsequent improvements of the design have increased comfort 

further, and allowed the experimenter to apply pressure to 

the subject's neck (221). 

Using the neck pressure and neck suction (NP/NS) 

device, Eckberg examined the importance of the stimulus 

intensity, duration, and dP/dt (73). Results indicated that 

the increase in R-R interval was maximal when: 1) neck 

chamber dP/dt equalled or exceeded arterial dP/dt; 2) neck 

suction exceeded 50 torr; and 3) duration of the stimulus 

exceeded 500 msec. The warm response that the new chamber 

received in the research community prompted Eckberg <a group 

to explore the responses to repetitive "trains" of suction 

pulses applied during successive heart beats (18,75). I n 

these studies Baskersville at_al. (18) attempted to simulate 

transients in the arterial pressure wave by timing the neck 

suction pulses in accordance with the R wave of the 

subject's ECG. These data revealed that increasing numbers 

of stimuli in a train prolonged R-R interval in a linear 

fashion (i.e., addition of successive pulses increased heart 

period by a fixed amount), which the authors felt 

demonstrated that each pulse caused an equal amount of 

acetylcholine release to the sino-atrial node. Therefore, 

trains of neck suction could provide valuable information 

similar to data obtained by application of a single pressure 

pulse. 
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More recently, Eckberg and Eckberg (75, described neck 

suction trains consisting of pulses of increasing intensity, 

from which a carotid baroreflex stimulus-response curve 

could be obtained in a 10-15 second data collection period. 

Although the ramped train reduced the magnitude of change in 

R R interval, the slope of the response was similar. These 

data were confirmed in a later investigation (68) and were 

found to be correlated with responses obtained by bolus 

injections of phenylephrine, but with a slope only 15% o f 

that produced using pressor injections. The ramped train 

method has now been extended to include applications of neck 

pressure (sub-threshold, to completely characterize the 

stimulus-response cuirve (221) 

A major concern of the NP/NS technique is that the 

degree to which the stimulus is transmitted through the neck 

to the carotid sinus is poorly known. At least one 

investigation reported no damping of externally applied 

pressure pulses in dogs whose necks were encased in a 

plaster cast (207) . However, the compliance characteristics 

of the canine neck may be different than the human. 

Ludbrook at_ai. (146) inserted catheters in anesthetized men 

through the internal carotid artery until the tip of the 

catheter was beneath a chamber wrapped around the subject's 

necks. A second catheter was inserted percutaneously to 

contact the carotid artery wall, so that transmural pressure 

across the carotid sinus could be determined. They reported 
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that 86% of externally applied positive pressure was 

transmitted to the carotid sinus, but only 64% of negative 

pressure. Responses were similar among the ten subjects 

studied. Thus, the transmission of pressure must be 

regarded as asymmetric and imperfect. 

In a related study Ludbrook et_sl. (147, were unable to 

find changes in jugular PO, during neck pressure or suction, 

suggesting that cerebral oxygenation was unaltered during 

the procedure. Therefore, it is likely that the neck 

chambers provide a relatively selective stimulus to carotid 

baroreceptors, without concomitantly stimulating 

chemoreceptors. 

in summary, the NP/NS technique seems well suited to 

study carotid baroreflexes in man. several disadvantages, 

however, remain. The transmission of pressures has been 

measured by one group only, and has not been replicated. 

Also, aortic baroreflex responses oppose changes in systemic 

arterial pressure elicited with carotid baroreceptor 

stimulation. Despite these drawbacks, the method can 

provide quantitative information on beat-to-beat changes in 

carotid transmural pressure. 

Non-Selective Perturbations 

Perturbations that change BP globally have been used as 

methods to study baroreflex control of us. A fundamental 

drawback of these methods is that all baroreceptor 

populations are subjected to the same change in arterial 
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pressure, such that the result cannot be ascribed to one 

particular baroreceptor population. Therefore, these 

methods assess integrated baroreflex control, rather than 

discrete baroreflex responsiveness. 

Vasoactive pn,rf<r. I n t h e p a s t 2 0 y e a r s t h i s t e c h n i q u e 

has been one of the most commonly used methods to examine 

baroreflex responsiveness. The method involves the 

measurement of arterial pressure and HR while a pressor or 

depressor agent is injected or infused into a vein. 

Depressor agents that have been used include 

trinitroglycerin, amyl nitrate, or sodium nitroprusside, 

while commonly used pressor agents include phenylephrine 

hydrochloride, methoxamine, or angiotensin II. However, it 

should be noted that both phenylephrine and angiotensin have 

been criticized for use as pressor agents because of their 

direct effects on myocardial contractility (134,113,250). 

The data are analyzed in one of two ways, one method 

requires the pressure response to be plotted versus the HR 

response during steady-state infusions of an agent. This 

method is well suited to characterizing the responses to 

relatively long term changes in arterial pressure. The 

other method, formalized as the "Oxford method", involves 

Plotting each systolic BP value throughout the pressure 

change caused by a bolus injection of an agent against the 

corresponding pulse interval (218). In either case the 

slope of the regression of systolic or mean BP on pulse 
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interval is considered a measure of baroreflex sensitivity 

expressed in msectorr"1. There have been no major 

differences reported between these two techniques, although 

the steady-state technique may be more suited to evaluating 

slower, sympathetically mediated changes in HR. 

The advantages of the vasoactive drug techniques are 

that they are easy to use, stimulate all baroreceptors 

directionally, and can be initiated without the subject 

being aware. However, individual baroreceptor populations 

cannot be assessed, and the data are poorly reproduced 

because of the clearance time required for the drugs and the 

subject's basal state. Furthermore, some agents have been 

shown to have direct effects on the rate of depolarization 

of the smo-atrial node, most notably angiotensin (134), and 

more recently phenylephrine (113,250). Individual 

differences between pressor and depressor agents may account 

for the poor correlations obtained by Goldstein et al. (98) 

when comparing the slopes obtained from injection of 

phenylephrine or trinitroglycerin. 

In summary, the use of vasoactive agents offers some 

improvement in determining baroreflex responsiveness since a 

stimulus-response curve can be generated. The greatest 

drawback involving the use of pressor and depressor agents 

remains that only baroreflex control of HR, and not BP, can 

be determined directly. However, other techniques will be 

necessary to determine the contributions of respective 
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baroreceptor populations to controlling both HR and vascular 

resistance. 

Respiratory Manuevers. Blood pressure can be changed 

transiently by increasing intrathoracic pressure using a 

Valsalva manuever, which requires forceful expiration 

against an open glottis. Usually an expiratory pressure of 

40 torr is maintained with a small leak to atmospheric 

pressure to prevent the subject from closing his/her glottis 

or from controlling expiratory pressure by mouth alone. In 

the classic response, four phases to the manuever can be 

identified: I - a transient increase in BP resulting from 

displacement of blood from the pulmonary vasculature, 

forcing an increase in venous return to the left heart; 

^ ~ a progressive fall in BP resulting from a reduction in 

venous return and blood pumped through the pulmonary 

vasculature; III - a progressive rise in BP, elicited by an 

increase in vascular resistance through sympathetic 

reflexes; IV a rapid increase in BP after the release of 

straining resulting from amelioration of venous return 

accompanied by decreases in cardiac afterload. The linear 

decrease in BP during phase II or increase during phase IV 

causes baroreflex mediated changes in HR, which can be 

plotted as a stimulus - response curve (136,205). The 

disadvantages of this method are similar to those for 

pharmacological agents, since one can assess only control of 

HR. Also, the respiratory manuevers can be uncomfortable, 
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making reproducible measurements difficult. However, this 

technique is extremely easy to administer, and correlates 

moderately well with the injection of pressor or depressor 

agents. 

Lower Body Negative Pressure and Head-Up Tilting. Both 

of these techniques rely on peripheral redistribution of 

blood volume to decrease venous return, stroke volume, and 

therefore BP. While these techniques can be useful to 

determine integrated baroreflex activity non-invasively and 

with little technical difficulty, it is sometimes difficult 

to ascribe all changes to baroreflexes only, since it is 

likely reflexes other than baroreflexes are elicited by 

LBNP. 

Smith et al. (210) asked subjects to perform low-level 

isometric exercise during LBNP and demonstrated increases in 

larger than could be accounted for by the augmentation in 

venous return. These data suggested that reflexes 

originating from contracting muscles opposed the hypotensive 

effect of LBNP. During tilting, a similar response probably 

occurs since BP and HR show the same directional changes, 

which would not occur if baroreflexes were the only 

regulatory mechanism stimulated (178). Other reflexes that 

may be involved besides somato—pressor reflexes from 

contracting postural muscles (162) include vestibular 

reflexes stimulated by the change in position from supine to 

upright. When muscle activity is minimized during LBNP, BP 
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and HR respond similarly to when a pressor agent is infused; 

however, the reflexes elicited during head-up tilting are 

probably too complex to yield accurate and precise data on 

baroreflex responsiveness. 

To summarize, many different methods have been used to 

determine baroreflex responsiveness. Undoubtedly non-

selective perturbations stimulate all baroreceptor 

populations, but the contribution of each population cannot 

be made with certainty in humans. Perhaps the most 

attractive research technique to assess carotid baroreflex 

responsiveness quantitatively is the neck pressure/suction 

technique because of its reproducibility and relative 

safety. However, the similarity of these data to other less 

selective, but more often used techniques in normal subjects 

is not well known. This relationship should be determined 

before the technique gains widespread acceptance. 

Aortic Raroref1pyps 

Anatomy and Morphology 

The aortic baroreceptors are well distributed 

throughout the arch of the aorta and the roots of the major 

arterial branches, and may extend via small branches to the 

common carotid arteries in rabbits and cats (34,13). As 

with the carotid baroreceptors, nerve endings arise from 

myelinated fibers that ramify extensively, terminating in 

neurofibrillary end plates at the adventitia, particularly 

at its interface with the media (3). Both compact and 
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diffuse nerve endings can be located (115). However, unlike 

carotid baroreceptors, there is no decrease in the smooth 

muscle content of the arterial wall in the region of aortic 

baroreceptors (62). This important difference may help to 

explain some of the differences in carotid and aortic 

baroreflex responsiveness. 

Physiology 

The physiology of aortic baroreceptors is not as well 

known as carotid baroreceptors. The isolation of aortic 

baroreceptors to control mean and pulse pressure poses 

greater technological and surgical challenges when compared 

to isolation of carotid baroreceptors, contributing to this 

lack of data. A more popular experimental approach has been 

to observe the changes in HR or perfusion pressure of an 

isolated hind limb during hypertension or hypotension after 

one arterial baroreceptor population has been denervated. 

The major problem with this approach is that it distorts the 

normally redundant system comprised of aortic and carotid 

baroreceptors. For example Guo et al. (103) were able to 

show only small HR responses to nitroprusside or 

phenylephrine infusions in carotid or aortic denervated 

rabbits, and the BP response was unchanged with denervation 

either region. Sino-aortic denervation, however, 

virtually eliminated any HR or BP change. Therefore, 

extreme caution must be applied when interpreting results of 

this nature. One might be led to believe that aortic 
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baroreceptors were unimportant in BP control when, in fact, 

redundant carotid baroreceptors obscured the interaction 

that existed in situ. 

Recordings from aortic baroreceptor units have led 

experimenters to conclude that the operating range of aortic 

baroreceptors differ significantly from carotid 

baroreceptors. Pelletier et al. (179) were able to obtain 

aortic and sinus nerve activity during steady-state 

increases and decreases in BP in anesthetized dogs by 

perfusing each region in a non-pulsatile manner. They 

observed a threshold of carotid baroreceptor activity of 62 

torr, and a threshold of aortic baroreceptor activity of 95 

torr. This displacement existed throughout the linear range 

of activity. Similar results have been reported by other 

investigators (61,141). Furthermore, when the aortic and 

carotid baroreceptors were examined in an open-loop 

preparation by comparing the response (change in arterial 

BP) to the stimulus (change in aortic or carotid perfusion 

pressure) qualitatively similar results were obtained. 

These results have served to support the concept that 

aortic baroreceptors are tonically inactive, and serve only 

to buffer the hypertensive response to reductions in carotid 

sinus perfusion pressure. However, this theory is still 

heavily disputed. Angell-James and Daly (8) performed an 

elegant investigation using identical dogs prepared for 

controlled perfusion of either their aortic or carotid 
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baroreceptors. Pulsatile or non-pulsatile perfusion 

pressures did not affect the aortic baroreceptor responses, 

but when the same experiment was performed in the carotid 

preparation dogs the arterial pressure-carotid sinus 

pressure relationship changed from a hyperbolic curve to a 

sigmoid curve when the pulse pressure was increased from 0 

to 62 torr. The data from the two baroreceptor populations 

seem to show similar operating ranges and gains also. 

Similar electroneurographic evidence have corroborated this 

finding, suggesting that the conclusions of earlier 

investigations were in error. One technical difference is 

that the more recent investigations have isolated the aortic 

arch from the heart and lung region, and may have avoided 

stimulating depressor reflexes in these regions. As a 

consequence, the homeostatic role or aortic baroreceptors 

remains a topic of debate that will not be solved until 

repeat studies, conducted with the great technical care 

found in recent investigations, can be performed. 

In animals, the effects of aortic and carotid 

stimulation or inhibition are additive (233). m human 

experimentation, however, selective inhibition of carotid 

baroreceptors causes reflex hypertension, which activates 

aortic baroreceptors. Therefore, some reduction in reflex 

responses to carotid baroreceptor inhibition can be expected 

depending on the change in arterial pressure and the gain of 

the aortic and carotid baroreflexes. Unfortunately, the 
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gain at which carotid baroreflexes can control BP in man, 

independent of competing reflexes, is unknown. 

Physiology in Humans 

In humans the contribution of aortic baroreflexes to 

control of BP and HR has been largely inferred because of a 

lack of specific techniques to change aortic pressure 

without stimulating carotid baroreceptors. Mancia et_al. 

(157) have subtracted the HR response to neck suction and 

neck pressure from the HR response to injection of pressor 

or depressor agents to determine "non carotid" baroreflex 

control of HR. These investigators suggested that as much 

as 60-70% of the HR response to injection of a pressor or 

depressor agent was resulting from changes in aortic 

perfusion pressure. However, the investigators assumed that 

transmission of neck chamber pressures to the carotid sinus 

was complete, which is not likely to occur. Therefore, the 

actual carotid stimulus was overestimated, leading to 

underestimation of the aoritc reflex response. A further 

problem was that responses to neck pressure and neck suction 

were opposed by other baroreflex responses, so that the net 

response to changes in carotid perfusion pressure was aortic 

baroreflex antagonism, whereas pharmacological agents 

changed the perfusion pressure of all baroreceptors in the 

same direction. 

Two more direct techniques have been used to determine 

the role of aortic baroreceptors in controlling BP in 
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humans. Guz et al. (107,106) were able to stimulate the 

vagal trunks directly in anesthetized and conscious humans 

while the efferent cardiac responses were blocked with 

atropine. Stimulation produced no demonstrable change in 

BP/ leading the authors to conclude that aortic 

baroreceptors played no important role in BP control. 

However, it is possible that the nature of the stimulus 

elicited equal pressor and depressor reflexes that left 

arterial pressure unchanged. Alternatively, redundant 

carotid baroreflexes, operating at equal or higher gain than 

aortic baroreflexes, may have opposed the response to aortic 

baroreflex stimulation. 

A second method recently described by Sanders et al. 

(200) exploited recent advances in the microneurographic 

technique to record muscle sympathetic nerve activity (MSNA) 

during increases in aortic perfusion pressure using 

infusions of phenylephrine. In this experiment carotid 

sinus perfusion pressure was maintained at control levels by 

simultaneous application of neck pressure at a level equal 

to the rise in MAP, while increases in right atrial pressure 

were eliminated using graded LBNP. When phenylephrine was 

allowed to increase BP, MSNA decreased 54%, and decreased 

only 8% more when carotid baroreceptor perfusion pressure 

was returned to control values with simultaneous neck 

pressure. In contrast, phenylephrine alone elicited a 15% 

decrease in HR that was attenuated to a 4% decrease when 
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neck pressure was added. These data suggested that in 

humans the dominant role of aortic baroreflexes is to 

control vascular resistance partially by regulating MSNA. 

However, the summation of baroreflex responses could not be 

determined with this experimental design, so the question 

whether aortic baroreflexes are tonioally active in humans 

remains unanswered. 

To summarize, the role of aortic baroreflexes in humans 

remains unclear. To date, the best available evidence 

suggests that aortic barorecflexes play a dominant role 

controlling muscle vascular resistance, whereas carotid 

baroreflexes predominate controlling HR. 

Cardiopulmonary Baroreflexes 

Anatomy and Physiology 

A diffuse population of baroreceptors located 

throughout the central circulation have been shown to be 

important in circulatory control. The original discovery of 

cardiac receptors, identified by the reflex effects from 

injecting veratrum alkaloid compounds into the ventricles of 

experimental animals, produced bradycardia and hypotension. 

The afferent pathways of the reflex were isolated to vagal 

fibers while the efferent pathways were found to travel 

through sympathetic ganglia and vagal tracts to peripheral 

blood vessels and to the heart (28). This reflex is now 

well described as the Bezold-Jarisch reflex, in honor of the 
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scientist discovering it and the scientist characterizing it 

(138) . 

