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The mechanisms of arterial blood pressure control during exercise is well 

established; however, much less is known about the regulation of arterial 

blood pressure immediately after intense or prolonged dynamic exercise. 

Inactive recovery from dynamic exercise is associated with cessation of the 

primary exercise stimuli from the brain (central command). Skeletal muscle 

pumping, which contributes to increases in venous return during exercise is 

also stopped during inactive recovery from exercise. Thus~ the skeletal 

muscle pump and central command each contribute importantly to elevation 

and maintenance of arterial blood pressure regulation and cerebral blood flow 

during exercise. When exercise is intense and/or prolonged, the resulting 

thermal load exacerbates the challenge to maintain arterial blood pressure 

and cerebral blood flow both during exercise and particularly during recovery 

from exercise and thereby increases the risk of syncope. Recently, we found 

that the skeletal muscle pump plays a major role in arterial blood pressure 

control during recovery from brief (3 min), mild (60% of maximal HR) exercise 

in which there was no thermal load. However, how the mechanisms of arterial 

pressure regulation operate during recovery from intense or prolonged 

exercise when a thermal load occurs is unknown. Therefore, the purpose of 

the investigations described herein, was to quantify the mechanisms of the 

carotid baroreflex function, central command , and the skeletal muscle pump 
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when a thermal stress occurs on arterial blood pressure regulation during 

recovery from exercise in humans. In addition, differences in arterial blood 

pressure regulation in women and men during recovery from exercise were 

addressed in women and men. To investigate these mechanisms, we 

investigated the carotid-cardiac baroreflex function, cardiovascular, and 

thermoregulatory responses in volunteer subjects during inactive and active 

recovery from short duration and prolonged exercise. Arterial baroreflex 

control of heart rate was assessed utilizing two-second pulses of both 

pressure and suction applied to the carotid sinus via a neck chamber collar. 

We demonstrated that the carotid baroreflex ability to buffer hypotensive 

stimuli during inactive recovery from prolonged exercise was reduced. 

Furthermore, active recovery from prolonged exercise improved the function 

of the baroreflex by increasing the functional reserve of the reflex to buffer 

against hypotensive stimuli. Our data also suggest that thermoregulatory 

factors contribute to decreases in MAP after inactive recovery from exercise. 

In addition, the metabolic state of skeletal muscle during longer duration 

exercise (15 min) may contribute to these responses during inactive recovery 

from exercise. These results support the hypothesis that thermal stress 

contributes to the rapid decrease in arterial blood pressure during inactive 

recovery following dynamic exercise. 

To investigate gender differences in arterial pressure regulation during 

recovery from exercise, we compared 11 women and 8 men during 3 min of 

exercise and 5 min of inactive and active recovery from exercise. 



Interestingly, At 1 min after exercise, MAP decreased less during inactive 

recovery in men when compared to women. This difference was due to 

greater decreases in SV and less increase in TPR during inactive recovery 

from exercise in women compared to men. MAP decreased less during 

active recovery in men when compared to women. These findings suggest 

that women may have increased risk of post-exercise orthostatic hypotension 

and that active recovery from exercise may reduce this risk. 
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CHAPTER I 

INTRODUCTION 

During sustained dynamic exercise, mean arterial pressure and 

cardiac output increase progressively with increasing workload. The increase 

in cardiac output causes an elevation of systolic and mean arterial pressure, 

while diastolic arterial pressure changes are minimal. Increased arterial 

pressure during sustained dynamic exercise is mediated by input from central 

command, metaboreflexes, baroreflexes, and the skeletal muscle pump. 

Central command involves descending neural signals from motor centers in 

the brain that recruit skeletal muscle to contract and activate brainstem 

centers that control autonomic neural outflow directed to the cardiovascular 

system. Increases in metabolism and mechanical stimuli activate receptors in 

active skeletal muscle that elicit neural signals carried to the cardiovascular 

center in the brainstem by muscle afferent fibers (6, 9, 43). This is 

accompanied by vasodilatation in the active muscles, leading to a 

progressive net decrease in total peripheral resistance (TPR) as the workload 

is increased. Therefore, the net increase in MAP is due to the increase in 

cardiac output. The increase in cardiac output is partitioned between the 

1 



exercising muscle to meet metabolic needs and the skin to facilitate heat 

transfer from the core to the skin (19-21). 

Dynamic exercise presents many challenges to the regulatory 

processes that maintain homeostasis. However, the human regulatory 

processes are well adapted to deal with these multitude of demands. The 

mechanisms of arterial blood pressure control during exercise is well 

established; however, much less is known about the regulation of arterial 

blood pressure immediately after intense or prolonged dynamic exercise. 

Therefore, the purpose of this dissertation is to: i) determine the effect of 

cutaneous vasodilation during an exercise bout on the regulation of arterial 

pressure during inactive from exercise; ii) determine the effectiveness of the 

skeletal muscle pump in maintenance of arterial pressure during recovery 

from prolonged exercise in which a thermal load occurs; iii) determine the 

influence of resetting of the carotid baroreflex during an exercise bout on 

arterial blood pressure regulation during inactive and active recovery from 

exercise; and iv) investigate the influence of gender on cardiovascular 

responses during recovery from dynamic leg exercise. 

2 



REVIEW OF RELATED LITERATURE 

Mechanisms of arterial blood pressure regulation during exercise. 

Systemic arterial pressure and local arterial pressure in active skeletal 

muscle increase linearly with exercise intensity which, in part, mediate 

increases in skeletal muscle flow by increasing perfusion pressure. This 

pressor response is accomplished by an increase in cardiac output and an 

increase in vascular resistance in the inactive vascular beds (46). The 

metabolic state of active skeletal muscle also contributes to the pressor 

response to muscle contraction. Muscle afferent neurons in the skeletal 

muscle respond to various chemical and metabolic stimuli which also elicit a 

pressor response (27). The metabolic demand of exercise also leads to 

profound vasodilation in the active muscle. Adenosine, nitric oxide, 

prostaglandins, and lactate are potential chemical and metabolic stimuli that 

may contribute to these decreases in vascular resistance in skeletal muscle 

during exercise. Several studies have shown that the lactate concentrations 

in skeletal muscle increases with intensity of the exercise (2, 45, 47). 