Only later were depressor and pressor reflexes 

identified whose primary stimuli appeared to be changes in 

the pressure of a cardiac chamber. Through the 1940's and 

1950»s rapid progress in recording action potentials 

directly from cardiac nerve fibers made electrophysiological 

characterization of cardiopulmonary receptors possible 

(108). Myelinated fibers in the atria were characterized as 

terminating in A or B receptors, depending on their tendency 

to fire in atrial systole or diastole (172). Recently, 

however, the receptors have been reported to be homogenous, 

and have different firing characteristics due only to their 

location in the atria (126,11). other myelinated fibers 

have been shown to terminate in both the right and left 

ventricles (173), and populations have been reported along 

coronary arteries travelling in both sympathetic (40,153) 

and vagus (41) nerves. The sympathetic reflex appears to 

cause a pressor response to coronary occlusion, while the 

vagal reflex causes a depressor response with increases in 

coronary perfusion pressure. 

Anatomical investigations of the myelinated atrial 

afferents suggest that they terminate primarily in compact, 

non-encapsulated endings called Nonindez endings 

(169,168,167), numbering perhaps several hundred on each 

side of the heart (51,118,119,152), with greater 
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concentrations on the left side of the heart and around 

vein-atria! junctions (51,lis,n 9, 1 6 1 ). T h e l o o a t i o n Q f 

these receptors has led some to suggest that they are 

involved in the Bainbridge reflex (increase in HR when 

pressure at the veno-atrial junction is increased) 

(142-143). it remains debatable whether these endings are 

functionally connected by a neurofibrillary "net" that would 

increase the sensitivity of receptors to changes in atrial 

wall tension (161,253). 

In cats, unmyelinated fibers (c fibers) are much more 

populous in the atria and ventricles than myelinated fibers, 

outnumbering myelinated fibers by a ratio of approximately ' 

8:1 (4,123). Unmyelinated fibers are located diffusely 

throughout the chambers, in contrast to the more discrete 

locations of myelinated fibers (48). Perhaps their 

widespread locations cause their discharge characteristics 

also vary widely. However, in ventricles, c fibers have 

been shown to respond not only to systolic pressure, but to 

the rate of pressure change and end-diastolic pressure 

(236,235,50). Therefore, these receptors may act to sense 

both ventricular preload and afterload, and may constitute a 

neuro-sensory "link" between the venous and arterial 

circulations. Chemosensitive fibers of this nature, 

particularly those located in the left ventricle, probably 

account for the Bezold-Jarisch reflex, because of their 
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ubiquitous location, great number, and sensitivity to 

specific agents such as capsaicin (49,71). 

Physiology in Humans 

in humans, discrete identification of various types of 

cardiopulmonary receptors have not been attempted. However, 

some reflex effects similar to those associated with 

specific receptor stimulation in animals have been reported. 

Symptoms mimicking the Bezold-Jarisch reflex such as nausea, 

bradycardia, and hypotension are often observed during 

inferior wall infarction (5,174,180,247,159), a region of 

the heart known to be densely populated with vagal c fiber 

afferent fibers in dogs (232,243). Conversely, tachycardia 

is usually observed during anterior wall ischemia, an effect 

that may result from stimulation of cardiac sympathetic 

afferent fibers (180,159). 

Perhaps the best studied cardiopulmonary reflex effect 

in humans is the vasoconstriction resulting from non-

hypotensive reductions in central blood volume and cardiac 

filling pressure. An important aspect of experiments 

hypothesizing this reflex in humans is the need to 

demonstrate, with clarity, that arterial baroreceptors are 

unaltered when venous return is changed. Several 

investigations appear to have met this criterion with great 

success. Johnson et_al. (124) used a slow, continuous ramp 

of lower body negative pressure at a rate of l torr•minute"1 

to elicit reflex effects to progressive hypovolemia or 
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hypotension. During the first 20 minutes of the experiment 

(0 to -20 torr LBNP) there was no detectable change in TO, 

aortic mean pressure, or aortic pulse pressure, suggesting 

that there was no change in the stimulus to arterial 

baroreceptors. In contrast, forearm blood flow decreased 

32% but splanchnic blood flow was nearly unchanged, since 

there was no evidence that the stimulus to arterial 

baroreceptors was reduced, the forearm constrictor response 

was attributed exclusively to the reflex effects of 

cardiopulmonary receptors. Furthermore, the mild change in 

splanchnic blood flow suggested that this regional 

circulation was not greatly influenced by cardiopulmonary 

baroreceptors. A later investigation by Abboud et al. (i) 

in which carotid baroreceptor stimulation was maintained 

during LBNP at -40 by the simultaneous application of neck 

suction of -40 torr confirmed this finding by demonstrating 

that splanchnic blood flow, but not forearm blood flow, was 

normalized when carotid baroreceptor stimuli was returned to 

control values. A second study by Zoller et_al. (256) used 

a beat to beat analysis of high fidelity BP recordings 

during LBNP at -5 and -10 torr to determine if some aspect 

of arterial baroreceptor stimulation was changed during 

LBNP. Despite reductions in central venous pressure (CVP), 

and decreases in forearm vascular resistance, no change in 

arterial mean pressure, pulse pressure, or rate of pressure 

rise (dP/dt) could be found. Thus, careful human 
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investigation has failed to identify a specific arterial 

baroreceptor stimulus elicited by low levels of LBNP. Also, 

these data, coupled with the finding that increases in CVP 

induced by passive elevation of the subject's legs do not 

alter HR suggest that the Bainbridge reflex is not present 

in humans or is functionally masked by opposing reflexes. 

The findings of these reports are contended still. 

Recently, Cornish e£ja. (52) observed decreases in BP and 

increases in HR during mild (-5 and -15 torr) LBNP in 

conscious monkeys that were eliminated by sino-aortic 

denervation. Such findings implicated a role of arterial 

baroreceptors in maintaining arterial pressure during low 

levels of LBNP. However, the authors commented that their 

animals fought frantically when placed in the supine 

position; therefore, LBNP was applied in the sitting 

position. It is therefore conceivable that postural 

reductions in central blood volume, accompanied with further 

reductions resulting from LBNP, caused sufficient reductions 

in cardiac filling pressure that arterial pressure was 

affected. To summarize, no convincing evidence has been 

generated using experimental animals to refute the theory 

that low levels of LBNP constitute an exclusive reduction in 

the stimulus to cardiopulmonary baroreceptors. 

Research investigating the function of cardiopulmonary 

baroreceptors in humans has emphasized the nonuniformity of 

cardiopulmonary baroreceptor control of vascular resistance 
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in humans. Despite recent evidence suggesting that the 

blood flow response to LBNP is different in arms and legs 

(86) sympathetic nerve traffic to arms and legs is uniform 

during mild LBNP (85). A current summary of experimental 

evidence in humans suggest that cardiopulmonary 

baroreceptors control primarily muscle sympathetic nerve 

activity, splanchnic blood flow to a lesser degree, but not 

skin sympathetic nerve activity. The specific type of 

receptor eliciting these reflex responses remains unknown. 

B a r o ^ n ? " " l r Y B a r n r P r f > r t ° r interactions with 

Afferent nerves from both the carotid baroreceptors and 

cardiopulmonary baroreceptor regions synapse on related 

areas in the dorsal medulla. Given this fact, and the 

overlapping roles of both receptor populations, it is 

reasonable to suggest that there might be modulatory effects 

of one receptor population on the other. A limited number 

of investigations have considered such an interaction. 

Several animal investigations found that 

cardiopulmonary afferents depressed cardiac baroreflex 

control of the circulation. Koike et al. (135) reported 

that vagal deafferentation potentiated hind paw 

vasoconstriction when carotid sinus pressure was decreased 

from 125 to 75 torr in anesthetized dogs, but not when 

carotid sinus pressure was increased from 125 to 175 torr, 

suggesting that cardiopulmonary baroreflex inhibition of the 
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carotid BP baroreflex occurs at low arterial pressures only. 

Similar responses are not well described in man. Some 

investigations have provided evidence for a tonic inhibitory 

influence of the cardiopulmonary receptors on the vascular 

response to a single change in carotid transmural pressure 

(242,66). However, none have systematically examined 

comprehensive baroreflex function over a wide range of 

central blood volumes. 

Abboud et al. (1) reported the first study that 

attempted to measure responses to neck suction when central 

blood volume was altered. They reported that neck suction 

at -40 torr reduced splanchnic vasoconstriction during -40 

torr LBNP, but did not alter the forearm vascular responses 

to LBNP. However, LBNP at such levels also reduced BP, and 

would have stimulated carotid or aortic baroreceptors. A 

similar experiment using low (non-hypotensive) levels of 

LBNP was reported by Ebert (66) in which he used slow onset 

neck suction (similar to that used by Bath et al. (19) to 

maximize decreases in sympathetic efferent nerve traffic). 

Contrary to the previous findings of Abboud (l), Ebert (66) 

reported that forearm vasodilation occurred. This 

interaction was confirmed in a study by Victor and Mark 

(242) in which they employed neck pressure during low level 

LBNP to potentiate, rather than attenuate, forearm 

vasoconstriction. Simultaneous injection of a pressor agent 

(norepinephrine) or global sympathetic augmentation (using a 
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cold pressor test) did not change reflex responses, 

suggesting that a true reflex arc caused the change in 

forearm vascular resistance during combined LBNP and neck 

pressure. 

Despite these effects on forearm vascular resistance, 

it is possible that cardiopulmonary modulation of carotid 

baroreflexes changes BP little. If so, the physiological 

response might be interesting, but of little practical 

significance. One research study has demonstrated changes 

in the capacity of the carotid baroreflex to regulate BP 

during changes in central blood volume. Bevegard et al. 

(25) used sinusoidal applications of neck suction from -10 

to -40 torr during LBNP to -40 torr. Oscillations in BP and 

HR were increased during LBNP, but the severity of LBNP may 

have produced an additive effect associated with a decrease 

in BP because of the reduction in central blood volume. 

Therefore, these data must be considered with caution. 

The aforementioned experiments did little to determine 

the effect of central blood volume on the HR baroreflex. 

This question has been studied in man by Takeshita et al. 

(230) , who found no change in the steady state (determined 

by phenylephrine injection) or transient (determined using 

neck suction) HR responses to changes in central venous 

pressure between 1 and 9 torr. This study should be 

contrasted to that reported by Billman et al. (26) in which 

head-down tilt and volume augmentation in rhesus monkeys 
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decreased the change in R-R interval invoked by bolus 

injection of phenylephrine. Furthermore, Smith et al. 

(210)c have demonstrated an altered HR response to 

phenylephrine bolus injection in anesthetized dogs after 1 

min of 6° head-down tilt, which subsequently returned to 

control values at the end of 60 minutes of tilting. These 

findings suggested baroreceptor resetting. 

Cardiovascular Effects of Endurance Exercise Training 

The study of the cardiovascular responses to exercise 

training is a vast area that combines elements of 

metabolism, central and peripheral hemodynamics, anatomy, 

and morphology. It is likely that aspects of cardiovascular 

function altered by endurance exercise training are 

important to baroreflex control of the cardiovascular 

system. Twenty years ago an accepted tenet in applied 

physiology stated that metabolic limitations to exercise 

training limited maximal aerobic power (V02 ) (125). Many 
IClclX 

studies since that time have measured profound increases in 

the concentrations of oxidative enzymes (117). These 

changes, on a percentage basis, far outweighed the increase 

i n ^°2 max' s ugg e s t i n9 t h a t °2 delivery was limited during 

high intensity work (100). Moderate to severe increases in 

blood flow to muscle groups during whole body exercise 

rapidly exceed the maximal pumping capacity of the heart in 

sedentary men (approximately 25 lmin" 1) (196). In elite 

endurance athletes pump capacity may increase to 40 lmin - 1 
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or greater (80) without completely meeting skeletal muscle 

needs for blood flow. Therefore, often the ability to meet 

circulatory requirements, not respiratory requirements, 

defines the maximal aerobic power. As stated by Blomqvist 

and Saltin (32) : 

The improved utilization of the systemic capacity 
for oxygen transport only accounts for a small 

? f t h S J u r g e d i f f e r e n c e in maximal oxygen 
uptake between athletes and sedentary subjects A 
superior systemic aerobic capacity clearly 

S ^ p e r i ° r cardiac pump performance with a 
large stroke volume during exercise, (p.173) 

Pump function can be improved in two ways: by improving 

the intrinsic characteristics of the heart, or by 

stimulating extramyocardial adaptations that optimize 

cardiac performance. Intrinsic factors include the size, 

inotropic, and chronotropic characteristics of the heart, 

while extrinsic factors include those affecting myocardial 

preload and afterload. 

Intrinsic Cardiac Adaptations 

Unlike the commonly used animal model, the rat, humans 

show marked cardiac adaptations to exercise training (32). 

For many years it has been known that endurance training 

stimulates cardiac hypertrophy, as demonstrated using 

radiography (12), echocardiography (87), and magnetic 

resonance imaging. Furthermore, heart size in general 

correlates well with V 0 2 m a x and aximal stroke volume (12). 

Echocardiographic studies have commonly reported increases 

in left ventricular end-diastolic dimension without large 
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changes in wall thickness; however, total left ventricular 

mass (normalized to lean body mass) is increased because of 

the increase in chamber size (181). 

This effect is not exclusive to the left ventricle, but 

probably includes all cardiac chambers. How this 

hypertrophy affects the firing characteristics from cardiac 

baroreceptors is not known. 

There have been little data to suggest that exercise 

training significantly alters cardiac performance or 

responses to inotropic stimulation in normal man (170). 

Schaible and Scheuer (202) have demonstrated increases in 

left ventricular dP/dt paralleling changes in myocardial 

myosin ATPase and Ca++ flux resulting from training in 

isolated rat hearts. However, when one considers that 

ejection fraction is extremely high during exercise, even in 

normal men, enhancements in pump capacity resulting from 

changes in myocardial performance are probably small at best 

(32). To summarize, improvements in cardiac performance due 

to exercise training are caused by increases in size of the 

heart, rather than improvements in intrinsic cardiac 

performance. 

Extramyocardial Adaptations 

Without a change in vascular capacitance, the 10-20% 

increase in blood volume observed after endurance training 

or heat acclimatization (112) could augment cardiac preload. 

Limited evidence suggests that this factor may play a role 
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during exercise, since Q c and pulmonary capillary wedge 

pressure are greater during maximum exercise in athletes 

(82). However, cardiac filling pressures are not increased 

at rest, suggesting that this factor is not important at 

rest. Cardiac pumping can be further augmented in athletes 

by increasing blood volume more (222), but little in 

untrained people (190). These data suggest that the 

hypertrophied hearts of endurance athletes may normally 

operate at less than optimal volumes. The final limitation 

to dilation of the heart, however, is most likely the 

pericardium, since pericardiectomy increased V02 some 15% 
HlclX 

in endurance exercise trained dogs because of increases in 

maximal stroke volume and Q (227). 
c 

Greater cardiac preloads in athletes may be achieved by 

the increase in filling time that results from training 

bradycardia. This adaptation results from greater 

parasympathetic influences on the heart and a reduction in 

intrinsic HR, but at extremely slow HRs mechanical 

limitations to filling, such as decreases in ventricular 

compliance, may play a more important role in determining 

the stroke volume. 

Since maximal Q c can be nearly double sedentary values 

in trained endurance athletes without an increase in MAP, 

peripheral resistance must be substantially lowered by 

training to normalize cardiac afterload. Undoubtedly, 

increases in capillarization contribute to this response 
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(12) , but changes in regulation of arteriolar resistance 

probably cause a larger effect since these vessels cause the 

largest pressure drop across the vascular tree (192). 

Regulation of resistance at this level, particularly during 

exercise, is not completely understood, but must be the 

result of centrally mediated mechanisms balanced against the 

influences of local vasodilators or neurally controlled 

active vasodilation (32). Control of vasoconstriction can 

be mediated through baroreflexes or chemoreflexes (145); 

therefore it is conceivable that reductions in baroreflex 

regulation of vascular resistance may accommodate higher 

flows at normal pressure during severe exercise. 

To summarize, exercise training causes cardiac 

dilation, but limited hypertrophy, an increase in blood 

volume, maximal Qc/ and vascular conductance. 

Cardiac adaptations would favor an increase in activity from 

cardiopulmonary baroreceptors, an effect that could act on 

vascular resistance directly, or indirectly by inhibiting 

carotid baroreflex control of vascular resistance. 

Alternatively, the increase in conductance observed could be 

arterial baroreflex mediated, while these adaptations might 

serve to enhance pumping ability and skeletal muscle 

perfusion during severe exercise, the same changes could 

contribute to hypotensive responses to orthostatic stress 

during resting conditions by limiting the vasoconstrictor 

responses to reductions in MAP and central blood volume. 
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Effects of Endurance Exercise Training 

on Baroreflex Responsiveness 

For several decades the effect of endurance exercise 

training on orthostatic tolerance has been debated. 

Recently, well controlled investigations have found that the 

reductions in systolic blood pressure during LBNP are 

greater in endurance athletes (187). in a related 

investigation Smith et al. (210) compared relaxed 

orthostatic tolerance in a group of men before and after 7 

weeks of exercise training (running 4-6x/week, 40 

minutes/session, 70% maximal HR). They observed reduced 

orthostatic tolerance (210) and reduced forearm constrictor 

responses to steady-state infusion of a pressor agent 

(phenylephrine HC1) (225) following training. These data 

suggested that reduced baroreflex control of vascular 

resistance contributed, at least in part, to the reduced 

orthostatic tolerance following training. Unfortunately, 

they were unable to determine which baroreflexes might be 

involved, since all baroreceptors were exposed to increased 

pressure during sustained infusion of a pressor agent. 

Similar responses were reported by Tipton et al. (239) using 

rats who underwent progressive LBNP before and after an 

exercise training program. Therefore, data suggest that 

reduced baroreflex responsiveness contributes, at least in 

part, to training induced orthostatic hypotension (TIOH) 
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With the apparent strides made in evaluating autonomic 

reflex responses during postural stress, several 

investigators have attempted to determine the changes in the 

role of various baroreceptors after exercise training. 

Until recently the effect of exercise training on 

baroreceptor function was examined in one investigation only 

(223). Stegemann, Busert, and Brock (223) altered carotid 

transmural pressure by changing pressure in a dome encasing 

the subjects' heads for three minute periods. Baroreflex 

control of HR and BP were reduced by exercise training. 

However, more recent investigations have observed little 

change in short term (beat-to-beat) carotid baroreflex 

control of HR in trained subjects (89,90,151,185,193,209), 

or imporvements in the carotid—cardiac baroreflex with 

training because of increased baseline vagal tone (16,15). 

These data challenge the concept that exercise training 

reduces carotid baroreflex control of HR. 

Limited data are available in humans (89,210) and 

animals (21,20,57,58,96) which describe the changes in 

carotid baroreflex control of vascular resistance resulting 

from athletic training. Gaugl et al. (96) observed that 

changes in vascular resistance resulting from graded carotid 

occlusion were greater in endurance exercise trained dogs, 

possibly resulting from enhanced responsiveness to 

circulating catecholamines. All other available data 

uniformly report a reduction in carotid baroreflex control 
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of vascular resistance after exercise training 

(21,20,59,57,58). The neural mechanisms proposed to account 

for reduced baroreflex responsiveness can be summarized as 

resulting from either: l) an increased tonic inhibition of 

carotid baroreflex function from cardiopulmonary (cardiac) 

baroreceptors, or 2) a change in central nervous system 

modulation of carotid baroreceptor afferent traffic, such 

that sympathetic efferent responses are reduced. 

The inhibitory influence of cardiac receptors on 

carotid baroreflex control of HR, and particularly BP, has 

been demonstrated in humans (57,66,175,242), and animals 

(52,59,57,135). Recent investigations by DiCarlo and Bishop 

(57,58), and DiCarlo et_al. (59) demonstrate that carotid 

baroreflex control of renal sympathetic nerve traffic was 

reduced in rabbits after athletic training (running on a 

treadmill) (59,58) However, baroreflex responsiveness 

returned to control values when cardiopulmonary afferent 

fibers (presumably cardiac C fibers) were blocked with 

administration of procaine intrapericardially (57). 

Similarly, Falsetti, Burke, and Tracy (88) found that the 

addition of neck pressure during LBNP significantly 

increased forearm vascular resistance in untrained men but 

not m trained swimmers, suggesting that the relationship 

between cardiac and carotid baroreceptors was somehow 

changed by exercise training. However, Bedford and Tipton 

(20) found that carotid baroreflex control of HR, mesenteric 
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blood flow and aortic blood flow were reduced in exercise 

trained, sino-aortic denervated rats, since vascular 

responses to bolus injections of phenylephrine HC1 and 

hexamethonium bromide were unchanged in the trained animals, 

the authors concluded that the carotid baroreflex 

responsiveness was altered after training by a central 

mechanism unattributable to cardiac receptors. 

Other baroreceptors have been suggested to change with 

endurance training. Mack et al. (150) reported that the 

slope of the central venous pressure-forearm vascular 

resistance relationship was reduced in trained men, 

suggesting that cardiopulmonary receptors were less 

effective in increasing vascular resistance after training. 

Chase, Reily, and Seals (46) reached a similar conclusion in 

19 men who trained 6 months and increased V02 30%. These 
max 

results were contradicted by a recent investigation by 

Takeshita et al. (229) who found that vasoconstrictor 

responses to LBNP at -10 torr were greater in "varsity 

football players." Unfortunately, the exercise training 

status of these athletes was not known, making comparisons 

between these data and other data (150) difficult. 

Chapter Summary 

Based on this review, it may be concluded that there 

are significant myocardial adaptations associated with 

exercise training. Although changes in cardiac structure 

during congestive heart failure have been suggested to 
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result in reductions in carotid baroreflex control of BP, no 

such data have been presented in the endurance exercise 

trained human or animal. It remains debated whether 

exercise training affects baroreflex control of BP at all. 

Based on previous data, one might also hypothesize that 

carotid baroreflex regulation of HR is enhanced in exercise 

trained people, perhaps resulting in training bradycardia. 

However, neither this hypothesis nor the hypothesis that 

exercise training on cardiopulmonary baroreflex 

responsiveness are accepted universally. To address these 

differences, the following assessments were attempted: 

1) Determine the ability of cardiopulmonary receptors to 

regulate forearm vascular resistance in groups of 

unfit, moderately fit, or highly fit men; 

2) Determine both the HR and BP responses to selective 

carotid baroreceptor stimulation or inhibition using 

neck suction or neck pressure; 

3) Compare the neck pressure/neck suction method to more 

traditional methods to determine baroreflex 

responsiveness (i.e., injection or infusion of a 

pressor agent); 

4) Determine if exercise training has an effect on 

cardiopulmonary baroreceptor modulation of carotid 

baroreflex responsiveness by using the neck 

pressure/suction technique while cardiopulmonary 
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receptors were systematically unloaded during low 

levels of LBNP; 

5) Determine if exercise training has an effect on carotid 

baroreflex control of HR and BP during moderate to 

severe orthostatic stress using LBNP. 



CHAPTER III 

PROCEDURES AND METHODS 

A major aim of this investigation was to determine 

carotid and cardiopulmonary baroreceptor responsiveness in 

healthy men who differed by aerobic fitness as defined by 

their maximal aerobic power (V02 ). Another aim was to 
luclX 

define the degree that cardiopulmonary baroreceptors 

modulated carotid baroreflex responsiveness in each group. 

The primary method used to assess carotid baroreflex 

responsiveness was the rapid neck pressure and neck suction 

(NP/NS) technique, which was compared to more common methods 

to assess baroreceptor function that required the bolus 

injection or incremental infusion of the a-adrenoreceptor 

agonist phenylephrine hydrochloride (PE, trade name 

Neosynephrine). Twenty-four men aged 20-30 years were 

selected for inclusion in one of three equally sized groups, 

based on their V 0 2 : low fit (LF, VO, <43 
max 2 max 

ml•kg min - 1) medium fit (MF, V0 2 m a x=50±2 ml•kg"
1•min"1), 

and high fit (HF, VO, m a x>65 ml•kg
-1•min"1). Descriptive 

metabolic and cardiovascular data were obtained from each 

subject, as were the cardiovascular responses to graded 

orthostatic stress using progressive lower body negative 

pressure (LBNP) at levels that were and were not selective 

59 
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to unloading cardiopulmonary baroreceptors. Measurements of 

carotid baroreflex responsiveness were made in each subject 

at each stage of LBNP to determine the effect of reduced 

cardiopulmonary baroreceptor stimulation on carotid 

baroreflex responsiveness. 

Subi ects 

Volunteers were recruited from the Dallas-Fort Worth 

metropolitan area and local universities. Prospective 

subjects were automatically excluded if they: 1) did not fit 

the basic subject description (caucasian men, aged 18-30 

years); 2) demonstrated abnormal responses to Allen's test 

for ulnar artery perfusion of the right hand; 3) were 

previously diagnosed as having any cardiovascular 

abnormality, particularly hypertension or coronary artery 

disease. Two prospective subjects were eliminated due to 

previous treatment for hypertension. 

Each prospective subject was informed of the nature and 

purpose of each procedure and was asked to provide written 

informed consent for the procedure. All procedures 

conformed to the Declaration of Helsinki and were approved 

by the Institutional Review Board at the Texas College of 

Osteopathic Medicine. Each prospective subject completed a 

medical history and was given a brief physical examination 

by a collaborating physician (H.M. Graitzer, D.O.; S. Stern, 

D.O.; or B. Parra, M.D.). Additional screening procedures 

included a resting 12-lead electrocardiogram (ECG); graded 
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exercise test (GXT) to volitional fatigue for determination 

of metabolic responses to exercise, V0 2 m a x; and a resting 

echocardiogram. Two prospective subjects were eliminated 

during the screening procedure: one due to a positive GXT (> 

2 mm S-T segment depression in lead V5), and the other due 

to electrocardiographic and physiological evidence of two 

functional sinoatrial nodes. All other volunteers were 

accepted as subjects only if they met the requirements for 

V0 2 m a x defined for one of the three subject groups; 24 

prospective subjects were not included because of this 

criterion. 

The groups of subjects finally selected reported 

diverse exercise histories. In the LF group, no subject 

engaged in regular exercise, and all reported that their 

present jobs did not require any great amount of physical 

activity. To the contrary, all subjects in the HF group 

were trained athletes (competing in bicycle races) and 

trained 4-7 days/week for 1-3 hours each day, and travelled 

at least 150 miles (and as much as 450 miles) during a week 

of training. 

The MF group encompassed elements of the LF and MF 

group. Six of the eight subjects were recreational 

athletes: of these subjects all engaged in mixed modes of 

training (primarily running and weightlifting) approximately 

2-3 times/week. The other two subjects did not engage in 
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recreational sports, but maintained lifestyles that required 

a significant amount of walking during the day. 

Subjects who completed the entire investigation were 

compensated $100.00 for time lost. All subjects were able 

to complete the investigation. 

Procedures 

Test Days 

Four days were used to complete the protocols with each 

subject. One day was reserved for the GXT and 

anthropometric measurements. A second day was used to 

familiarize the subjects with the NP/NS and LBNP protocols, 

and to answer any questions concerning the investigation. 

On the third day subjects reported to the laboratory at 

least two hours post-prandial and having refrained from the 

use of any pharmacological agent (including caffeine and 

nicotine) for at least 24 hours. Arterial and venous 

catheters were then inserted by the collaborating 

anesthesiologist (S. Stern, D.O. or K. Wilson, D.O.). After 

a h hour baseline period, boluses of PE were administered, 

followed by incremental infusion of PE, baseline NP/NS 

measurements, and LBNP with NP/NS. The fourth experimental 

day was reserved for determination of resting blood volume 

(BV) and central venous pressure (CVP) during LBNP. All 

subjects completed the protocols within three weeks of their 

first visit to the laboratory. 
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Graded Exercise Test 

The GXT was conducted according to guidelines 

established by the American College of Sports Medicine (7) . 

Subjects reported to the laboratory at least two hours post-

prandial and at least 24 hours after the ingestion of any 

pharmacological agent. Subjects were then allowed to 

familiarize themselves with the GXT protocol and equipment. 

Before beginning the test pre-jelled silver-silver chloride 

electrodes were affixed to the subject's chest. An anterior 

(II), inferior (aVF) and lateral (Vg) ECG lead was monitored 

continuously throughout the test from an oscillographic 

system (Quinton 633). 

Exercise was performed on a motor-driven treadmill 

(Quinton 24-72) until volitional fatigue. The protocol used 

was a ramping protocol to determine parameters of aerobic 

function (249) and was developed specifically for testing 

healthy young people. Subjects began walking at 3.5 mph and 

5.0, 7.5, and 10.0% grade for two minutes at each grade. 

The grade was then decreased to 0% and the speed was 

increased to 5.0-7.0 miles per hour (mph) depending on the 

subject's recent exercise history. After four minutes at 

this speed control of the treadmill was then switched to an 

automatic programmer (Quinton 644) that increased speed 0.15 

mph-mm and grade 1.5%min 1. Subjects were instructed to 

try to complete each stage until unable to do so, even with 

strong verbal encouragement. A five minute recovery period 
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at 3.0 mph and 0% grade was provided at the conclusion of 

each test. 

Heart rate (HR) was determined from the ECG every 

minute during the GXT and recovery periods. Systolic (SBP) 

and diastolic (DBP) blood pressures were determined using 

brachial artery auscultation at the end of each walking 

stage of the test, immediately after maximal exercise, and 

every minute during the recovery period. 

Throughout the test the subjects breathed through a 

wide bore (2.2 cm internal diameter) mouthpiece connected by 

a 4.0 by 2.2 cm internal diameter saliva trap to a turbine 

flowmeter (Alpha Technologies VMM-2) for measurement of 

minute ventilation (VE) and tidal volume. A cannula of a 

respiratory mass spectrometer (Perkin-Elmer MGA 1100-AB) was 

inserted in the saliva trap 3.0 cm from the subject's mouth 

for sampling respiratory gases at a rate of 60 mlmin" 1. 

The mass spectrometer was calibrated before each test using 

known standard gases. Gas and ventilation signals were 

sampled by a minicomputer (Digital Equipment Corporation 

MINC-23) at 100 Hz for continuous breath-by-breath 

determinations of V02, rate of carbon dioxide production 

(VC02), and V£. Calculations were performed on-line using a 

software package written in FORTRAN (60)(Symbolic Logic 

Software) employing standard algorithms (38). 
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Assessment of Carotid Baroreflex Responsiveness 

using Rapid Neck Pressure and Neck Suction 

Carotid baroreflex responses were determined in each 

subject by applying pressure and suction to the subject's 

neck to mimic carotid hypotension and hypertension, 

respectively. A flexible lead collar was designed to 

encompass the anterior 2/3 of the subject's neck (76). 

Pressure and suction was applied using vacuum sweeper pumps 

(Evans 8500) mounted on a stand beneath the bed where the 

subject lay. The pumps were connected to the chamber using 

2.5 cm internal diameter hose. The output of each pump was 

directed to a separate port on the chamber. While an 

adequate negative pressure could be obtained by rimming the 

collar with soft foam rubber, sufficient positive pressure 

could be maintained only by lining the inside of the chamber 

with a loose bladder of latex rubber. With application of 

positive pressure the bladder was blown against the 

subject's neck, creating an effective seal. 

The NP/NS protocol used was similar to one described by 

Sprenkle et al. (221), and consisted of a "train" of 12 

pulses of NP/NS, delivered during 12 consecutive heart 

beats. After five pulses at 40 torr NP, the pressure of 

each pulse was decreased in increments of -15 torr to a 

final pressure of -65 torr. Pressure was changed by 

manually controlling the voltage to the vacuum pumps using 

variable autotransformers. The neck chamber was vented to 
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atmospheric pressure between each pulse to produce large 

swings in carotid artery distending pressure. This 

deviation from the protocol described by Sprenkle et al. 

(221) in which the neck chamber was not vented between 

pulses, was based on a recent publication (45) which 

described components to afferent nerve traffic from the 

carotid sinus nerve related to the mean pressure and to the 

pulse pressure. 

Pulses of NP/NS were created by interrupting flow 

between the pumps and the neck chamber with solenoid valves 

(Asco 8215B) suspended 20 cm from the neck chamber. The 

combination of valves and pumps used were capable of 

changing the pressure in the neck chamber in excess of 2200 

torrsec 1. The valves were controlled by digital logic 

from a minicomputer (Digital Eguipment Corporation MINC-23 

with performance enhancements by Adcomp, Incorporated). The 

subject's ECG was monitored from the V5 lead using a 

electrocardiograph (Cambridge VS-4). The ECG signal was 

directed to a cardiotachometer (Quinton 611) which output +5 

volt DC pulses to the computer at the detection of the 

midpoint of the down slope of the QRS wave of the ECG. A 

software timing loop initiated solenoid valve opening 50 

msec after the QRS was detected, and signalled valve closure 

600 msec after valve opening. If, however, the subject's HR 

was in excess of 100 beats min"1 (R-R interval=600 msec), 

pulse duration was reduced by the experimenter to prevent 
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continuous application of NP/NS. The computer was 

programmed to simultaneously sample the arterial pressure 

waveform at 1 KHz to determine SBP and DBP. The program 

controlling the NP/NS trials was developed for this 

investigation and written in FORTRAN (60). At least five 

"trains" of NP/NS were collected and stored on computer 

disc. The average of five trains were used to characterize 

the carotid baroreflexes at each stage of LBNP. 

Protocols using Phenylephrine 

Two protocols were used to administer PE. The first 

protocol required the injection of boluses of PE, while the 

second protocol required steady-state infusions of PE. In 

both protocols, PE was administered into an arm vein 

(anterior ulnar vein or radial vein) in a dilution of 60 jug 

PE-ml 1 sterile, isotonic saline. Subjects were 

instrumented and relaxed in the supine position for at least 

30 minutes before PE administration commenced. 

Bolus Injection of Phenylephrine 

Boluses were delivered in doses of 60, 120, 180, 240 

and 300 ng, and followed immediately by a two ml injection 

of isotonic saline to clear the venous cathter. A 10 minute 

period was allotted between each dosage to provide time for 

the PE to be cleared and for the BP baseline to stabilize. 