Normally, the result is a balance of locally mediated vasodilation and reflex 

mediated vasoconstriction which favors a net decrease in systemic vascular 

resistance. However, with high intensity exercise, the muscle vasodilation 

mediated by vasoactive metabolites can lead to a decreased arterial blood 

pressure in spite of a 3-4 fold increase in cardiac output (35). 
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Exercise-induced thermal load and thermoregulation. 

Increased muscular activity causes an increase in heat production in 

the body due to the inefficiency of the metabolic reactions involved in 

providing energy muscle force development. Twenty kilojoules of energy are 

liberated for every liter of oxygen consumed (11). However, sixteen kilojoules 

of heat are produced and only four kilojoules of energy are actually used in 

the performance of mechanical work. Consequently, considerable heat is 

generated and most of this heat generated in the muscle is transferred to the 

core via venous blood returning to the heart and the systemic circulation, 

resulting in an increase in core body temperature. 

The thermoregulatory drive from increasing core temperature 

increases with exercise intensity. At the onset of exercise, there is an initial 

vasoconstriction mediated by increases in sympathetic nerve activity, 

resulting in decreases in blood flow to the skin. As exercise continues, both, 

core temperature and skin blood flow increase. However, at high 

temperatures during prolonged exercise there is an attenuated rise in skin 

blood flow (3, 21). Heat stress (thermal load) associated with prolonged 

exercise, can lead to competition between the skin and active muscle for 

cardiac output (19). During prolonged exercise with elevated ambient 

temperature, cardiac output may not be able to supply the demands of both 

the skin and muscle, which increases cardiovascular stress for a given 

workload (e.g. at a given V02, the heart rate is greater during exercise with a 

4 



concomitant heat stress). This may lead to a reduction in the fraction of 

cardiac output perfusing the active skeletal muscle. Thoracic blood volume 

and central venous filling pressure are also reduced as cardiac output is 

directed to the skin. This in combination with the greater metabolically 

mediated vasodilation results in a greater net decrease in TPR, and 

therefore, a tendency for lower arterial blood pressure. Thermoregulatory and 

non-thermoregulatory mechanisms modulate blood flow to the skin, active 

skeletal muscle and other inactive vascular beds such as renal and 

splanchnic regions during various durations of dynamic exercise in humans 

(19, 20, 36). Mechanoreflexes, metaboreflexes, arterial baroreflexes, 

cardiopulmonary reflexes, central command, and the skeletal muscle pump 

are the factors collectively known as the nonthermoregulatory mechanisms. 

Non thermoregulatory mechanisms of blood pressure regulation 

The skeletal muscle pump is an important mechanism in the 

maintenance of mean arterial pressure and cardiac output during dynamic 

exercise (28). Rhythmic muscle contractions create intramuscular pressure 

oscillations (1) which facilitate venous blood flow from the lower extremities to 

the heart during dynamic exercise (40). Modest muscle contractions can 

effectively maintain central venous pressure and stroke volume in the upright 

individual (44, 48). Therefore, the skeletal muscle pump contributes 

importantly to maintenance of cardiac output and thus oxygen delivery during 
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upright dynamic exercise. The phrase "muscle pump" refers to contraction 

induced, rhythmic propulsion of blood from skeletal muscle vasculature which 

facilitates venous return to the heart and perfusion of skeletal muscle. 

Muscular contraction produces compression of the veins causing blood to 

flow out of the compressed segments. Blood can flow out of compressed 

venous segments only toward the heart due to the orientation of venous 

valves. Thus, if the muscle maintains a tetanic contraction, the net effect is 

increased resistance to flow. The refilling of the muscle pump occurs during 

relaxation (48). The skeletal muscle pump contributes importantly to elevation 

and maintenance of arterial blood pressure regulation and cerebral blood flow 

during exercise, but the relative role of the skeletal muscle pump during 

recovery from exercise was unknown until our recent study (4). Our data 

suggested that the decline in stroke volume during inactive recovery was due, 

in part, to pooling of venous blood in motionless muscles (4, 28). Goldberg 

and Shepherd found that unloaded cycling after exercise maintained stroke 

volume at a steady state, suggesting that continuous limb movement after 

exercise is important in maintaining stroke volume (12). In the upright 

position, it was found that the muscle blood flow in the legs decreases rapidly 

after cessation of exercise. Bangsbo observed that the muscle blood flow 

after knee extension exercise is greater during active recovery than during 

inactive recovery (2). Bangsbo and coworkers also suggested that the rate of 

lactate removal from the circulation was markedly higher when a subject 
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continued exercising rather than resting during the recovery period (2). We 

have observed that during recovery from moderate exercise without a thermal 

load, the skeletal muscle pumping contributes significantly to the 

maintenance of blood pressure, cardiac output, and stroke volume. The 

results from this study also suggested that central command had a less 

substantial role (4). Based on our results and results from other 

investigators, the higher stroke volume and cardiac output during an active 

recovery from exerCise can be explained by both increased venous return 

and greater muscle blood flow attributable to the skeletal muscle pump. 

Arterial and cardiopulmonary baroreceptors are mechanically sensitive 

receptors involved in sensing the arterial blood pressure and central venous 

pressure. These regulatory mechanisms are important in the regulation of 

moment to moment modulation of blood pressure at rest. The baroreceptors 

are sensitive to mechanical deformation caused by changes in blood 

pressure in the carotid sinus and aortic arch. For instance, when blood 

pressure increases, baroreceptors increase their firing rate. This increased 

firing rate alters the autonomic neural outflow to the peripheral vasculature 

and the heart. These changes in sympathetic and parasympathetic outflow 

to the heart and peripheral circulation regulate blood pressure around a 

relatively fixed pressure. Arterial baroreflexes regulate blood pressure at an 

elevated systemic pressure during exercise (6, 37, 41, 43). Recent evidence 

suggest that the arterial baroreflexes reset to function normally at the arterial 

7 



blood pressure induced by the exercise (41, 43). Norton and coworkers 

observed a continuous rightward and upward resetting of the carotid 

baroreflex, without a change in maximal reflex gain, during increases in 

dynamic exercise intensity to maximal effort (37). The two neural control 

mech~nisms that are activated during exercise to produce the resetting of the 

baroreflex are central command and the "exercise pressor reflex". However, 

exactly how these neural mechanisms are integrated in the resetting of the 

baroreflex during exercise is currently under investigation (8, 43). However, 

the manner in which the arterial baroreflex adapts when dynamic exercise is 

stopped has not been studied. 

Post-exertional hypotension and syncope 

Syncope is a brief sudden loss of consciousness and muscle tone 

secondary to inadequate oxygen or glucose delivery to the brain. Syncope 

can occur immediately after exercise and is due to either profound orthostatic 

hypotension or vasovagal syncope (51). An inactive recovery from dynamic 

exercise is associated with cessation of the primary exercise stimuli from the 

brain. Skeletal muscle pumping, which contributes to increases in venous 

return during exercise, is also stopped during inactive recovery from exercise. 

Thus, arterial blood pressure decreases rapidly during inactive recovery, and 

can be accompanied by decreased cerebral blood flow and associated post

exertional orthostatic hypotension and syncope. When intense or prolonged 
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exercise is stopped, the existing thermal load exacerbates the challenge to 

maintain arterial blood pressure and cerebral blood flow. The skeletal muscle 

pump and stimuli from the brain each contribute importantly to the elevation 

and maintenance of arterial blood pressure regulation and cerebral blood flow 

during exercise, but the relative role of each during recovery from exercise is 

unknown. Thus, the aims of this proposal will determine the primary 

mechanisms that account for post-exertional hypotension. These data should 

also provide insights into ways to minimize the risk of this potentially 

dangerous phenomenon. 

Orthostasis and gender differences 

Previous studies provided evidence that women have lower tolerance 

to various orthostatic challenges compared with men (7, 14). Hordinsky and 

colleagues (17) reported that tolerance to lower body negative pressure 

(LBNP) was 15% lower in women than men. Recently, several investigations 

have provided more further that women exhibit less tolerance to orthostatic 

stress compared to men (7, 10, 14). The proposed mechanisms that 

contribute to these differences include i) greater venous compliance; ii) 

decreased blood volume; iii) less responsive cardiovascular function (7); iv) 

impaired arterial-cardiac baroreflex function (7, 26); and v) lower resting SV in 

women (29). However, observations regarding impaired baroreflex function 

are controversial (49). All of the existing data addressing the issue of gender 
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dependent responses to orthostatic stress are from studies at rest, using 

LBNP, upright standing tests, and +G acceleration. To our knowledge, no 

studies have determined the potential influence of gender as it relates to 

post-exercise orthostatic stress. It is reasonable to suspect that differences 

between men and women in orthostatic responses and tolerance at rest and 

following exercise could be associated with similar cardiovascular 

mechanisms. 

SPECIFIC AIMS 

The skeletal muscle pump and central command each contribute 

importantly to elevation and maintenance of arterial blood pressure regulation 

and cerebral blood flow during exercise. Inactive recovery from dynamic 

exercise is associated with the cessation of the primary exercise stimuli from 

the brain (central command) , and the skeletal muscle pump. Arterial blood 

pressure decreases rapidly during inactive recovery and can be accompanied 

by a decreased cerebral blood flow and associated post-exertional orthostatic 

hypotension and syncope. When exercise is intense or prolonged , the 

resulting thermal load exacerbates the challenge to maintain arterial blood 

pressure and cerebral blood flow both during exercise and particularly during 

recovery from exercise and consequently increasing the risk of syncope. 

Recently, we reported that the skeletal muscle pump played a major role in 
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arterial blood pressure control during recovery from brief (3 min), mild (60% of 

maximal HR) exercise in which there was no thermal load. However, how the 

mechanisms of arterial pressure regulation operate during recovery from 

intense or prolonged exercise when a thermal load occurs is unknown. 

Hence, we will address the following specific aims and test the following 

hypotheses: 

.Aim 1: 

Aim2: 

To determine the effect of cutaneous vasodilation (heat stress) 

during an exercise bout on the regulation of arterial pressure 

during inactive recovery from exercise. 

H1: Elevated core temperature leading to increases in skin blood 

flow during prolonged exercise exacerbates the rapid decreases 

in arterial blood pressure during an inactive recovery from 

exercise in humans. 

To determine the effectiveness of the skeletal muscle pump in 

maintenance of arterial pressure during recovery from 

prolonged exercise in which a thermal load occurs. 

H2: We hypothesize that an active recovery is effective in 

supporting arterial blood pressure regardless of changes in core 

temperature during exercise bout. 
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Aim 3: 

Aim4: 

To determine the influence of resetting of the carotid baroreflex 

during an exercise bout on arterial blood pressure regulation 

during inactive recovery from exercise. 

H3: We hypothesize that the baroreflex is reset back to baseline 

upon cessation of brief exercise. This will be manifest as a shift 

of the position of threshold, saturation and operational pressure 

of the baroreflex function curve. In addition, we hypothesized 

that heat stress accompanying exercise attenuates the normal 

resetting of the baroreflex function during recovery from 

exercise. 

H4: During an active recovery the skeletal muscle pump 

attenuates this baroreflex resetting. 

To determine the influence of gender on cardiovascular 

responses during inactive and active recovery from exercise. 

H5: We hypothesized that women have a greater decreases in 

arterial pressure during recovery from exercise when compared 

to men. 

H6: Also, we hypothesized that in women and men, the skeletal 

muscle pump will be equally effective in the maintenance of 

arterial pressure during an active recovery. 
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EXPERIMENTAL DESIGN 

Three individual experiments were designed to investigate specific I, II, 

Ill, and IV. These experiments are discussed in detail in chapters 2, 3, and 4; 

however, a brief description of the experimental rationale and methodology is 

provided below. 