Boluses were discontinued if any one of the following 

criteria were met: 1) a maximum bolus of 3 00 jug was 

attained; 2) DBP rose above 105 torr; 3) mean arterial 
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pressure (MAP) increased more than 30 torr; 4) a change in 

the ECG was observed. In three subjects the protocol was 

terminated due to ECG changes: two subjects progressed to an 

atrioventricular rhythm and the third subject developed 

atrioventricular dissociation. In each case the ECG 

reverted to normal sinus rhythm within one minute after PE 

administration. One other subject complained of sharp pain 

localized beneath a scar in the cannulated arm immediately 

after administration of the second PE bolus. The monitoring 

physician suspected this response was caused by adhesions 

beneath the scar, so the protocol was terminated. 

During the bolus administration of PE HR, SBP, DBP, and 

MAP were monitored in real time during each heart beat by 

the minicomputer described previously. Outputs from the 

cardiotachometer and BP monitor were sampled at 500 Hz using 

a program written in FORTRAN (60). Data were stored by the 

computer for subsequent analysis. The slope of the 

relationship between R-R interval and MAP when BP increased 

rapidly during the first pass of PE through the arterial 

circulation was used as an index of baroreflex 

responsiveness (213). 

Steady state Infusion of Phenylephrine 

A 50 cm extension tube was attached from the venous 

catheter to a 50 ml syringe mounted in a syringe pump (Sage 

Instruments 351) to infuse PE. Standard infusion rates of 

0.4, 0.8, l.o, 1.5, and 2.0 ml• min were used to produce 
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regulated infusion rates of 24, 48, 60, 90, and 120 

/xg-min 1. Infusions were successive, with each stage lasting 

six minutes. In no case did the total volume of infusate 

exceed 40 ml. After two minutes at each infusion stage BP 

and HR were measured for two minutes using the computer 

program described previously, and after four minutes forearm 

blood flow was determined using venous occlusion 

plethysmography. BP and ECG termination criteria were 

identical to those used in the bolus experiments; in three 

subjects the experiment was stopped due to the sudden 

appearance of atrioventricular rhythms. 

Lower Body Negative Pressure 

LBNP was applied distally to the subject's iliac crests 

using a plexiglass and plywood box that encased the 

subject's legs. Subjects were sealed in the box by wrapping 

and strapping an airtight cape about their iliac crests. A 

saddle support was provided in the box to help subjects 

maintain their position in the box at the more negative 

pressures. Pressure within the box was changed by vacuum 

sweeper motors (Evans ) that were manually controlled using 

variable autotransformers. Pressure was monitored 

continuously using a mercury column and a digital pressure 

meter (Biotek Instruments DP-1) accurate to ±1 torr. LBNP 

was applied in successive stages of -5, -10, -15, -20, -35, 

and -50 torr. Each stage lasted 10 minutes. BP was 

measured two minutes after the start of the stage, followed 
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by measurements of forearm blood flow after four minutes. 

HR and BP were monitored from minutes two to four of the 

stage using the computer program previously described. A 

carbon dioxide (CO,) rebreathing procedure was used to 

monitor cardiac output (Q ) five minutes after the stage 

began. The final five minutes of the stage were reserved 

for determinations of carotid baroreflex responsiveness 

using the rapid NP/NS method. 

Methods 

Metabolic Responses to Exercise 

The following variables were determined from the 

metabolic responses during the GXT: VO, , anaerobic 
2 max 

threshold (®an)/ and the half-time of the VO, on-response 

(rV02). V02 was defined as a plateau in VO, with 
iL laX 

progressively increasing work rate; a change in V02<150 

ml-min ^ was defined as a plateau. Additional criteria to 

determine if a maximal effort had been elicited included a 

plateau in HR and a respiratory exchange ratio in excess of 

1.1 (231). Furthermore, the appearance of the subject was 

used as a qualitative indication of a maximum effort. All 

subjects met the three quantitative criteria for VO, 
2 max 9 was determined as the point at which V„ increased an x E 

disproportionately to the metabolic requirement (i.e., V02 ) 

(249). The ratio of V£ to V02 was plotted against time. 

Lines were fit to this plot visually by the author during 

the submaximal, steady-state portion of the test and from 
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the point at which V02 was achieved. The point at which 
^ i max 

the lines intersected was defined as the time at which 6 
all 

was exceeded. The HR and V02 measured at this time were 

used to express 0 a n as a percentage of V 0 2 m a x and the 

maximal HR. 

To determine rV02 a first order model of oxygen uptake 

kinetics was assumed (120). In this model, the time required 

for V02 to begin to increase linearly when a linear increase 

in work rate was initiated was equal to tV02. Therefore, 

linear least-squares regression lines were fit to the V02 

data during the last two minutes of the steady-state running 

portion of the GXT and to the V02 data during the ramp 

portion of the exercise test (when work rate was continually 

increased). The time from the first increase in work rate 

until the intersection of the lines (i.e., when V02 first 

increased greater than the steady-state value) was 

considered to be tV02. 

Cardiac Dimensions 

Resting supine cardiac dimensions were determined when 

technically feasible by M-mode echocardiography (Irex IA or 

Irex IIIC) using a 2.5 MHz transducer. In most cases the 

position for measurements was verified using two-dimensional 

echocardiography (Irex IIIC). The variables measured were 

averaged over three beats, and included left ventricular end 

diastolic dimension (EDD), left ventricular end systolic 

dimension (ESD), and left ventricular posterior wall 
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thickness (PWT). These measurements provided gross 

indications of cardiac hypertrophy. All data collection and 

measurements were made by a single, trained investigator 

(Beatriz Parra, M.D.) using standards established by the 

American Society for Echocardiography (195). The 

coefficient of variation for between day measurements on the 

same subject was 3.0%, and the coefficient of variation for 

repeat measurements on the same scan was 0.7%. Data from 

two HF, four MF, and five LF subjects could not be analyzed 

due to normal anatomical variations that prevented proper 

imaging of cardiac structures. 

Cardiac Output 

Cardiac Output (Qc) was determined during progressive 

LBNP using a C02 rebreathing technique based on the Fick 

principle. co2 and 02 concentrations were monitored using a 

mass spectrometer (Perkin-Elmer MGA 1100A) with a sample 

flow rate of 60 mlmin 1. The instrument was calibrated 

before each experiment using standard gases of known 

concentration. VC02 was determined by sampling mixed 

expired C02 concentration (FEC02 ) from a 10 liter mixing 

chamber placed 1.3 m downstream from the expired side of a 

respiratory valve (Koegel) attached to a pneumatically 

controlled spool valve placed at the subject's mouth. 

Subjects breathed into the mixing chamber for at least three 

minutes at each stage to ensure adequate washout of the 

previous sample. While FEC02 and FE02 were measured, 
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inspired ventilation rate was determined for one minute 

using a turbine flowmeter (Pneumoscan S-301). Immediately 

following these measurements end-tidal C02 samples were 

collected for 30 seconds. The mean of these values for 10 

breaths prior to rebreathing represented arterial partial 

pressure of C02 (PAC02 ) . At end expiration the subjects 

then signalled the experimenter to switch the spool valve to 

a 5 liter latex rebreathing bag containing 1.5 liters of a 

4% C02 , 96% 02 mixture, into which they rebreathed for 10-12 

breaths at a rate of 20 breaths-min The exponential rise 

in PAC02 was used to calculate the partial pressure of mixed 

venous C02 (PvC02) using the graphic extropolation method 

described by Defares (55) and verified by Klausen (132). 

V02 was determined for the same period using standard 

equations. All C02 and 02 data were collected on a strip 

chart recorder (Soltec 1813) for subsequent analysis. The 

three variables comprising the Fick equation (V C02, PAC02, 

and PvC02) were input to an personal computer (Apple lie) 

and converted to blood content using standard dissociation 

equations (47) for subsequent determination of Q'c using a 

program written in BASIC (10). Mean HR was determined using 

the computerized system described previously for calculation 

of stroke volume (SV) as Q CHR
_ 1. 

Forearm Blood Flow 

Forearm blood flow (FBF) was determined after four 

minutes at each LBNP and PE infusion stage using venous 



74 

occlusion plethysmography. A dual-loop mercury in silastic 

strain guage was employed to determine changes in forearm 

volume as described by Whitney (251). Guages were 

calibrated immediately prior to and after each experiment. 

A commercial bridge circuit (Parks 271) was used to excite 

the guage, and output from the bridge was recorded on a 

chart recorder (Narco Physiograph VI-B). During each 

measurement a wrist occlusion cuff was inflated to 300 torr 

to arrest blood flow to the hand. A cuff placed on the 

upper arm occluded venous outflow when inflated to 40 torr. 

The guage was placed at the maximum circumference of the arm 

and one cm spacers were used to maintain distance between 

the strands of the guage during the experiment. After the 

guage was attached, the subject's arm was positioned so that 

the guage was at the level of the subject's mid-axillary 

line to minimize errors caused by hydrostatic pressure. The 

volume of the arm segment was calculated by measuring the 

circumference of the arm and treating the segment as a 

cylinder with a length of 1 cm; the linear change in forearm 

circumference during venous occlusion was then used to 

calculate FBF using the equation: 

v « Z-jf- • 100 (l) 

FBF = (2) 

where: C = change in forearm circumference (cm) 
C = initial forearm circumference (cm) 
V = change in forearm volume (ml 100 ml tissue ) 
T = time for measurement (min) 
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The mean of three sequential determinations of FBF 

represented the FBF response at each stage. Calculations 

were performed using a computer program written in BASIC 

(121) for a personal computer (International Business 

Machines PC/XT). Forearm vascular resistance (FVR) was 

calculated from the data as MAP-FBF-1. 

FBF was determined with the subject's arm in a 

slightly modified position during each stage of LBNP in 

which CVP was measured. In these experiments the subject 

lay in the right lateral decubitus position. Since the left 

arm was kept in the thoracic plane the strain guage was 

above heart level. Therefore, the difference in MAP due to 

the hydrostatic gradient caused by positioning the subject's 

arm was added to the measurement when FVR was calculated. 

Changes in Calf Circumference and Leg Volume 

Changes in calf circumference during LBNP were measured 

using strain guage plethysmography to assess venous pooling 

of blood. A dual loop mercury in silastic strain guage 

excited by a commercial amplifier (Parks 271) was used. The 

guage was calibrated before and after each experiment. The 

guage was placed at the largest circumference of the calf 

with the strands of the guage kept equidistant using 1 cm 

spacers. The initial circumference of the calf was measured 

so that changes in leg circumference could be expressed as 

changes in leg volume using equation 1. This change was 

assumed to be proportional to the segmental volume of the 
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subject's leg; therefore, a series of 12 cirumferences were 

determined before the experiment at defined positions along 

the subject's leg, and summed to determine the volume of the 

leg using the equation: 

„ _ i 1 (ci + ci+i> T 

1 " ifj. 2 ' Li (3) 

where: C± = circumference of the leg segment 
L. = length of the leg segment vi 

= volume of the subject's leg 

This procedure is similar to one described by Thornton 

e t al* ( 2 3 6)a for use during the Apollo and Skylab missions. 

Changes in leg volume were then calculated from changes in 

calf circumference using a computer program written in BASIC 

(121) for a personal computer (International Business 

Machines PC/XT). 

Blood Volume 

Total blood volume (BV) and plasma volume (PV) were 

determined using the carbon monoxide (CO) dilution technique 

described by Myhre et al. (165). Determinations were made 

in the supine position after a 30 minute period to allow for 

fluid redistribution when hydrostatic gradients were 

minimized. An initial 3 ml blood sample was removed from an 

antecubital vein and stored in an evacuated tube containing 

10.5 mg sodium ethylenediamine tetraacetate (EDTA) 

Subjects were then asked to breathe through a closed circuit 

system filled with 100% 02 and containing an in-line 
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compartment of soda lime to absorb C02. After a one minute 

adjustment period 50 ml of 100% CO was injected into the 

system while the subject held his breath at end expiration. 

The subject was instructed to inspire as deeply as possible 

so that as much of the CO as possible was inhaled in the 

first breath after injection. The subject then breathed 

normally for 10 minutes to allow maximal uptake of CO and 

complete equilibration with hemoglobin (Hb). 100% 02 was 

added to the system periodically as the system volume was 

depleted. At the end of the equilibration period a second 

blood sample was withdrawn from the same vein and a 100 ml 

sample of air was withdrawn from the closed system for 

determination of residual CO using a CO analyzer (Beckman 

LB-2) calibrated before the experiment with known 

concentrations of CO. Blood samples were analyzed using 

microcentrifugation with corrections for trapped plasma and 

plasma skimming for determination of hematocrit (Hct). A 

co-oximeter (Instrumentation Laboratories Model 282) was 

used to determine Hb and carboxyhemoglobin (COHb) 

concentrations. All analyses were made within one hour of 

blood collection. The total BV and PV were calculated using 

the following equations: 

COHb, = % C O H b p r e/Hot p r e (4) 

C0HbF = %COHb p o s t/Hct p o s t (5) 

COHb = COHbp-COHb, (6) 

Vrbc = tVco-(lo'xResidual) ]/ COHb (7) 
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B V = Vrbc / H c t W 

PV = BV - V r b c (9) 

where: COHbj = Carboxyhemoglobin concentration before 
administration of CO 

COHBF = Carboxyhemglobin concentration after 
administration of CO 

Residual = Residual CO concentration in the 
rebreathing system (volume = 10A ml) 

V C Q = Volume of CO administered (standard 
temperature and pressure, dry) 

Vrbc = Volume of red blood cells 

Data were calculated using a computer program written 

in BASIC (121) for a personal computer (International 

Business Machines PC/XT). 

Central Venous Pressure 

Changes in CVP were estimated using the "dependent 

arm" technique outlined by Gauer and Sieker (94). The 

subject was asked to lie in the LBNP chamber in the right 

lateral decubitus position with his right arm inserted 

through a hole in the base of the box. A 20 guage over the 

needle teflon catheter was inserted into an antecubital 

vein, and connected to a sterile tubing and dome set for 

continuous monitoring of peripheral venous pressure. The 

catheter was then zeroed to the subject's mid-sternal line. 

In this position, the venous valves become incompetent so 

the peripheral venous pressure was the sum of CVP and the 

hydrostatic pressure of the dependent arm. Since the 

hydrostatic pressure remained constant, changes in 

peripheral venous pressure in the dependent arm equalled 

changes in CVP. Pressure was measured using a pressure 
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transducer (Hewlett Packard 1280C) and amplifier (Hewlett 

Packard 78205D). Output from the amplifier was directed to 

a chart recorder (Narco Physiolgraph IV-B) and to a 

laboratory minicomputer for beat to beat sampling as 

described previously for arterial pressure. 

Arterial Pressure 

BP was monitored directly from a 3 cm long, l.l mm 

internal diameter teflon catheter (Angiocath) inserted into 

a radial artery by a collaborating anesthesiologist (S. 

Stern, D.O. or K. Wilson, D.O.). A 1% lidocaine solution 

was injected subcutaneously prior to catheter insertion to 

reduce subject discomfort. A pressurized drip (3 ml-hr"1) 

heparinized, sterile, isotonic saline infusion (2U/ml) was 

maintained during the test. BP was measured using a 

sterile, disposable dome and tubing assembly (Hewlett 

Packard), a pressure transducer (Hewlett Packard 1280C) and 

amplifier (Hewlett Packard 78205B). Output from the 

amplifier was directed to a chart recorder (Narco 

Physiograph IV-B) and to a minicomputer for beat to beat 

analysis of arterial pressure as described previously. Data 

were not collected for at least 20 min after catheter 

insertion to minimize artifact due to arterial vasospasm, 

and firm pressure was applied to the wound for at least 20 

min after catheter removal. All subjects wore a pressure 

bandage over the wound site for at least two hrs after 

leaving the laboratory. 
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When FBF was determined BP was measured immediately 

before the FBF measurement in the same arm by brachial 

auscultation using a automatic sphygmomanometer (Narco 700). 

Recordings of cuff pressure and brachial artery pulse sounds 

were output to a chart recorder (Narco Physiograph IV-B). 

Due to the sensitivity of the microphone system SBP and DBP 

were identified as the first and fourth sounds of Korotkoff, 

respectively. MAP was subsequently calculated as DBP plus 

one-third pulse pressure. The resolution of output signals 

using this system was approximately 6 torr at a paper speed 

of 2.5 cm sec 1 and a cuff deflation rate of 8 torr-sec-1. 

Anthropometric Measurements 

Height and weight were determined in each subject using 

a calibrated physician's scale accurate to 0.1 kg and 0.5 

cm. From these data body surface area (BSA) was calculated 

using the formula originally described by DuBois and DuBois 

(64). Body fatness was determined by measuring skinfold 

thickness at 12 defined sites, including the cheek, chin, 

chest, bicep, tricep, subscapular, juxtanipple, abdominal, 

suprailiac, knee, calf, and thigh regions. These values 

were input to a computer program written in FORTRAN (60) 

that calculated body fatness using published equations for 

prediction of bady fatness or body density (127,254,6,122). 

Body density values were converted to body fatness using 

standard equations (44). The mean of the body fatness 

values was reported as body fatness. 
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Statistical Analyses 

Carotid baroreflex stimulus-response curves created 

using NP/NS and using either R-R interval (RRI) or MAP as 

the dependent variable were fit to a four parameter logistic 

function described by Kent et al. (130) using the equation: 

RRI or MAP=A. -{l+e[A2(Neck Chamber Pressure-A3) ] -1 
/ "t" (10) 

where: 

A1 = the range of the response (maximum-minimum) 

A2 = a gain coefficient that is a function of neck 

chamber pressure 

A3 = the neck chamber pressure required to elicit equal 

pressor and depressor responses 

A4 = the minimum response of MAP or RRI 

Using this model the operating, threshold, and saturation 

pressures for a baroreflex response could be determined. 

The sensitivity (i.e., slope) of the carotid-cardiac and 

carotid-blood pressure baroreflexes was determined from the 

first derivative of the logistic function. Maximum 

sensitivity was calculated as the sensitivity at the neck 

pressure equal to parameter A3, the centering point of the 

function. This point corresponded to the steepest slope of 

the stimulus-response curve. Average MAP or RRI data for 

each group during carotid baroreflex stimulation at each 

stage of LBNP were fitted to the function using non-linear 

least-squares regression (Statistical Analysis System). 
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Coefficients of determination (r2) of the fitted lines 

ranged from 99.80% to 99.99%. 

Baseline hemodynamic variables and maximum gains of the 

carotid baroreflexes at each stage of LBNP were compared 

across the three groups using two-way analysis of variance 

(3 groups x 7 stages) with post hoc multiple range testing 

using Fisher's least squares means test when significant 

group effects were observed. A similar design was used to 

evaluate the responses to PE. in all tests the probability 

of rejecting the null hypothesis (no difference compared to 

control) was set at 5%. 



CHAPTER IV 

RESULTS 

The major goals of this investigation were to 

characterize cardiopulmonary, and carotid baroreflex 

responses in groups of unfit (LF), moderately fit (MF), and 

highly fit (HF) men. Furthermore, the responses to 

orthostatic stress were characterized in each group. This 

chapter provides a summary of the similarities and 

differences between the three groups. 

Descriptive Comparisons 

The descriptive anthropometric data for the three 

subject groups are presented in Table I. The LF group was 

slightly older (3.8 years) than the MF group (P=0.03), but 

did no differ with respect to height. The LF subjects 

weighed 87.7±5.1 kg, which did not differ from the MF 

(78.2±2.6 kg) or HF (75.3±2.1 kg) groups (P=0.051). In 

addition, lean body mass was similar between the groups due 

to the significantly greater percent of body fat of the LF 

group (PcO.OOOl). Total blood volume did not differ between 

groups; however, when expressed per kilogram body weight 

blood volume was greater in the MF and HF group when 

compared to the LF group. 

83 
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TABLE I 

PHYSICAL CHARACTERISTICS OF THE SUBJECT GROUPS 

LF (N=8) MF (N=8) HF (N=8) 

Age (years) 28.4±1.1 24.6±0.8 27.4±0.9 

Height (cm) 179.1±2.0 179.6±2.3 181.111.7 

Weight (kg) 87.715.1 78.2±2.6 75.312.1 

Body Fat (%) 21.9±1.9 12.8±1.2 10.610.9 

Lean Body Mass 
(kg) 

68.0±2 . 8 68.7±2.1 67.311.6 

Blood Volume 
(ml) 

6844±120 7664±753 78351411 

Blood Volume 
(ml/kg BW) 

75.1±3.8 97.2±9.2 117.015.3 

1,2 

1,2 

1 Significant difference between LF and HF groups, P<o 05 
2 Significant difference between LF and MF groups, P<o 05* 
3 Significant difference between HF and MF groups, P<o 05* 
Values represent mean ± S.E.M. BW=body weight 

The three groups were defined based on their responses 

to maximal graded exercise, therefore, large differences 

were observed between groups with regard to parameters of 

aerobic fitness. These data are presented in Table II. 

max w a s s^-9nificantly different between groups when 

expressed in absolute terms or relative to body weight 

(P<0.0001). The HF subjects also displayed lower maximal 

heart rate (HRm ) and higher maximal ventilation (V ) 
Emax' 

than the other two groups (P=0.023 and P=0.03, 

respectively). However, the other parameters of aerobic 
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fitness, half-time of the vo, on-response (rvo and the 

ventilatory threshold (ean), did not differ between groups 

(—=0*43 and P = 0.20, respectively). 

TABLE II 

EXERCISE RESPONSES OF THE SUBJECT GROUPS 

LF (N=8) MF (N=8) HF (N=8) DIF 

^°2max C1-111111"1) 3.39±0.17 

VO, 
max 

(ml•kg~*•min-1) 

HR 
max 

(beat-min-1) 

rV02 (sec) 

0 (%) an v ' 

Emax 

(lmin - 1 BTPS) 

HR at e 
an 

38.9±1.5 

200±2 

27.7±5.1 

83.5±6.8 

140.8±6.2 

182±4 

3 . 98±0.17 

50.9±1.4 

198±2 

30.2±4.7 

84.1±2 .1 

140.3±5.8 

175±4 

(beat min"1) 

5.04±0.17 1,2,3 

67.0±1.9 1,2,3 

189±4 1,3 

22.1±4.2 

75.0±2.4 

164.1±5.6 1,3 

160±6 1,3 

1 Significant difference between LF and HF grouos P<o ns 
2 Significant difference between LF and MF groups,' P<0 05* 
3 Significant difference between.HF and MF groups i<o 05* 
Values represent mean ± s.E.M. vo2 =maximal aerobic 

h « r t rate; rWf=half-tLe o? ihe 
°$~resP°ns<r t o exercise; 0 ventilatory 

and pressuref®liturated* v e n t i l a t i°"? BTPS=body temperature 

Baseline Hemodynamics 

No differences could be found between any group 

variables related to Starling forces on the heart during 
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control conditions. Systolic (SBP) , diastolic (DBP), mean 

(MAP), and central venous (CVP) pressure were identical 

between groups, suggesting that cardiac afterload and 

preload were unaltered by training. However, several 

variables indicated that cardiac hypertrophy was present in 

the HF group. Compared to the other groups, end-diastolic 

dimension (EDD), end-systolic dimension (ESD), and stroke 

volume (SV) were greater in the HF group (P=0.01, P=0.02, 

and PcO.OOOl, respectively). Resting HR was lower in the HF 

group compared to the LF or MF group (P<0.01). These data 

are summarized in Table III. 

Comparative Analysis of Techniques tr> 

Carotid Baroreflex Responsiveness 

The neck pressure/neck suction (NP/NS) procedure is a 

relatively new technique to assess carotid baroreflex 

responsiveness. Therefore, the R-R interval (RRI) responses 

to bolus injection of phenylephrine were compared to the RRI 

responses resulting from carotid baroreceptor activation and 

deactivation using NP/NS. Two comparisons were eliminated 

from the analysis due to cardiac dysrhythmias resulting from 

injection of phenylephrine; another four points were 

eliminated due to incorrect curve fits to the NP/NS data. 

Figure 1 illustrates the pooled responses of the remaining 

subjects. The data could be described by a linear 

relationship as NP/NS slope=4.89+0.223(bolus phenylephrine 

slope) (P<0.05, r2=0.38). 
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TABLE III 

RESTING CARDIOVASCULAR CHARACTERISTICS OF THE SUBJECT GROUPS 

HR 

(beatmin-1) 

(1-min-1) 

SBP (torr) 

DBP (torr) 

MBP (torr) 

CVP (torr) 

S V -1 (ml beat ) 

PWT (cm) 

EDD (cm) 

ESD (cm) 

LF (N=8) 

68.9±2.9 

6.00±0.41 

139.6±6.9 

70.9±4.1 

92.2±4.9 

7 . 2±0. 6 

83.9±5.6 

MF (N=8) 

62.2±1.8 

5.27±0.50 

148.2±4.9 

69.4±2.8 

91.2±3.1 

7.5±1.6 

84.7±8.0 

HF (N=8) DIF 

58.2±2.0 1,3 

5.85±0.28 

140.9±2.6 

72.6±2.5 

92.1±2.5 

6. 9±1.4 

100.4±4.6 1,3 

1.0±0.1 (3) 1.0±0.1 (4) 1.0±0.1 (6) 

4.8±0.1 (3) 4.9±0.0 (4) 5.4±0.1 (6) 1,3 

3 * 4±0•1 (3) 3.0±0.1 (4) 3.5±0.1 (6) 2,3 

1 Significant difference between LF and HF groups P<o or 
2 Significant difference between LF and MF groups' P<0*05* 
va?nfni d j f f e r e n c e between HF and MF groups,' P<0*05* 
when SAE-M- / U m b e r s i n Parentheses=N ' 

HR-heart rate; Q =cardiac output; SBP=systolic 

pressure^ScvP-centrI?iaSt° b l o o d pressure; MBP=mean blood 
P W T = D o s t e r W ~ S ^ Ji- VS n O U S P r e s s u r e ' SV=stroke volume; 
wi posterior wall thickness of the left ventricle* rnn-on^ 

diastolic dimension of the left ventricle; ESD=end'systolic 
dimension of the left ventricle. systolic 

Responses to Steady-State Tnfnqjon of Ph^vl enhri no 

As an a-adrenoreceptor agonist, phenylephrine causes an 

increase in vascular smooth muscle tone, resulting in 
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Figure l. Comparison between methods to determine Carotid-
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changes in BP and regional blood flows. A secondary 

response to the induced hypertension is profound, baroreflex 

mediated bradycardia. 

The resultant BP response for each group of subjects 

are depicted in Figures 2-4. SBP, DBP, and MAP were 

significantly increased by infusion of phenylephrine 

(P<0.05). At an infusion rate of 120 ^gmin"1, SBP, DBP, 

and MAP were lower in the LF group than the HF group 

(—<0•05); however, the infusion was terminated in four of 

the LF subjects at 90 ng-min-1 because of dysrhythmias 

(atrio-ventricular junctional rhythms) in two cases and BP 

elevated beyond termination criteria in two cases. During 
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all stages HR was lowest in the HF group, followed by the MF 

group (P<0.0001). The change in HR at each stage of 

infusion was less in the HF group also (P<0.0001, Figure 5). 

The observation that FVR did not differ between groups 

(Figure 6) was consistent with the BP results. 

The slope of the linear least-squares regression line 

relating HR or RRI and BP is a well established method to 

quantitatively describe baroreflex responses to a pressor 

agent. To examine fitness effects on baroreflex 

responsiveness, the slope of this relationship was compared 

between the three groups. The results are portrayed using 

HR as the dependent variable in Figure 7. Least-squares 
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linear regression of the data yielded the following 

equations: 

HR = 151 - 0.969(MAP) (LF group) 

HR = 101 - 0.476(MAP) (MF group) 

HR = 98 - 0.519(MAP) (HF group) 

The slope of the relationship was significantly greater for 

the LF group than either of the other two groups (P<0.01), 

suggesting that baroreflex responsiveness was reduced in the 

MF and HF group compared to the LF group. However, when the 

same data were expressed as RRI (Figure 8), the following 

relationships were determined. 

RRI = ~652 + 17.6(MAP) (LF group) 

RRI = 116 + 10.2(MAP) (MF group) 

RRI = -71 + 13.9(MAP) (HF group) 

There were no statistically significant differences 

among the slopes in the three groups (P>0.05), suggesting 

that the lower slopes observed using the HR relationship 

resulted from training bradycardia rather than changes in 

baroreflex responsiveness. 

Responses to Orthostatic st-.rpgg 

During lower body negative pressure (LBNP), venous 

pooling reduces cardiac filling, leading to reductions in 

cardiac output (Qc) and BP. The extent of cardiac filling 

was determined by measuring central venous pressure (CVP) 

during LBNP. Figure 9 illustrates that CVP fell 

progressively during LBNP (P<0.001), yet there was no 
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^ ^ e r e n c e ^VP between groups at any stage of LBNP, 

suggesting that training did not alter cardiac filling 

during LBNP to any measurable degree. 
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9. Central venous pressure responses to lower body 

negative pressure. Values represent mean±S.E.M. 

With the reduction in CVP, Qc and stroke volume (SV) 

fell significantly (Figures 10 and 11). sv was higher in 

the HF group during LBNP than in the LF or MF group at 5, 

10, 15, and 20 torr LBNP (P<0.05). 

BP fell during LBNP. Arterial pulse pressure (PP, 

Figure 12) and SBP (Figure 13) changed little during mild 

LBNP, but with more severe stress (-35 and -50 torr LBNP), 

PP decreased 15-20 torr (P<0.0001). The greatest decrease 

was observed in the MF group, since PP for this 
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group was slightly greater than the other two groups in the 

control, -5 torr, and -lo torr conditions (P<0.05). 
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Figure 12. 
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Pulse pressure responses to lower body 
negative pressure. Numbers in parentheses=N 
when N^8. Values represent meaniS.E.M. 

Although the decrease in PP primarily resulted from 

reductions in SBP, DBP tended to increase throughout during 

LBNP in the LF and MF group (slope greater than 0, P<0.05, 

Figure 14). Forearm vascular (FVR) and total peripheral 

resistances (TPR) increased during LBNP (P<0.0001, Figures 

15 and 16), and TPR was greater in the LF group compared to 

the HF group at -20 torr LBNP (P<0.05). The largest changes 

in resistance occurred during 0-20 torr LBNP, presumably due 

to deactivation of cardiopulmonary baroreceptors with little 

or no change in the stimulus to arterial baroreceptors. 
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With more severe hypotension, arterial baroreceptors 

elicited moderate changes in HR to aid BP maintenance. 

Significant differences between groups were observed at all 

stages of LBNP (P<0.0001). The average increase in HR in 

the LF group was 24.5±2.9 beat-min-1, whereas in the HF 

group HR increased 9.2+2.1 beat-min ^ (Figure 17). The RRI 

response to LBNP was similarly reduced (Figure 18) 

The orthostatic stress was severe enough to cause 

lipothymia (faintness) in seven of the subjects (four HF and 

three LF). Two HF subjects and two LF subjects could not 

complete the 35 torr LBNP stage, while the remainder of the 

subjects requested that the experiment be terminated during 

the final stage of LBNP. Lipothymia was usually preceded by 

a sudden, profound decrease in BP and bradycardia. 

Baroreflex Responses 

Carotid Baroreflex Responses to Neck Pressure 

and Neck Suction 

In general, when carotid sinus pressure was changed by 

external applications of neck pressure and neck suction 

(NP/NS), HR changed promptly, followed by a slower change in 

MAP. In this investigation, both responses occurred with 

sufficient speed that the HR and BP data, plotted against 

the stimuli, generally followed a sigmoid shaped curve. 

Therefore, individual stimulus response curves were fit to a 

logistic model (130), and the parameters describing the 

cuirve weir© compared statistically. Successful fits weire 

obtained for 114 of 164 BP curves and 110 of 164 HR curves. 
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Deactivating cardiopulmonary receptors using LBNP had no 

statistically significant effect on the threshold, 

saturation, operating point, range, or gain (first 

derivative) of the stimulus response curves. In other 

words, no interaction between cardiopulmonary and carotid 

baroreceptors could be identified. Therefore, data across 

LBNP conditions were pooled to analyze differences due to 

fitness. 

The average RRI stimulus-response curves for each group 

are presented in Figure 19, and the corresponding gain of 

the stimulus response curve is presented in Figure 20. 

Also, statistical comparisons of the curves are presented in 

Table IV. The range of response of carotid baroreflex 

control of RRI was significantly greater in the HF group 

(P=0.01). A trend existed for gain to be increased with 

training; also, the minimum RRI attained using neck pressure 

was directly related to fitness level (P<0.0001). As 

expected, the operating point was greater in the HF group 

due to training bradycardia (P<0.0001). Taken as a whole, 

the data suggest that carotid baroreflex control of RRI was 

augmented by endurance exercise training. 