Study #1 : We tested the hypotheses that 1) exercise with a thermal 

load exacerbates the rate of decrease in arterial pressure during recovery 

from exercise, and 2) that the skeletal muscle pump contributes importantly to 

the maintenance of arterial blood pressure during active recovery from 

prolonged exercise and remains effective when a thermal load is manifest. 

This study was conducted by comparing the cardiovascular responses during 

recovery from prolonged exercise with and without the engagement of the 

skeletal muscle pump with loadless pedaling. 

Study# 2: We tested the hypotheses: that resetting of the carotid 

baroreflex (CBR) during recovery from exercise is attenuated by both a 

thermal load and by engaging the skeletal muscle pump. This will be 

accomplished by assessing carotid baroreflex stimulus-response curves 

during peak exercise and during recovery exercise with and without heat 

stress and during recovery from with and without the skeletal muscle pump. 

Study# 3: We tested the hypotheses: that women have greater 

decreases in arterial pressure during recovery from exercise when compared 
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to men. To test this hypothesis, we compared hemodynamic responses in 

men and women during two different exercise recovery modes: 1) inactive 

recovery, in which the subject stopped cycling exercise and sat completely 

still, and 2) active recovery, during which the subject pedaled against zero 

resistance following exercise. The principal difference between inactive and 

active recovery is the presence of skeletal muscle pumping; therefore, we 

attributed any difference in response between these conditions to the 

influence of the ongoing skeletal muscle pump during active recovery. 
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METHODS 

The methodology used in each investigation is described in detail in 

each of the chapters (II , Ill, and IV); however, it is appropriate to discuss the 

following techniques: 1) neck pressure/necksuction technique used to 

examine carotid baroreflex function; 2) impedance cardiography which was 

used to obtain stroke volume and an index of central blood volume (Z0 ) ; and 

3) laser Doppler flow which was used to obtain skin blood flow at the chest 

and forearm. 

Carotid baroreceptor function 

Carotid baroreceptor function was assessed with the use of 2-s stimuli 

(neck pressure-neck suction) applied through a cushioned malleable lead 

collar that was placed around the anterior 2/3 of the neck. The collar creates 

a sealed open chamber around the carotid sinus with the superior border on 

the lower mandibular ridge, and inferior border along the clavicle. Graded 

levels of pressure between +40 and -80 mmHg were generated by the 

variable pressure source and controlled by two way solenoid valves. For each 

pulse, the pressure within the neck collar is controlled manually and the 

external neck chamber pressure (ChP) is measured by a pressure 

transducer. To minimize the respiratory related modulation of HR and MAP, 

all carotid baroreflex perturbations were conducted during a breath-hold at 

end expiration. The timing for all pressure stimuli were computer controlled 
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to deliver manually set NP-NS pulse to the carotid sinus precisely 50 ms after 

the R wave of the ECG. This allowed synchronicity between the pressure 

wave from the cardiac cycle and the NP-NS pressure pulse at the carotid 

sinus. The 2-s periods of NP/NS were delivered in a pseudo-random fashion 

at seven discrete levels of pressure ranging between +40 and -80 mmHg. 

Each pulse was gated to the R wave of the ECG. The magnitude of each 

pressure pulse was manually adjusted. Following each pressure pulse, the 

neck chamber was vented to atmospheric pressure. At least three trials were 

performed at each of the selected pressure levels and responses were 

averaged to provide a mean response for each subject. The estimated carotid 

sinus pressure for a given pulse was calculated as the mean arterial pressure 

minus the chamber pressure. Carotid baroreflex stimulus-response curves 

for HR were individually fit for each subject to a four parameter logistic 

function described by Kent et al (22). This function incorporates the following 

equation: 

MAP or HR=A1(1 +elA 2(ESCP-A 311)_1 + A4 

where MAP or HR is the dependent variable, ESCP is the estimated carotid 

sinus pressure, A1 is the range of response of the dependent variable 

(maximum-minimum), A2 is the gain coefficient, A3 is the centering point 

(ESCP required to elicit equal pressor and depressor responses), and A4 is 

the minimum response of the dependent variable. This develops a sigmoid 
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reflex model for the carotid sinus baroreflex including an operating range, 

response range, threshold, saturation, and gain value for the reflex. 

Laser Doppler flow 

Forearm skin blood flow was measured from laser Doppler flow (LDF). 

LDF measurements are specific to the skin and are not influenced by 

underlying skeletal muscle blood flow. Cutaneous vascular conductance 

(CVC) was indexed as LDF/MAP (VI mmHg). For LDF measurements laser 

light is transmitted from the monitor to the surface (e.g. skin) via a flexible 

optic fiber, and laser light scattered by red blood cells in the capillaries and 

surrounding tissue is transmitted back to the monitor via a second optics fiber 

where it is photo-detected. The wavelength of the laser Doppler monitors 

were 633nm for visible and 780nm for near infrared. 

Impedance cardiography 

From a historical perspective, electrical impedance has been used to 

evaluate heart function and a number of other physiological and 

hemodynamic events since the early 1900's (18, 25, 33). Detection of 

physiological events by evaluation of impedance changes has progressed· 

considerably in the past fifty years (39). Nyboer was a pioneer in suggesting 

the use of a thoracic tetrapolar electrode arrangement and should be credited 

with proposing the term electrical impedance plethysmography (5, 38, 39). 

17 



The decrease in thoracic impedance generated by the ejection of 

blood from the heart has been quantitatively related to the volume of blood 

ejected (31). The mostly used equation to calculate stroke volume from the 

impedance signal is that derived by Kubicek et al (23, 25). This equation is: 

SV = rho * (UZc,}2 * dZ/dt * T 

Where 

SV = stroke volume (ml) 

Rho= resistivity of blood (ohm*cm) 

L =distance between the detect electrodes #2 and #3 (em) 

Z0 = baseline thoracic impedance (ohm) 

DZ/dt = first derivative of the change in thoracic impedance ( dZ, ohm/second) 

T = left ventricular ejection time (seconds) 

Stroke volume calculated manually by this formula on a beat-by-beat 

basis are reported as individual stroke volume (4-10 beats) are averaged to 

yield an average stroke volume over a time period (16). Cardiac output, 

expressed as a beat-by-beat output or averaged over several beats, is 

calculated from stroke volume and heart rate (16). 