Average responses for BP stimulus response curves and 

the corresponding gain relationships are presented in Figure 

21 and Figure 22. The data are compared statistically in 

Table V. Aside from a general displacement of the curve for 

the MF group to operate at higher pressures, there was 
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TABLE IV 

EFFECT OF FITNESS OF CAROTID BAROREFLEX 
CONTROL OF R-R INTERVAL 

LF (N=8) MF (N=8) HF (N=8) DIF 

Threshold 
(torr) 

Saturation 
(torr) 

397±27 463±32 565±54 

0.190±0.028 0.200±0.045 0.224±0.034 

106.4±2.6 104.8±2.6 93.7±2.0 

712±21 773±20 

93.9±3.3 89.7±3.1 

835125 1,2,3 

80.5±4.5 

118.9±2.4 119.9±2.7 113.0±4.5 

Operating 
Point (msec) 

818±23 897±24 

15.812.0 20.514.6 

797+2.0 871120 

1029124 1138120 

Thr-Sat (msec) 232116 267118 

Maximum Gain 
(msec/torr) 

Response at 
Threshold (msec) 

Response at 
Saturation (msec) 

1027132 1,2,3 

22.612.6 

954133 1,2,3 

1280133 1,2,3 

326131 1 

1 Significant difference between LF and HF groups, P<0.05. 
2 Significant difference between LF and MF groups, P<0.05. 
3 Significant difference between HF and MF groups, P<0.05. 
Values represent mean 1 S.E.M. A^maximum-minimum; A2=gain 
coefficient; A3=centering point; A4=minimum response. 

little difference between the MF and LF groups. However, 

the range of responses elicited by NP/NS in the HF group was 

approximately 25% and 33% less than the responses elicited 

in the LF and MF group, respectively. Therefore, in 
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TABLE V 

EFFECT OF FITNESS OF CAROTID BAROREFLEX 
CONTROL OF BLOOD PRESSURE 

LF (N=8) MF (N=8) HF (N=8) DIF 

*1 20.8±1.9 24.811.9 16.211.7 1,2 

A2 0.081±0.Oil 0.078±0.007 0.09310.010 

A3 95.9±5.0 110.913.7 88.813.1 2,3 

K 106.6±2.5 102.411.7 100.311.7 1 

Threshold 
(torr) 

72.3±7.3 85.614.5 69.913.7 2,3 

Saturation 
(torr) 

119.6±3.7 136.115.6 107.813.6 2 

Operating Point 
(torr) 

96.5±2.6 95.811.7 91.411.8 

Maximum Gain 0.365±0.054 0.43010.034 0.34010.036 

Response at 
Threshold (torr) 

102.2±2.4 97.111.8 96.911.6 

Response at 90.2±2.3 
Saturation (torr) 

82.812.6 87.611.7 2 

Thr-Sat (torr) 12.Oil.1 14.311.1 9.411.0 2 

1 Significant difference between LF and HF groups, £<0.05. 
2 Significant difference between LF and MF groups, pco.os! 
3 Significant difference between HF and MF groups, p<0.05. 
Values represent mean ± S.E.M. A^maximum-minimum; A?=gain 
coefficient; A3=centering point; A4=maximum response. 

contrast to the increase in RRI responses observed in the HF 

group, carotid baroreflex control of BP appeared to be 

attenuated in the HF group, since identical stimuli did not 

elicit as large a change in BP as in the LF or MF groups. 
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Cardiopulmonary Baroreflex Responsiveness 

The major documented effect of deactivating 

cardiopulmonary baroreceptors is a sustained increase in 

sympathetic discharge to arms and legs (242), causing an 

increase in forearm vascular resistance that is linearly 

related to the reduction in cardiac filling pressure. Mack 

et_al. (150) and Takeshita et al. (229) therefore suggested 

that the slope of the relationship between FVR and CVP could 

be used as an index of cardiopulmonary baroreflex 

responsiveness. Figure 23 illustrates this relationship 

for the three groups. FVR differed significantly between 

the groups (P=0.01), but the change in FVR due to a 

reduction in CVP (i.e., the slope of the relationship) was 

3 
££ 
Q. 
w 
0) 
O 
c 
o 
0) 

*03 © 

L_ 
u 
3 
o 
n 
£ 

O 
£ 

£ 

80 

m 60 

40 

20 

• High fit (N-4) 
• Mid-fit (N-5) 
A Low fit (N-6) 

2 4 6 8 
Central Venous Pressure (torr) 

10 

Figure 23. Forearm vascular resistance as a function of 
central v^nmi.Q r»rDcen>*o 1 



107 

not different between groups. Therefore, the null 

hypothesis (that cardiopulmonary baroreflex responsiveness 

was unaltered in endurance exercise trained people) could 

not be rejected. 



CHAPTER V 

DISCUSSION AND SUMMARY 

The major null hypothesis tested in this investigation, 

that carotid baroreflex responsiveness is not different in 

endurance exercise trained men, was rejected. In light of 

this finding, and other related findings reported in the 

research literature, the results of this investigation will 

be discussed in four parts: 1) baseline, descriptive, and 

anthropometric data; 2) responses to orthostatic stress; 3) 

changes in baroreflex responsiveness; and 4) directions for 

future research. 

Baseline Data 

Anthropometric Measurements 

An intent of the design of this investigation was to 

match subjects based on age and height but differing in 

level of aerobic fitness. Since the cardiovascular 

responses to postural stress have been reported to be less 

in older individuals (69,210), and shorter people (149), 

precise control of these variables was important. While the 

moderately-fit (MF) group was slightly younger than the less 

fit (LF) or highly fit (HF) groups, orthostatic responses 

have not been reported to vary between groups differing in 

age by less than 30 years (69,210). Therefore, it seems 

108 
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likely that the statistically significant difference in age 

was not physiologically important. 

Although similar in age and weight, the HF subjects 

tended to be lighter than the other groups. This difference 

could be accounted for entirely by the lower body fat in the 

HF subjects, since lean body mass (LBM) was identical 

between the three groups. Calculations of blood volume 

indicated that the LF subjects were relatively hypovolemic 

compared to the other two groups. Thus, the exercise 

induced blood volume expansion that has been well documented 

in previous investigations (112) was confirmed in the 

present study. 

Differences in Exercise Responses 

In this study particular care was taken to define three 

independent groups based on maximal aerobic power fVO ) 
v 2 max'* 

^°2 max i s a s t a b l e a nd reliable criteria of aerobic fitness 

if care is taken to ensure that a true maximum is obtained 

(231,192,81). In additions to differences in VO 
2 max 

expressed in absolute or relative terms, maximal HR was 

reduced slightly, but significantly, in the HF group. This 

finding has been accepted to be a true adaptation to 

exercise training (192). 

The ventilatory responses to exercise were expected to 

be different among the three groups. The ventilatory 

threshold (©an), which indicates the workrate that can be 

maintained without significant accumulation of lactate, was 
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not different among groups. This finding is consistent with 

larger retrospective studies (B.J. Whipp, Ph.D., personal 

communication). However, the absolute VO, at which e 
an 

occurred was positively related to fitness level. The 

observation that the heart rate (HR) at which e occurred 
ctn 

was lower in the HF subjects was unexpected; it may 

represent a compensation for cardiac hypertrophy in which 

cardiac output (Qc) was maintained with lower HR and greater 

stroke volume (SV). 

Other ventilatory responses to exercise were different 

between the groups. The half-time of the V02 on-response 

(rV02 tended to be lower in the HF group compared to the LF 

or MF group, but did not differ statistically. However, the 

maximal ventilation (Vgmax) was significantly greater in the 

HF group when compared to the MF or LF group. This increase 

in ventilation can be considered an appropriate metabolic 

response to the greater maximal workrate achieved by the HF 

subj ects. 

Resting Cardiovascular Measurements 

All resting blood pressures (systolic, SBP; mean, MBP; 

diastolic, DBP; and pulse, PP) were similar between groups, 

consistent with other investigations employing direct 

measurements of arterial pressure (238). The most profound 

cardiovascular adaptations seemed related to cardiac 

structure, principally cardiac hypertrophy. Although 

resting HR was 10.7±2.1 beat-min ^ lower in the HF group 
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when compared to the LF group (P<0.001), resting Q was 
c 

similar between the groups, illustrating that SV was greater 

in the HF group. Consistent with this finding were 

increases in end-diastolic (EDD) and end-systolic (ESD) 

diameters of the heart in the HF group. Fractional 

shortening (ESD/EDD) did not differ between groups, 

suggesting that cardiac contractility at rest was not 

different between groups. A continuing "chicken and egg" 

argument revolves around the cardiac hypertrophy and 

bradycardia observed in trained people. Do changes in 

resting HR cause increases in cardiac filling time that 

result in hypertrophy, or does the volume and/or pressure 

overload resulting from exercise training stimulate 

hypertrophy, resulting in reflex decreases in HR to maintain 

resting Qc? The present investigation provides no insight 

to this question, so it remains a perplexing, and 

interesting, avenue for future study. 

Responses to Orthostatic Stress 

Previous studies have reported that the fall in blood 

pressure (BP) during reduced cardiac filling using lower-

body negative pressure (LBNP) or head-up tilting is greater 

in endurance exercise trained people (187,178,133,239). The 

greatest practical relevance of these data applies to the 

space program (92,111), where post-flight orthostatic 

intolerance has remained a persistent problem to astronaut 

and cosmonaut crews. As a result, it has been necessary for 
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investigators to adopt a mission oriented philosophy 

directed at finding a solution without discerning the 

mechanisms responsible for the changes. 

BP regulation during orthostatism is a result of 

matching adequate venous return with appropriate vascular 

resistance. While the present investigation concentrated on 

the latter factor, the former is no less important, since, 

(139) stated, "the heart cannot do more than send 

out what it gets." The conceptual view of the heart as a 

pump that requires priming, a theory well developed by 

Guyton et al. (105) implies that effective regulation of 

vascular capacitance is critical to maintain (Q ). Since 

the volume of blood greater than the unstressed volume of 

the circulation has been estimated to be 700 ml in humans 

(104), relatively small changes in vascular capacitance 

could potentially affect Qc dramatically. Research to date 

has been conducted only with compliance of the legs to 

determine changes in capacitance vessels resulting from 

exercise training (133,188,178), with unremarkable results. 

A more relevant area of investigation may be the splanchnic 

region, since it is highly distensible, can store 300-400 ml 

of blood in humans (192), and is regulated actively by the 

arterial baroreceptors (l). Therefore, the effects of 

exercise training on the regulation of this region and all 

capacitance vessels remain important. 
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Regulation of outflow, or vascular resistance, is a 

second important component of cardiac control. To determine 

if BP regulation was, in fact, less perfect during LBNP in 

athletes, BP was measured directly in this investigation 

from a radial artery. Contrary to previous findings 

(187,213,211), SBP did not differ between groups at any 

stage of LBNP. There appeared to be a trend, however, for 

SBP to be greater in the MF groups compared to the other two 

groups (P=0.06). It is difficult to resolve this difference 

with previous findings, but one explanation may be that the 

arterial catheter, perceived as a noxious stimulus by the 

subject, elicited sympatho—adrenal responses that were 

sufficient to maintain BP. Data relevant to this hypothesis 

(e.g., circulating concentrations of catecholamines) were 

not obtained in this investigation but should be considered 

an important component of future studies. 

Despite no apparent difference in the BP responses 

during LBNP, four HF and three LF subjects experienced 

lipothymia. This functional assessment of BP regulation 

implied that the MF group was relatively "protected" from 

orthostatic hypotension. The LBNP responses offer several 

clues that help to explain these observations: 

1) Despite the finding that the changes in CVP did not 

differ between groups, SV and Qc were, in general, less 

in the LF group. BV data from the LF group suggest 

that the group, on the average, was relatively 
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2) 

hypovolemic. Therefore, ventricular filling may have 

been compromised more in the LF subjects, contributing 

to orthostatic hypotension in a greater proportion of 

cases than in the MF group. 

Total peripheral resistance (TPR) was inversely related 

to fitness during LBNP. TPR tended to be less in the 

HF subjects during LBNP and was significantly reduced 

at -20 torr LBNP (P<0.05). A similar finding was not 

observed for forearm vascular resistance (FVR). These 

data are completely congruent in light of data reported 

by Abboud et_al. (l) which demonstrated increases in 

FVR but not splanchnic resistance during -io torr LBNP, 

and increases in both regional resistances during —40 

torr LBNP. The splanchnic vasoconstriction during LBNP 

could be eliminated with restoration of carotid sinus 

transmural pressure using neck suction, suggesting that 

splanchnic vasoconstriction during LBNP was regulated 

by carotid baroreceptors and FVR by cardiopulmonary 

baroreceptors. Data from this investigation provide no 

evidence of changes in cardiopulmonary baroreflex 

responsiveness because of fitness status. Instead, 

attenuation of carotid baroreflex control of some 

regional bed other than the forearm may have accounted 

the lower TPR, and increased prevalence of 

lipothymia, in the HF group. Given the large 

capacitance of the splanchnic bed (approximately 
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600-800 ml at normal operating pressures (192)) 

regulation of this circulation may be important to 

consider in future investigations. 

3) While DBP tended to increase during LBNP in the LF and 

MF groups (P<0.05), DBP was unchanged statistically, 

and tended to decrease during LBNP in the HF group. 

Since DBP is determined to an important degree by 

sympathetic nerve activity to skeletal muscle vascular 

beds that are mediated by carotid (79,199) and aortic 

(200) baroreflexes in humans, the data support the 

hypothesis that baroreflex control of BP was attenuated 

in endurance trained athletes. 

4) In the LF group the HR responses to progressive LBNP 

were greater compared to the MF group (P<0.0001). 

Conversely, the HR responses to LBNP were less in the 

HF group compared to the MF group. These data are 

consistent with tachycardia secondary to hypovolemia in 

the LF group, and attenuated carotid baroreflex 

responsiveness in the HF group. 

Blomqvist (31) proposed a framework that classified 

individuals prone to orthostatic hypotension based on volume 

status and sympatho-adrenal responsiveness. Based on this 

framework he defined two categories of orthostatic 

intolerance as hypovolemic orthostatic intolerance and 

hypoadrenergic orthostatic intolerance. Data from this 

investigation suggest that the LF subjects experiencing 
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lipothymia had a hypovolemic form of orthostatic 

intolerance, while the HF subjects were susceptible to an 

hypoadrenergic form of orthostatic intolerance. The 

relative merits of the distinction, and the particular 

reflex mechanisms producing lipothymia, remain topics for 

future investigation. 

Baroreflex Responsiveness and Aerobic; Fitness 

This investigation was intended to evaluate three 

aspects of baroreflex responsiveness, and relate these 

aspects to aerobic fitness: 1) cardiopulmonary baroreflex 

responsiveness; 2) carotid baroreflex responsiveness; 3) 

interactions between cardiopulmonary and carotid 

baroreceptors. 

Cardiopulmonary Baroreflex Responsiveness 

Cardiopulmonary baroreflex responsiveness was assessed 

as the slope of the relationship between FVR and CVP when 

CVP was reduced with 0 to 20 torr LBNP. This relationship 

has been shown previously to be reduced in people of high 

aerobic fitness (150), and after exercise training (46). 

These findings were not corroborated in the present 

investigation. Instead, the slope of the relationship did 

not vary between groups. Adding greater confusion, 

Takeshita et_al. (229) reported that the slope of the 

FVR/CVP relationship was increased in a group of athletes 1 

Between Takeshita et_al. (229), Mack et al. (150), and the 
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present investigation, three different conclusions have been 

reached using the same type of analysis! 

Several considerations illuminate ways in which these 

different findings might have occurred. The classic study 

of Myers and Honig (164) illustrated that baroreflex 

responses are dependent not only on the magnitude of the 

stimulation but on the initial values of the controlled and 

controlling variables, in the study reported by Takeshita 

et_al. (229), the initial CVP of the athletes was 44% 

greater than nonathletes (1.9 torr), and in the present 

investigation FVR of the HF group was approximately double 

FVR of the LF group during the control condition. In Mack et 

al. (150) the two groups were tested starting at similar CVP 

and FVR. it is conceivable that the differences between 

initial values in these two investigations altered the 

"appearance" of reflex responses, leading investigators to 

draw different conclusions. A second consideration is that 

Mack et al. (150) employed a discontinuous LBNP protocol, 

while a continuous protocol was used in the present 

investigation. Future studies, carefully designed with 

respect to the initial values of FVR and CVP, will be 

necessary to resolve differences between the results of 

these investigations. 

Carotid Baroreflex Responsiveness 

Carotid baroreflexes play a dominant role in buffering 

transient changes in BP (53). Therefore, an important 



118 

consideration of this investigation centered on the ability 

of carotid baroreceptors to regulate HR and BP. The 

variable neck pressure/neck suction method (NP/NS) was 

employed to assess baroreflex responsiveness primarily to 

evaluate BP responses, since BP control cannot be assessed 

when a pressor or depressor agent is injected to alter 

carotid sinus pressure. The influences from opposing 

baroreceptor populations were minimized by examining the 

responses to brief applications of NP or NS only. 

The NP/NS method was validated in this investigation 

against the Oxford method (bolus injection of the pressor 

agent phenylephrine). A linear, statistically significant 

relationship was observed between the gains obtained from 

the two methods, but the slope of the Oxford method was 

approximately four times greater than the slope from the 

NP/NS method. This finding is virtually identical to 

results obtained by Ebert et_al. (68) using similar methods. 

The lower slope with the NP/NS method may be due, in part, 

to: l) imperfect transmission of the neck chamber stimulus 

to the carotid sinus (146); 2) reflexes from extracarotid 

regions contributing to the HR response to pressor agent 

injection (156); 3) A depressor effect of phenylephrine on 

sino-atrial node firing rate (113). The data obtained, 

however, are consistent with literature values and suggest 

that NP/NS is a valid method to assess carotid baroreflex 

responsiveness. 
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Control of Heart Rate 

Results from this investigation suggest that the 

responsiveness of the carotid-cardiac vagal reflex was 

enhanced by endurance training. These results are similar 

to several recent investigations employing similar methods 

of assessment (15,151). Barney et al. (15) observed that 

-40 torr neck suction prolonged the R-R interval (RRI) in a 

group of high fit subjects (VO2max=60.0±1.4 ml kg"
1•min"1) 

by 145±17 msec, compared to 87±13 msec in a group of low fit 

subjects (V02max=39.3±1.7 ml•kg"
1•min"1). Resting RRI was 

greater in the high fit group, confirming previous data 

demonstrating a positive relationship between resting RRI 

and carotid-cardiac vagal activity. 

Discussion of these results, however, must not be 

related to carotid-cardiac baroreflex control of heart 

interval alone, but to baroreflex control of HR as well. 