A tetrapolar Minnesota impedance cardiograph model 304A (Surcom 

Inc., Minneapolis, MN) was used to measure stroke volume (15, 16) and 

cardiac output (18) and changes in thoracic impedance (TI) (13). This 

measurement involves placement of four Mylar band electrodes 
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circumferentially around the neck and thorax, application of alternating 

current to the outer two electrodes, and measurement of impedance between 

the inner two electrodes. Decreases in thoracic blood volume are associated 

with increases in basal thoracic impedance measured as Z0 (15). The inverse 

relationship is due to the fact that air impedes electrical current better than 

fluid in the pleural cavity (24). 

Values for Zo vary since each subject had different baseline values for 

thoracic impedance (42}. The Z0 depends upon the length between the 

electrodes and the cross sectional area. The Z0 value for an average man is 

24 to 25.5 ohms, and the average for a woman is 30 to 33 ohms (42). The 

smaller the thoracic circumference the higher the Z0 • 

Impedance values of stroke volume and cardiac output have been 

compared to those obtained by thermodilution (42), M-mode 

echocardiography, Doppler ultrasound, left ventriculography, electromagnetic 

flow probe, direct Fick (50), and dye dilution (15). Results have been 

compared in animal and man. The majority of these agree that the 

impedance technique can accurately track the magnitude and the direction of 

changes in cardiac output (13, 18). In addition, many studies support the 

accuracy of the impedance to measure stroke volume and cardiac output at 

rest, during exercise (30, 32, 34), and after exercise (30). 
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ABSTRACT 

Previously, we found that by engaging the skeletal muscle pump using loadless 

pedaling the rate of fall in blood pressure during recovery from brief, mild 

exercise was significantly reduced. We hypothesized that elevated core 

temperature leading to increases in skin blood flow (SkBF) during fifteen min of 

exercise exacerbates the rapid decreases in arterial blood pressure during 

inactive recovery from exercise in humans. Eight male subjects cycled 

(ergometry) for either 3 min or 15 min, each at approximately 60% of maximum 

heart rate (HR). Exercise bouts were followed by 5 min of either inactive or 

active recovery (loadless pedaling). Throughout the exercise and recovery 

periods, the following variables were continuously measured: esophageal 

temperature (Te5 ), mean skin temperature, sweat rate (SR), SkBF, mean arterial 

pressure (MAP), and HR. Three min of exercise did not significantly increase 

Tes, SR, or SkBF. In contrast, 15 min of exercise significantly elevated Tes (0.8 ± 

0.1°C) leading to 2-4 fold increases in SR and SkBF. After 60 sec of inactive 

recovery, the decrease in MAP was attenuated for the 3 min bout of exercise 

relative to the 15 min bout of exercise was persisted throughout the 5 min of 

inactive recovery period. After min two of inactive recovery. These results 

suggest that thermoregulatory factors (e.g., increased core temperature and 

corresponding increased SkBF) contribute to decreases in MAP after inactive 

recovery from exercise. In addition, the metabolic state of skeletal muscle during 

longer duration exercise (15 min) may contribute to the response during inactive 
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recovery ftom .exercise: These results support the hypothesis that thermal stress 

contributes to the rapid decrease in arterial pressure during inactive recovery 

following dynamic exercise. 
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INTRODUCTION 

Although cardiovascular hemodynamics during exercise have been 

investigated extensively, there have been few studies of cardiovascular function 

during exercise recovery in humans (3, 25). Because recovery is inherent to any 

exercise period, determination of normal post-exercise cardiovascular function is 

important for a complete understanding of exercise hemodynamics. A classical 

experiment by Muller (19) in 1961 was one of the first investigations to examine 

heart rate during recovery from exercise. Muller's subjects performed three 

different exercise intensities that were followed by either mild cycling exercise or 

inactive recovery(19). Based upon the higher heart rates achieved during the 

high intensity exercise and the active post-exercise recovery, he concluded that 

active recovery from exercise was disadvantageous. Muller postulated that an 

impaired washout of metabolites during inactive recovery from the fatigued 

muscle caused a delay in recovery as indicated by post exercise elevation in 

heart rate (19). 

Previously, Goldberg and colleagues demonstrated that stroke volume, 

presumably via venous return, was maintained near the exercise value in the 

presence of rapid reductions in heart rate during active recovery from exercise 

(9) . In support of Goldberg's work, we demonstrated that by activation of the 

skeletal muscle pump during upright active recovery from exercise is important 

for the maintenance of cardiac out (Qc). stroke volume, and arterial pressure (3). 

In addition, Takahashi and coworkers demonstrated that Qc values were higher 
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during active recovery from exercise recovery than that during inactive recovery 

(25). 

Previously, we exercised subjects for a short duration with moderate 

intensity and examined cardiovascular function during exercise and during 

recovery phase without thermal stress (3) However, the elevation in internal 

temperature during longer duration exercise persists following the end of the 

exercise bout (8). 

Therefore, we hypothesized that i) elevated core temperature leading to 

increases in skin blood flow during longer duration exercise exacerbates the 

rapid decreases in arterial blood pressure during inactive recovery from exercise 

in humans; and ii) active recovery (engagement of the skeletal muscle pump) is 

effective in supporting arterial blood pressure regardless of changes in core 

temperature during the exercise. The purpose of this study was to test these 

hypotheses by comparing cardiovascular responses after 3 and 15 min of 

exercise during inactive (seated) and active (loadless pedaling) recovery 

conditions. 

METHODS 

Subjects. Eight men between 25-37 years of age were studied. Their 

demographic composition was as follows: one African-American , one Hispanic

American, two Asian, and Anglo-Americans. Subjects were moderately fit, V02 

max values ranging from 40-60 ml x kg-1 x min-1 , and all of which were average 

height (173 ± 1.8cm) and weight (74.8 ± 2.3 kg). All subjects were free of any 
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known cardiovascular disease. Subjects were asked to refrain from exercise, and 

stimulants such as caffeine for 24h before testing. All experiments procedures 

and protocols were approved by the University of North Texas Health Science 

Center Institutional Review Board, and each subject provided written informed 

consent to participate in the study. 

Experimental Design. Subjects were instrumented for the measurement 

of hemodynamic and thermoregulatory variables described below. Following 

instrumentation, two min of baseline data were collected with the subject seated 

upright on a cycle ergometer (Lode, Groningen, Inc, North Los Angeles, CA). 

Each subject then performed an exercise bout that consisted of a one min warm

up period in which the subject pedaled with no resistance. Following this period, 

exercise intensity increased within 1 0 sec to a workload that elicited 

approximately 60% of the individual's predicted maximal HR while pedaling at a 

rate of 60-70 rpm. Subjects continued to exercise at this workload for either 3 or 

15 minutes. Following the exercise bout each subject either rested on the cycle 

ergometer (inactive recovery) or performed loadless pedaling (active recovery) 

for a duration of 5 min. Thus, the following four exercise bouts were performed in 

random order: i) 3 min of exercise followed by active recovery; ii) 3 min of 

exercise followed by inactive recovery; iii) 15 min of exercise followed by active 

recovery; and iv) 15 min of exercise followed by inactive recovery. We 

hypothesized that the inactive recovery would not engage the skeletal muscle 

pump whereas the skeletal muscle pump would be engaged during loadless 

pedaling. Any effects of circadian variation were accounted for by conducting 
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each session at the same time of day for a given subject. The experimental 

conditions of the laboratory were documented to assure that the environmental 

temperature was similar between experimental days for a given subject. Ambient 

temperatures during the studies averaged 24.7 ± 0.3 °C. 

Thermal measurements. Each subject was instrumented for the 

measurement of esophageal temperature (Tes) with a thermistor (YSI, Yellow 

Springs, OH) at the level of the atria and mean skin temperature (Tsk) from the 

electrical average of six thermocouples placed on the skin (26). Chest and 

forearm SkBF were monitored by integrative laser-Doppler flowmetry (Perimed, 

North Rayalton, OH). Following the exercise protocol, a 3 em diameter heater 

·element, which housed the laser-Doppler flow probe, was used to elevate local 

skin temperature of 42°C. Local temperature was held at this level for 30 min to 

elicit maximal cutaneous vasodilatation (12). An index of cutaneous vascular 

conductance (CVC) was calculated from the ratio of laser Doppler flux to MAP. 

eve data were then expressed as a percent of maximal cutaneous 

vasodilatation as determined from local heating. Sweat rate was measured using 

capacitance hygrometry (Viasala, Woburn, MA) by perfusing 100% nitrogen at a 

flow rate of 500 ml*min-1 through a ventilated capsule attached to the forearm 

and chest skin. 

Hemodynamic measurements. Tetrapolar impedance cardiography 

(model 304A Surcom Inc., Minneapolis, MN) was used to measure changes in 

thoracic impedance (TI). This measurements involved placement of four Mylar 

band electrodes circumferentially around the neck and thorax. Decreases in 
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thoracic blood volume are associated with increases in basal Tl measured as Zo 

(10). Therefore, we used changes in Tl as an indirect measure of changes in 

central blood volume. SV was estimated via Tl (18) using commercially available 

software. Briefly, the most widely used equation to calculate SV from the 

impedance signal is that derived by Kubicek eta/ (14-16). This equation is: 

SV =rho *(UZ0 )
2 *dZ/dt*T. 

Whereas, SV is stroke volume expressed as ml, rho is resistivity of blood 

expressed as ohm*cm, L is the distance between the detection electrodes #2 and 

#3 in em, Zo is baseline thoracic impedance in expressed as ohms, dZ/dt is first 

derivative of the change in thoracic impedance expressed as ohm per sec, and T 

is left ventricular ejection time expressed in sec. Prior studies suggest changes 

in skin temperature and hydration status were found to have no significant effect 

on the bioimpedance measurements using this method (6). Heart rate (HR) was 

obtained from the electrocardiogram (Spacelabs, Redmond, WA) interfaced with 

a cardiotachometer (CWE Inc., Ardmore, PA). 

Measurements of systolic arterial pressure (SAP) and diastolic arterial 

pressure (DAP) was performed on a beat-by-beat basis non-invasively using a 

pneumatic finger cuff (Finapres Blood Pressure monitor, Ohmeda, Inc.). The 

pneumatic measurement was periodically verified by a oscillometric device 

(Critikon, Tampa, FL). MAP was calculated as DAP plus one third of pulse 

pressure (SAP-DAP). In addition, Oc was calculated as SV x HR, and total 

peripheral resistance (TPR) was calculated as MAP divided by Oc. 
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Data Analyses. Data were continuously acquired throughout each 

protocol using a data collection system (Biopac, Santa Barbara, CA). 

Comparisons of responses (using absolute values) during the different exercise 

recovery modes were performed with three way repeated measure analyses of 

variance. In addition, comparisons of mean arterial blood pressure changes from 

the last min of exercise to 5 min of recovery were examined with three way 

repeated measure analyses of variance. The three main effect factors were 1) 

exercise recovery mode, 2) exercise duration, and 3) recovery time. When 

significant main effects were observed, post hoc analyses were performed using 

Tukey multiple comparison tests. Statistical significance was set at an alpha 

level of 0.05. All data are presented as mean± SE. 

RESULTS 

Mean arterial pressure. Prior to exercise there were no significant 

differences in MAP between the four experimental conditions; however, MAP 

was higher during last min of 3 min of exercise compared to last min of 15 min of 

exercise (Fig. 1, upper pane{). During the first 2 min after the 3 min bout of 

exercise, MAP was significantly less during inactive recovery compared to active 

recovery. Thereafter, relative to peak exercise, MAP remained higher during 

active recovery from 3 min of exercise when compared to inactive recovery (Fig 

1, lower pane{). Immediately after 15 min of exercise, MAP decreased similar 

during inactive and active recovery conditions (Fig 1, upper pane{). However, 

when measured at 4 1/2 and 5 min, MAP was significantly less during inactive 
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recovery after 15 min of exercise when compared to active recovery after 15 min 

of exercise (Fig 1, lower panel). 