When humans are placed in the supine position, filling of 

the heart is optimized so that small changes in HR affect 0 
c 

little, since with decreases in HR the myocardium can 

stretch further (30), and with increases in HR atrial 

systole contributes more to ventricular filling. Therefore, 

Qc remains relatively constant. But when bradycardia is 

extreme, such as that observed during arterial baroreceptor 

stimulation in the HF group, ventricular myocardium may be 

stretched to maximal lengths, limiting the ability to offset 

the decrease in HR with an increase in SV. Hence, an 
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extreme bradycardia during baroreceptor stimulation may 

cause a low Qc state, thereby decreasing BP. Therefore, 

assessment of baroreflex control of HR, rather than heart 

interval, may be a more correct way of determining the 

capacity of carotid baroreceptors to influence BP via 

cardiac events. 

To explore this hypothesis the stimulus response curves 

from the present investigation were replotted as HR instead 

of RRI (Figure 24). it should be noted that when the data 

reported by Barney et__al. (15) are expressed as HR rather 

than heart interval there are no differences in the HR 

response to neck suction between the groups. Similarly, in 

this investigation there were no statistically significant 

differences in the range, gain, threshold, or saturation of 

the curves when plotted as HR. The operating point of the 

curves were offset proportional to the resting HR (i.e., the 

curves were displaced vertically). Thus, the maximal HR 

attainable with NP averaged only 71.9±2.2 beatmin"1 in the 

HF group and 84.3±2.5 beat-min"1 in the LF group (P<0.0001). 

These data suggest that in HF subjects carotid sinus 

hypotension cannot raise HR above 72 beatmin"1, while in LF 

subjects the same degree of hypotension produces a 

tachycardia approximately 12 beatmin"1 more. This change 

is consistent with reductions in intrinsic HR that have been 

observed in endurance exercise trained athletes 

(214,128,80). 
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In this investigation considerable care was taken to 

minimize sympathoadrenal responses to LBNP by monitoring leg 

and abdominal electromyographic activity and by coaching the 

subject to remain relaxed and motionless. This design may 

have optimized the HR response to LBNP as parasympathetic 

withdrawal rather than sympathetic excitation. If this 

hypothesis is correct, then the HF group may have been 

predisposed to orthostatic hypotension by the limited 

ability of the carotid baroreceptors to increase HR. 

The RRI and HR argument, when applied to the results 

from the phenylephrine infusion experiment, is germane. 
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Data from this investigation are consistent with other 

reports of smaller reductions in HR when BP is increased 

pharmacologically in athletes (213). Does this response 

actually indicate attenuated baroreflex responsiveness? The 

relevant measurement to consider is the RRI response, since 

increases in heart interval are directly proportional to the 

amount of acetylcholine released reflexly at the sino-atrial 

node (234,18). Analysis of these data when plotted as RRI 

suggested that there were no apparent differences between 

groups. The fact that RRI responses were not augmented in 

the HF group may result from the long stage duration during 

the infusion experiments (six minutes), allowing time for 

reflex compensation to occur (including opposing influences 

from aortic baroreceptors). To summarize, the phenylephrine 

infusion experiments do not indicate a reduction in 

baroreflex responsiveness; rather, the results imply that 

impaired BP control results from training bradycardia, but 

maintained baroreflex responsiveness. 

Control of Blood Pressure 

The carotid baroreflexes control not only firing rate 

of the sino-atrial node through a parasympathetic reflex 

loop, but vascular smooth muscle tone through sympathetic 

mechanisms. Since vascular resistance can change 

proportionally greater than HR, and since the regulation of 

HR by carotid baroreceptors does not indicate the capacity 

of carotid baroreceptors to control BP (148,129), assessment 
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of baroreflex control of BP is critical in order to 

understand short term BP control. 

In this investigation BP responses were measured 

directly from a radial artery during changes in carotid 

sinus perfusion pressure. By examining only the rapid 

responses to NP/NS, the regulation of vascular resistance 

could be considered independently of changes in venous 

return, since stroke volume is well maintained during brief 

applications of NP/NS (B. Levine, M.D., personal 

communication). Results indicated that the changes in BP 

elicited with carotid sinus activation or deactivation were 

significantly reduced in the HF group by approximately 30%. 

These results are consistent with observations by Stegemann 

et_al. (223) who determined HR and BP responses to sustained 

head and neck pressure or suction for periods of two minutes 

in a group of athletes. Compared to a control group, the 

hypotension induced with head and neck suction and the 

hypertension induced by head and neck pressure were 

significantly reduced. 

Since MAP was measured beat-to-beat in this 

investigation, the time for BP to respond during the 

stimulus train was actually greater in the HF group since 

the average HR was lower becasue of training bradycardia. 

Assuming that afferent baroreceptor nerve traffic did not 

differ between groups, the results can be attributed to: l) 

greatly prolonged latency of the sympathetic-vascular 
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carotid baroreflex; 2) reduced sympathetic nerve traffic to 

vascular smooth muscle; 3) reduced vasomotor responses 

despite similar neural traffic resulting from changes in 

adrenoreceptor density, affinity, or sensitivity. 

Several research findings suggest that (2) or (3) are 

likely. Seals et al. (204) measured muscle sympathetic 

nerve activity in a fascicle of the peroneal nerve during 

LBNP in a group of control and aerobically trained subjects. 

There tended to be less neural activity in response to LBNP 

in the athletes, suggesting an impairment in BP 

baroreflexes. These data are consistent with the failure of 

the HF subjects to increase DBP during LBNP in the present 

investigation. Changes in reflex latency could not account 

for this finding, since DBP data were obtained over a two-

minute period during LBNP, far longer than the five second 

latency normally reported (245). Bedford and Tipton (20) 

found that carotid baroreflex control of BP and mesenteric 

flow was attenuated in endurance trained rats and that this 

finding could not be attributed to cardiopulmonary receptor 

interactions since vagotomy did not alter responses. Also, 

post-synaptic smooth muscle responses were unaltered, since 

the pressor responses to phenylephrine were similar in 

animals after ganglionic blockade. These data also suggest 

that vascular sympathetic nerve traffic in response to a 

change in carotid sinus pressure is reduced by endurance 

exercise training. 
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In a similar investigation, DiCarlo and Bishop (58), 

using a rabbit model, found that the changes in renal 

sympathetic nerve activity and HR elicited by BP changes 

using phenylephrine or nitroglycerin injection were reduced 

by 58% and 22%, respectively, after an eight week running 

program. They speculated their results could be attributed 

to increases in CVP and cardiopulmonary receptor inhibition 

of carotid baroreflex responsiveness, which they confirmed 

in a recent investigation (57). 

The third hypothesis, that post-synaptic events are 

altered by endurance training, are supported by observations 

that vasoconstriction induced by bolus injections of pressor 

agents in trained animals are reduced following endurance 

training (228,252). However, negative studies employing 

similar methods have been reported (110,176), and Gaugl et 

al. (96) have reported augmented constrictor responses to 

injected norepinephrine in an autoperfused canine hindlimb 

after endurance exercise training. Therefore, results from 

investigation attempting to test this hypothesis remain 

inconclusive, leaving this area an excellent topic for 

future investigation. 

Interactions between Cardiopulmonary and Carotid 
Baroreceptors — 

This investigation tested the hypothesis that 

cardiopulmonary baroreceptor inhibition of carotid 

baroreflex responsiveness is greater in athletes, in a 
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pilot investigation Pawelczyk and Raven (177) observed that 

the maximum gain of the HR and MAP stimulus response curves 

were linearly and inversely related to CVP, suggesting that 

cardiopulmonary baroreceptors tonically inhibit carotid 

baroreflex responsiveness in normal man. It was thought 

that by reducing this inhibition using graded LBNP carotid 

baroreflex gain would improve, normalizing the gain of the 

carotid baroreflexes between groups. The effect of exercise 

training on this interaction was tested recently by DiCarlo 

et_al. (58) who measured renal sympathetic nerve activity in 

a control group and endurance exercise trained group of 

rabbits during changes in carotid sinus pressure before and 

after administration of lidocaine into the pericardial sac 

to block cardiopulmonary afferent nerve traffic. Baroreflex 

control of renal sympathetic nerve activity was reduced in 

the trained group but restored to control values following 

vagal afferent anesthesia, indicating that increased 

cardiopulmonary receptor activation attenuated carotid 

baroreflex responses after exercise training. 

In this investigation no statistically significant 

changes in the RRI or MAP baroreflex stimulus-response curve 

was obtained as cardiopulmonary receptors were unloaded 

using LBNP. The parameters of the curve obtained from 

growth curve modelling were variable, and nearly 1/3 of the 

curve fits were rejected for technical reasons. These 

problems suggested that the null hypothesis was not rejected 
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in this investigation because of a Type II statistical 

error, rather the lack of truly meaningful physiological 

differences. Therefore, this particular hypothesis awaits 

further testing using more sensitive methods of analysis. 

Summary and Directions for Future invgsi-irp-M,™-

The major new findings of this investigation are that: 

1) carotid baroreflex control of BP is reduced in endurance 

exercise trained men; 2) carotid baroreflex control of heart 

interval (RRI) is augmented in endurance exercise trained 

men, as indicated by an increase in gain and range of the 

reflex; but when the data are expressed as HR, the reflex is 

unaltered in range, but lower in threshold and saturation; 

3) endurance exercise trained athletes do not exhibit any 

change in DBP during LBNP, suggesting a hypoadrenergic 

response to LBNP consistent with the first finding; 4) 

individuals of extremely low aerobic fitness exhibit 

orthostatic intolerance that may be related to their smaller 

blood volume. 

These data suggest that training induced orthostatic 

hypotension (TIOH) results in part from attenuated 

baroreflex control of vascular resistance and a limited 

ability to accelerate HR during relaxed orthostatic stress. 

Many additional questions remain, what is the site of this 

change? Are there training induced changes in the 

baroreceptors themselves, or are efferent traffic and/or 

post-synaptic responses altered? What role do changes in 
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vascular capacitance play in this response? Do the 

cardiopulmonary receptors inhibit carotid baroreceptors to a 

greater degree after training? What role do the aortic 

baroreceptors play in BP regulation during normal 

orthostatic stress, and how is this role altered by 

endurance exercise training? Most importantly, what is the 

exercise stimulus causing this change? 

The finding that several LF subjects exhibited 

orthostatic hypotension was surprising and disconcerting. 

Is the population of "armchair athletes" at risk to develop 

orthostatic hypotension? Are recreational athletes 

relatively protected from orthostatic hypotension? This 

interesting area will reguire investigations into not only 

the baroreflex regulation of BP during orthostatism, but 

hormonal regulation of BP also. 

Further research is needed to define the mechanism(s) 

of lipothymia and syncope. Likely hypotheses include 

cerebral ischemia and vasodepressor reflexes elicited from a 

beating, but emptied heart. Why does lipothymia result in 

the dramatic and catastrophic loss of tachycardia and 

vasoconstriction? Finally, can these events be ameliorated 

or prevented? 

Baroreceptors continue to keep the pressure on 

cardiovascular physiologists, young and old. Recently 

described relationships between baroreflex responsiveness 

and volume regulating hormones (67,114) and ion 
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concentrations (70) place new emphasis on the term 

"cardiovascular integration." Knowledge of the effects of 

endurance exercise training on hormonal control of the 

cardiovascular system is wanting. The potential for 

application to space medicine, exercise physiology, and 

public health problems such as hypertension and orthostatic 

hypotension in the elderly forces the author to place high 

priority on this area of research. 



APPENDIX A 

PUBLICATIONS OF THE AUTHOR RESULTING FROM HIS TRAINING 



131 

The period of education and research training resulted 

in the following abstract presentations and publications. 
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P a w e l c zy k' G.H.J. Stevens and P.B. Raven 
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P.B. Raven. Power spectral analysis of heart rate dnrinn 
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Raven, P.B., B. Parra, G.H.J. Stevens and J.A. Pawelczvk 
Beat-by beat changes in cardiac contractility during rapid 
ramped neck pressure-suction. Phvsioloaisi- 31:A198, 1988. 

Pawelczyk, J.A., J.w. Williamson, G.M. Davis, and P.B. 
Raven. Test of the vascular resonance hypothesis of heart 
rate variability. FASEB J. 3:A517, 1989. 

Pawelczyk, J.A., S. Stern, and P.B. Raven. Baroreflexes are 
less effective in endurance athletes. Med. sci . in 
and Exerc. 21:S42, 1989. oporr.s 
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P r ° g r a m - Aviat.. and Knvimn m0h .gffSS6 
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Landy, J. Smith, and P. Davis. Advancing age and the 
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venous pressure improve carotid baroreflex responses in 
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TABLE VI 

PHYSIOLOGICAL RESPONSES DURING CONTROL CONDITIONS 
PRIOR TO LOWER BODY NEGATIVE PRESSURE 

LF (N=8) MF (N=8) HF (N=8) 

m -1 
(beatmin ) 

R-R Interval 
(msec) 

SBP (torr) 

DBP (torr) 

MAP (torr) 

PP (torr) 

CVP (torr) 

(1-min ) 

S V -1 (ml beat ) 

FBF 
-1 (ml-100ml •L min~1) 

FVR 
(PRU) 

TPR 
(PRU) 

68.9±2.9 

881±37 

139.6±6.9 

7 0.9±4.1 

92.2±4.9 

66.7±4.0 

7.2±0.6 (6) 

6.00±0.41 

83.9±5.6 

2.06±0.41 
I 

59.9±14.5 

16.3±1.6 

62.2±1.8 

970±26 

148.2±4.9 

69.4±2.8 

91.2±3.1 

78.8±2.7 

7.5±1.5 (5) 

5.27±0.49 

84.7±8.0 

3.21±0.57 

33.0±5.5 

17•9±1.0 

58.2±2.0 

1040±34 

140.9±2.6 

72.6±2.5 

92.1±2.5 

68.3±3.3 

6.9±1.4 (4) 

5.85±0.28 

100.4±4.6 

2.31±0.27 

44.0±5.3 

15.7±0.7 

1 Significant difference between LF and HF group, p<o 05 
2 Significant difference between LF and MF group. P<o!o5.' 
3 Significant difference between MF and HF group, P<0.05* 
N2« U e S„S e£ r e S? n t ® e a n ± s- E- M- Number in parentheses=N when 
N^8^ HR=heart rate; SBP=systolic blood pressure; 
DBP-diastolic blood pressure; MAP=mean arterial pressure; 
PP=pulse pressure; CVP=central venous pressure; Q =cardiac 
output; SV=stroke volume; FBF=forearm blood flow;C 

FVR-forearm vascular resistance; TPR=total peripheral 
resistance. ^ F 
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PHYSIOLOGICAL RESPONSES TO -5 TORR LBNP 

135 

LF (N=8) MF (N=8) HF (N=8) DIF 

HR 
(beat min ) 

R-R Interval 
(msec) 

SBP (torr) 

DBP (torr) 

MAP (torr) 

PP (torr) 

CVP (torr) 

(l'fflin ) 

S V -1 (ml beat ) 

FBF i 87±0.29 
(ml 100ml -mill" ) 

70.212.4 

861±29 

140.416.4 

71.3±4.1 

92.5±4.6 

69.1±3.7 

6.0±0.6 (6) 

4.79±0.46 

82.1±7.2 

FVR 
(PRU) 

TPR 
(PRU) 

59.5±11.2 

20.0±1.6 

61.4±1.8 

982±29 

60.4±2.4 

1004140 

1,2 

1,2 

146.8±4.5 142.1±4.0 

69.0±2.4 72.5±3.5 

90.2±2.8 92.1±3.4 

77.8±2.2 69.6±4.2 

5.7±1.5 (5) 5.7±1.5 (6) 

4.48±0.39 5.78±0.59 1,3 

73.7±6.2 

2.5010.42 

42.416.0 

21.011.9 

96.210.60 1,3 

2.2110.38 

48.315.9 

18.113.4 

1 Significant difference between LF and HF group, P<0.05. 
2 Significant difference between LF and MF group, P<0.05.* 
3 Significant difference between MF and HF group, P<o!o5! 
Values represent meanlS.E.M. Number in parentheses=N when 
N^8. HR=heart rate; SBP=systolic blood pressure; 
DBP=diastolic blood pressure; MAP=mean arterial pressure; 
PP—pulse pressure; CVP=central venous pressure; Q =cardiac 
output; SV=stroke volume; FBF=forearm blood flow;C 

FVR-forearm vascular resistance; TPR=total peripheral 
resistance. 
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PHYSIOLOGICAL RESPONSES TO -10 TORR LBNP 
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LF (N=8) MF (N=8) HF (N=8) DIF 

HR 
(beatmin" ) 

73.9±2.5 63.3±2 . 3 52.9±3.2 1,2 

R-R Interval 
(msec) 

818±28 956±34 1035157 1,2 

SBP (torr) 138.2±6.0 144.7±4.6 139.9±4.5 

DBP (torr) 72.614.0 69.0±2.6 72.2±3.4 

MAP (torr) 92.5±4.4 90.1±2•9 91.8±3.6 

PP (torr) 65.6±3.0 75.7±2.6 67.7±4 . 0 2 

CVP (torr) 5.1±0.6 (6) 4.2±1.3 (5) 4.911.4 (6) 

— 1 

(1-min ) 
3.65±0.3 4.12±0.5 4.7910.46 

S V -1 (ml-beat ) 
51.9±3.4 67.3±8 . 4 82.017.2 1 

FBF _ l53±0.21 
(ml 100ml min~ ) 