Cardiac output. The increases in Oc were similar in both the 3 min and 15 

min exercise bouts. However, immediately after exercise (first 2 min), Oc 

decreased significantly less during inactive recovery from 15 min of exercise 

when compared to Oc during inactive recovery from 3 min of exercise (Fig. 2). 

Following this 2 min period, there were no significant differences in decreases in 

Oc between inactive recovery from 3 and 15 min of exercise. Oc. however, 

remained significantly greater during active recovery than inactive recovery, after 

both 3 and 15 min of exercise. 

Stroke volume. Both 3 min and 15 min exercise bouts resulted in similar 

increases in SV. During the first 60 seconds of inactive recovery from exercise 

(3 min and 15 min), SV decreased rapidly back towards pre-exercise values, 

after which a gradual decrease was observed (Fig 3) . SV decreased significantly 

less during active recovery than during the inactive recovery from both 3 min and 

15 min of exercise. 

Heart rate. Although not significantly different, HR tended to increase 

more during 15 min of exercise compared to 3 min of exercise (P = 0.09). HR 

following 3 min of exercise, regardless of post-exercise recovery condition, was 

significantly less than HR following 15 min of exercise. These data illustrate that 

during all recovery modes regardless of exercise duration, the greatest 

decreases in HR occurred during first minute of recovery, after which a gradual 

decrease was observed. 
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Total peripheral resistance. TPR increased less during inactive recovery 

after 15 min of exercise than after 3 min of exercise (p<0.05). Throughout 5 min 

of the inactive recovery, TPR was less after 15 min of exercise than after 3 min of 

exercise. TPR increased less during active recovery than during inactive 

recovery from exercise (Fig 5). Although, TPR were increased less during the 

active recovery from 15 min of exercise than active recovery from 3 min of 

exercise. 

Skin Blood Flow and cutaneous vascular conductance. Figure 6 illustrates 

changes in cutaneous circulation (i.e., SkBF and eve) for the forearm and chest 

during rest, exercise, and postexercise recovery. During 15 min of exercise, 

SKBF and eve increased, whereas, during 3 min of exercise SKBF and eve did 

not change, relative to baseline values. During 15 min, forearm and chest SKBF 

increased 60 ± 11% and 50 ± 5% of maximal SKBF, respectively. Similar 

increases in forearm (50± 8% of maximal) and chest (40 ± 5% of maximal) eve 

were observed. Throughout the 5 min of recovery from 15 min of exercise, eve 

and SKBF decreased less during the active recovery than during inactive 

recovery. As expected, eve and SKBF did not change relative to baseline 

during inactive and active recovery from 3 min of exercise. 

Core temperature. Body core temperature increased significantly during 

15 min of exercise whereas, during 3 min of exercise Tes did not change relative 

to pre-exercise values. After 15min of exercise, T es remained elevated 5 min 

postexercise (inactive and active) compared to baseline measurements (Fig 7). 
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3 min of exercise resulted in no significant differences in T es between baseline, 

exercise, and recovery from exercise. 

Mean skin temperature. Relative to baseline values, Tsk was significantly 

elevated during 15 min of exercise and 5 min postexercise recovery. No 

significant differences existed in Tsk between recovery modes (inactive vs. 

inactive) after 15 min of exercise (Fig 7) . There were also no changes in Tsk 

during 3 min of exercise and 5 min of recovery from exercise relative to baseline 

values. 

Sweat rate. Relative to baseline values, SR increased significantly during 

15 min of exercise whereas, during 3 min of exercise SR was unaltered. During 

active recovery from 15 min of exercise, SRchest remained significant higher than 

during inactive recovery. However, during both recovery conditions after 15 min 

of exercise, sweat rate remained significantly above pre-exercise values (Fig 8). 

Sweat rate (chest and forearm) did not change relative to baseline values during 

recovery from 3 min of exercise . . 

DISCUSSION 

Cardiovascular control during exercise recovery. We previously 

demonstrated that the initial decrease in MAP during inactive recovery from 

moderate exercise without a thermal load (i.e. , no changes in Tes) was primarily 

due to cessation of the skeletal muscle pumping (3). This effect was indicated by 

better maintenance of MAP, Qc, SV during an active recovery in which the 

dynamic skeletal muscle pump was engaged. The present study was therefore 
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designed to evaluate cardiovascular function during exercise recovery when a 

significant thermal load exists as demonstrated by an increase in T es· 

The results of this study support our primary hypothesis elevated core 

temperature leading to increases in cutaneous vasodilation (increases in SkBF) 

during dynamic exercise contributes to rapid reductions in arterial pressure 

during recovery from exercise. These responses seem to be caused by a 

smaller increase in TPR after exercise, sequentially due to cutaneous 

vasodilation produced by the increase in internal temperature associated with 

longer duration exercise. 

However, these data did not support the secondary hypothesis that 

skeletal muscle pumping during an active recovery is effective in supporting 

arterial blood pressure regardless of changes in core temperature during 

exercise bout. Postexercise skeletal muscle pumping during active recovery 

from 3 min of exercise resulted in better maintenance of arterial pressure when 

compared to active recovery from 15 min. However, better maintenance of 

arterial pressure was present despite greater decreases in Oc during active 

recovery from 3 min of exercise compared to the active recovery from 15 min of 

exercise. Therefore, rapid decreases in arterial pressure during active recovery 

from 15 min of exercise were possibly mediated by cutaneous vasodilation and 

vasodilation of previously active skeletal muscle beds. Coats eta/ demonstrated 

the presence of marked vasodilation in a non-exercising vascular bed (forearm); 

indicating the presence of a vasodilatory influence affecting vascular beds other 

than the exercising muscle groups. (5). 
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Regardless of exercise duration, when dynamic exercise was stopped, 

arterial pressure decreased rapidly in the first 1- 2 min of upright inactive 

recovery. SV and Oc decrease in parallel with arterial pressure, with the majority 

of the decrease occurring in the first 2 min of recovery. In response to the 

decrease in blood pressure, systemic vascular resistance increased toward pre

exercise levels. These resistance changes may be due to a baroreflex-mediated 

increase in vascular resistance or presumably due to less vasodilation in the 

active beds. Nevertheless, the increased TPR was attenuated after recovery 

from the longer duration exercise in which a significant thermal stress was 

present. 