2.90±0.8 1.8710.29 

FVR 
(PRU) 

69.2±10.4 45.8±9.2 59.5111.2 

TPR 
(PRU) 

26.5±3.4 24.1±0.4 20.011.6 

1 Significant difference between LF and HF group, P<0.05. 
2 Significant difference between LF and MF group, P<0.05. 
3 Significant difference between MF and HF group, P<o!o5* 
Values represent mean±S.E.M. Number in parentheses=Nwhen 
N^8. HR=heart rate; SBP=systolic blood pressure; 
DBP=diastolic blood pressure; MAP=mean arterial pressure; 
PP—pulse pressure; CVP=central venous pressure; Q =cardiac 
output; SV=stroke volume; FBF=forearm blood flow;C 

FVR=forearm vascular resistance; TPR=total peripheral 
resistance. 
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PHYSIOLOGICAL RESPONSES TO -15 TORR LBNP 
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LF (N=8) MF (N=8) HF (N=8) DIF 

HR 
(beat min" ) 

R-R Interval 
(msec) 

SBP (torr) 

DBP (torr) 

MAP (torr) 

PP (torr) 

CVP (torr) 

6c . -i 
(1•min ) 

S V -1 (ml-beat ) 

FBF 
-1 (ml•100ml •min ) 

77.212.5 

783126 

137.8±5.3 

73.0±4.0 

92.7±4.3 

64.8±2.3 

3.8±0.5 (6) 

3.83±0.16 

49.9±2.9 

1^6010.17 

FVR 
(PRU) 

TPR 
(PRU) 

64.6110.7 

24.611.7 

64.312.3 

942134 

59.213.8 

1043165 

1,2 

1,2 

143.614.1 138.315.1 

71.412.2 71.413.9 

91.312.6 91.214.3 

72.212.0 66.914.1 

3.111.0 (5) 4.211.3 (6) 

4.0810.94 5.0610.55 1 

63.214.5 

1.6410.58 

45.116.5 

23.612.1 

90.419.0 1,3 

1.9410.45 

61.9110.7 

20.210.3 

1 Significant difference between LF and HF group, P<0.05. 
2 Significant difference between LF and MF group, P<0.05. 
3 Significant difference between MF and HF group, P<0.05. 
Values represent meanlS.E.M. Number in parentheses=N when 
N^8. HR=heart rate; SBP=systolic blood pressure; 
DBP=diastolic blood pressure; MAP=mean arterial pressure; 
PP=pulse pressure; CVP=central venous pressure; Q =cardiac 
output; SV=stroke volume; FBF=forearm blood flow;C 

FVR=forearm vascular resistance; TPR=total peripheral 
resistance. 
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TABLE X 

PHYSIOLOGICAL RESPONSES TO -20 TORR LBNP 

LF (N=8) MF (N=8) HF (N=8) DIF 

HR 
(beatmin- ) 

R-R Interval 
(msec) 

SBP (torr) 

DBP (torr) 

MAP (torr) 

PP (torr) 

CVP (torr) 

— l 
(1-min ) 

S V -1 (ml beat ) 

FBF 
(ml 100ml 1min~"L) 

62.0±8.7 

78.5±2.1 

768±20 

134.8±4.9 

73.9±3.9 

92•2±4.1 

60.9±2.3 

2.6±0.4 (6) 

3.57±0.23 

48.9±3.3 

1^910.22 

FVR 
(PRU) 

TPR 
(PRU) 

66.4±3.1 

916±39 

58.313.1 1,2 

1049155 1,2,3 

142.514.8 138.015.3 

72.312.4 72.913.7 

91.813.0 92.013.8 

70.212.6 65.115.1 

2.110.7 (5) 3.111.2 (6) 

3.9910.25 4.7810.29 1,3 

26.812.4 

60.714.1 

2.4510.33 

41.214.2 

23.611.5 

82.615.0 1,2,3 

1.6710.26 

61.416.6 2,3 

19.811.5 

1 Significant difference between LF and HF group, P<0.05. 
2 Significant difference between LF and MF group, P<0.05. 
3 Significant difference between MF and HF group, P<0.05! 
Values represent mean+S.E.M. Number in parentheses=N when 
N^8. HR=heart rate; SBP=systolic blood pressure; 
DBP=diastolic blood pressure; MAP=mean arterial pressure; 
PP~pulse pressure; CVP=central venous pressure; Q =cardiac 
output; SV=stroke volume; FBF=forearm blood flow;C 

FVR=forearm vascular resistance; TPR=total peripheral 
resistance. 
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TABLE XI 

PHYSIOLOGICAL RESPONSES TO -35 TORR LBNP 

LF (N=8) MF (N=8) HF (N=8) DIF 

H R 

(beatmin- ) 

R-R Interval 
(msec) 

SBP (torr) 

DBP (torr) 

MAP (torr) 

PP (torr) 

CVP (torr) 

Qc _! 
(1-min ) 

S V -1 (ml beat ) 

FBF 
-1 

69.9±1.7 

699±17 

129.1±6.1 

73.7±4.7 

90.4±5.0 

55.412.8 

0.9±0.5 (6) 

3.38±0.24 (6) 

39.8±8.0 

1168±0.54 
(ml-100ml min~ ) 

62.2111.3 FVR 
(PRU) 

TPR 
(PRU) 

28.4±1.9 (6) 

68.6±2.6 (7) 63.1±4.6 1,2 

882±33 (7) 987±71 1,2 

137.2±4.5 

72.8±2.4 

90.3±2.8 

64.5±2.6 

1.0±0.7 (5) 

3.7 0±0.37 

54.6±6.4 

2.1010.33 

50.4+6.8 

25.411.6 

130.315.4 

69.913.5 

87.013.6 

60.415.5 

1.510.8 (6) 

3.5110.19 

58.416.0 

1.7510.40 

63.8110.8 (7) 

25.311.7 (7) 

1 Significant difference between LF and HF group, P<0.05. 
2 Significant difference between LF and MF group, Pco.os! 
3 Significant difference between MF and HF group, P<0.05. 
Values represent meanlS.E.M. Number in parentheses=N when 
N^8. HR=heart rate; SBP=systolic blood pressure; 
DBP=diastolic blood pressure; MAP=mean arterial pressure; 
PP=pulse pressure; CVP=central venous pressure; Q =cardiac 
output; SV=stroke volume; FBF=forearm blood flow;C 

FVR=forearm vascular resistance; TPR=total peripheral 
resistance. 
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TABLE XII 

PHYSIOLOGICAL RESPONSES TO -50 TORR LBNP 

LF (N=8) MF (N=8) HF (N=8) DIF 

HR 
(beatmin- ) 

R-R Interval 
(msec) 

SBP (torr) 

DBP (torr) 

MAP (torr) 

PP (torr) 

CVP (torr) 

(1-rnm ) 

S V -1 (ml beat ) 

93.414.3 (7) 

650±33 (7) 

129.1±6.3 (7) 

78.6±5.1 (7) 

94.215.1 (7) 

50.5±8.3 (7) 

-0.3±1.0 (3) 

3.87±0.6 (6) 

82.8±3.2 (6) 67.4±6.5 (6) 1,3 

730±29 928±80 (6) 1,3 

129.7±5.2 128.616.4 (6) 

7 4.6±2.2 72.8±3.8 (6) 

89.0±2.8 88.9±3.7 (6) 

55.013.5 55.917.1 (6) 

0.110.6 (5) 1.210.5 (5) 

3.4410.23 3.8010.47 (6) 

42.317.2 (6) 41.618.3 (6) 60.319.9 (6) 

FBF 112610.13 (6) 
(ml-100ml -min~ ) 

FVR 
(PRU) 

TPR 
(PRU) 

79.419.9 (6) 

27.915.5 (6) 

1.8710.61 

53.318.8 

21.413.2 

1.8810.32 (6) 

55.718.8 (6) 

25.510.4 (6) 

1 Significant difference between LF and HF group, P<0.05. 
2 Significant difference between LF and MF group, P<0.05. 
3 Significant difference between MF and HF group, P<0.05. 
Values represent meanlS.E.M. Number in parentheses=N when 
N/8. HR=heart rate; SBP=systolic blood pressure; 
DBP=diastolic blood pressure; MAP=mean arterial pressure; 
PP=pulse pressure; CVP=central venous pressure; Q =cardiac 
output; SV=stroke volume; FBF=forearm blood flow;C 

FVR=forearm vascular resistance; TPR=total peripheral 
resistance. 
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TABLE XIII 

PHYSIOLOGICAL RESPONSES DURING CONTROL CONDITIONS PRIOR 
TO INFUSION OF PHENYLEPHRINE 

LF (N=8) MF (N=8) HF (N=8) DIF 

HR 
(beatmin- ) 

R-R Interval 
(msec) 

SBP (torr) 

DBP (torr) 

MAP (torr) 

PP (torr) 

FBF 
(ml•100ml"1•min-i) 

FVR 47.717.3 
(PRU) 

66.9±1.2 

899±16 

140.1±5.4 

71.4±3.5 

91.8±4.0 

68.7±2.8 

2121±0.30 

60.2±1.6 (7) 50.9±2.3 1,2,3 

1000±26 (7) 

144.814.5 (7) 

66.212.3 (7) 

87.913.0 (7) 

78.613.0 (7) 

2.9210.36 (7) 

1197+56 

143.613.3 

67.512.9 

89.213.2 

76.013.9 

2.4710.40 

1,3 

33.815.2 (7) 47.6111.8 

1 Significant difference between LF and HF group, P<0.05. 
2 Significant difference between LF and MF group, P<o!o5.* 
3 Significant difference between MF and HF group, P<0.05. 
Values represent mean+S.E.M. Number in parentheses=N when 
N^8. HR=heart rate; SBP=systolic blood pressure; 
DBP=diastolic blood pressure; MAP=mean arterial pressure; 
PP-pulse pressure; FBF=forearm blood flow; FVR=forearm 
vascular resistance. 
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TABLE XIV 

PHYSIOLOGICAL RESPONSES DURING INFUSION OF 
PHENYLEPHRINE AT 24 Mgmin 

LF (N=8) MF (N=8) HF (N=8) DIF 

HR 
(beatmin" ) 

R-R Interval 
(msec) 

SBP (torr) 

DBP (torr) 

MAP (torr) 

PP (torr) 

FBF 
(ml-100ml ^•min~"L) 

FVR 46.2±5.7 
(PRU) 

61.3±1.9 

986±31 

140•6±5.3 

72.3±3.6 

92.8±4.2 

67.8±2.5 

2122±0.26 

47.3±1.5 (7) 50.9±2.3 

1090141 (7) 

148.6±5.1 (7) 

71.3±2.9 (7) 

93.5±3.9 (7) 

77.3±2.5 (7) 

2.90±0.33 (7) 

1195±55 1 

141.3±2.9 

70.3±2.9 

91.313.2 

71.012.6 2 

2.0310.26 3 

34.713.8 (7) 52.118.8 

1 Significant difference between LF and HF group, P<0.05. 
2 Significant difference between LF and MF group, P<0.05. 
3 Significant difference between MF and HF group, P<0.05. 
Values represent mean+S.E.M. Number in parentheses=N when 
N^8. HR=heart rate; SBP=systolic blood pressure; 
DBP—diastolic blood pressure; MAP=mean arterial pressure; 
PP=pulse pressure; FBF=forearm blood flow; FVR=forearm 
vascular resistance. 
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TABLE XV 

PHYSIOLOGICAL RESPONSES DURING INFUSION OF 
PHENYLEPHRINE AT 48 Mgmin~~ 

LF (N=8) MF (N=8) HF (N=8) DIF 

HR 
(beat min ) 

R-R Interval 
(msec) 

SBP (torr) 

DBP (torr) 

MAP (torr) 

PP (torr) 

FBF 
, -1 

56.4±1.9 

1072±37 

144.0±5.3 

75.9±3.9 

97.414.5 

68.112.4 

1^7910.19 
(ml-100ml -min" ) 

FVR 59.617.6 
(PRU) 

52.211.7 (7) 47.314.2 1 

1156138 (7) 1279142 1,3 

154.915.6 (7) 144.513.3 

76.912.9 (7) 74.513.0 

101.313.8 (7) 

78.013.2 (7) 

96.413.2 

70.012.6 2 

2.5310.32 (7) 1.8910.25 

43.414.7 (7) 57.618.5 

1 Significant difference between LF and HF group, P<0.05. 
2 Significant difference between LF and MF group, P<0.05. 
3 Significant difference between MF and HF group, P<0 05* 
Values represent meanls.E.M. Number in parentheses=N*when 
N^8. HR=heart rate; SBP=systolic blood pressure; 
DBP=diastolic blood pressure; MAP=mean arterial pressure; 
PP=pulse pressure; volume; FBF=forearm blood flow; 
FVR=forearm vascular resistance. 
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TABLE XVI 

PHYSIOLOGICAL RESPONSES DURING INFUSION OF 
PHENYLEPHRINE AT 60 /ig-min 

LF (N=8) MF (N=8) HF (N=8) DIF 

m -1 
(beatmin ) 

R-R Interval 
(msec) 

SBP (torr) 

DBP (torr) 

MAP (torr) 

PP (torr) 

FBF 
(ml • 100ml"1 • min""1) 

FVR 67.7±13.4 
(PRU) 

53.4±1.8 

1133±40 

145.9±6.1 

77.5±4.2 

100.3±4.9 

68.4±3.2 

1179±0.24 

50.1±2.6 (6) 44.7±1.7 

1215±64 (6) 

156.6±4.7 (6) 

78.2±1.9 (6) 

104.0±2.8 (6) 

78.4±3.1 (6) 

2.25±0.32 (5) 

1357±53 

149.4±3.6 

78.0±3.3 

101.5±3.5 

71.5±2.8 

1.82±0.23 

50.2±7.8 (5) 66.5±14.4 

1 Significant difference between LF and HF group, P<0.05. 
2 Significant difference between LF and MF group, P<0.05. 
3 Significant difference between MF and HF group, P<0.05. 
Vsluss represent meaniS.E.M. Number in parentheses=N when 
N^8. HR=heart rate; SBP=systolic blood pressure; 
DBP=diastolic blood pressure; MAP=mean arterial pressure; 
PP=pulse pressure; FBF=forearm blood flow; FVR=forearm 
vascular resistance. 
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TABLE XVII 

PHYSIOLOGICAL RESPONSES DURING INFUSION OF 
PHENYLEPHRINE AT 90 /ig-min~~ 

LF (N=8) MF (N=8) HF (N=8) DIF 

HR 
(beatmin ) 

R-R Interval 
(msec) 

SBP (torr 

DBP (torr) 

MAP (torr) 

PP (torr) 

FBF 

50.8±2.3 

1198156 

47.9±2.6 (6) 45.2±1.9 (7) 

1273171 (6) 1340152 (7) 

-1 

FVR 
(PRU) 

150.317.0 162.814. 0 (6) 150.515. 0 (7) 

80.514.9 81.811. 4 (6) 78.814. 2 (7) 

104.915.8 109.212. 3 (6) 102.814 .7 (7) 

69.913.6 81.113. 0 (6) 71.813 .3 (7) 

1.7610.22 
) 2.0110. 24 (6) 1.8110 .22 (7) 

66.819.6 58.517. 0 (6) 58.314 .8 (7) 

1 Significant difference between LF and HF group, P<0.05. 
2 Significant difference between LF and MF group, £<0.05! 
3 Significant difference between MF and HF group, P<0.*05* 
Values represent meanlS.E.M. Number in parentheses=N when 
N^8. HR=heart rate; SBP=systolic blood pressure; 
DBP=diastolic blood pressure; MAP=mean arterial pressure; 
PP-pulse pressure; FBF=forearm blood flow; FVR=forearm 
vascular resistance. 
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TABLE XVIII 

PHYSIOLOGICAL RESPONSES DURING INFUSION OF 
PHENYLEPHRINE AT 120 /xg min"1 

L F (M=8) MF (N=8) HF (N=8) DIF 

HR 
(beat min" ) 

55.1±3.9 (4) 47.117.8 (2) 43.313.0 (6) 1 

R-R Interval 
(msec) 

1105173 (4) 12931151 (2) 1471195 (6) 1 

SBP (torr) 139.818.0 (4) 174.713.7 (2) 153.515.5 (6) 2 

DBP (torr) 70.911.9 (4) 86.711.7 (2) 77.913.5 (6) 2 

MAP (torr) 93.812.6 (4) 117.411.7 (2) 103.514.5 (6) 2 

PP (torr) 68.817.9 (4) 88.015.3 (2) 75.613.0 (6) 

FBF 1.8110.48 
(ml-100ml -min" ) 

(4) 2.1510.45 (2) 1.7010.27(6) 

FVR 
(PRU) 

60.5114.5 (4) 55.9 (1) 68.6110.3 (6) 

1 Significant difference between LF and HF group, P<0.05. 
2 Significant difference between LF and MF group, P<0.0s! 
3 Significant difference between MF and HF group, P<0.05.' 
Values represent meanlS.E.M. Number in parentheses=N when 
N 8. HR=heart rate; SBP=systolic blood pressure; 
DBP-diastolic blood pressure; MAP=mean arterial pressure; 
PP-pulse pressure; FBF=forearm blood flow; FVR=forearm 
vascular resistance. 
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