Thermoregulatory contributions in exercise recovery. In this study, after 

longer duration exercise, Tes remained elevated throughout the recovery phase. 

This elevation in core temperature can persist for greater than 60 min following 

exercise (4), the magnitude of which is determined by the intensity of the activity 

performed. eve, sweat rate, and Tsk remained significantly above pre-exercise 

levels during postexercise recovery period. These elevations were associated 

with a significant reduction in MAP during inactive and active recovery modes. 

However, during inactive recovery from 15 min of exercise all thermoregulatory 

variables returned to pre-exercise values by min 2 of inactive recovery whereas, 

during active recovery eve did not return to baseline by 5 min of recovery. 

Sweat rate did not change during three min of exercise. However, fifteen min of 

exercise at the same intensity produced significant increases in sweat rate 

measured at the chest and forearm. Inactive recovery after 15 min of exercise, 
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sweat rate decreased rapidly returned to baseline. This finding is consistent with 

others who have reported a marked decrease in sweat production rate at the 

cessation of exercise (27). 

Total peripheral resistance increased to pre-exercise levels that may be 

explained in part by the metabolic state of the previously active skeletal muscle. 

However, we did not measure muscle blood flow in this study; therefore, we 

cannot establish differences in blood to various muscle vascular beds. However, 

previous investigations (1, 2, 17) reported that less increase in TPR following 

intense exercise are mediated in part by accumulation of vasoactive metabolites 

in skeletal muscle. Therefore, the possibility remains that metabolite 

accumulation in skeletal muscle may have contributed to an attenuated elevation 

in TPR during recovery from 15 min of exercise 

In our study, exercise recovery (inactive and active) HR remained 

elevated after 15 min of exercise. This elevation on HR may be due to an 

elevation in internal body temperature, because an increase in core temperature 

0.6 degree C increases in HR approximately 15-20 bpm (8). 

"Central command" and baroreflex function in recovery from exercise. 

Another possible mechanism for the lack of maintenance of MAP during inactive 

recovery from longer duration exercise may be the effect of central command. 

Central command acts as a feed forward neural controller of the circulation 

during exercise to increase HR (23, 28). Previously, HR was suggested as an 

index of central command during exercise (23, 24). We previously reported that 

central command plays a minimal role in cardiovascular function during active 
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recovery from exercise without a thermal load (3). However, the role of central 

command during recovery from exercise when a thermal load exists is unclear. 

During exercise, central command is important in the resetting of the baroreflex 

(20-22); therefore, during recovery from exercise the withdrawal of central 

command may function in a similar manner to reset baroreflex to pre-exercise 

levels and assist in the return to baseline. Several investigations support the 

notion that the baroreceptor reflexes are capable of limiting cutaneous 

vasodilation (7, 13). Thus, these reflex mechanisms may facilitate the 

maintenance of BP through greater reductions in SkBF during recovery. 

Elevations skin blood flow during a heat stress, which can be as high as 8 l*min-

1, challenge blood pressure regulation through decreasing TPR (23). As 

exercise, duration and heat loads increase, this reflex demand on the cutaneous 

vasculature comes into conflict with competing thermoregulatory demands. 

Thus, during exercise, the cutaneous circulation is under competing 

thermoregulatory and nonthermoregulatory controls (11 ). 

It is not clear whether the cutaneous vasculature is also influenced by 

competing thermoregulatory and · nonthermoregulatory reflexes during recovery 

from longer duration exercise when the exercise bout caused a thermal strain. 

During inactive and active recovery from longer duration exercise (15 min), 

arterial pressure decreases rapidly. In parallel to this fall in arterial pressure, we 

observed eve rapidly return towards pre-exercise values during the inactive 

recovery despite significantly elevations in Tes. Tes remained elevated near 

exercising throughout the 5 min of inactive or active recovery. eve remained 
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near exercising ·values throughout active recovery. This observation raised an 

interesting quest1on: Why did eve decrease rapidly after inactive recovery from 

15 min of exercise; whereas, after active recovery from 15 min of exercise, SkBF 

and eve remained elevated. A possible mechanism might be baroreflex in 

reducing eve during recovery from exercise. During inactive recovery, we 

observed significant increases in Tl (decreases in central blood volume) during 

inactive recovery; whereas, during active recovery from exercise Tl did not 

change relative to baseline values. Thus, decreases central blood volume during 

the inactive recovery period likely unloads cardiopulmonary baroreceptors, which 

possibly results in withdrawal of cutaneous active vasodilatation and increases in 

muscle vascular resistance. This concept is supported by the observation of 

greater increases in TPR and greater reductions in stroke volume during inactive 

recovery relative to active recovery. Therefore, it is possible that increases in 

peripheral resistance in muscles and skin vascular beds are the results of similar 

reflex-mediated responses, even though this may occur via different 

compensatory mechanisms e.g., central command, baroreflexes, and 

thermoregulatory factors. In contrast, during active recovery, presumably there is 

less unloading of the cardiopulmonary baroreflex, as seen by the Tl and SV 

results. In contrast, since arterial pressure decreases similarly between active 

and inactive recovery modes, the stimulation of the sinoaortic baroreflex may 

also be similar during these recovery periods. 
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Implications of the Findings 

This study demonstrates the importance of an active recovery from longer 

duration dynamic exercise in thermoneutral environments. Prior to the present 

findings, what remained unknown was the effectiveness of the skeletal muscle 

pump during active recovery following longer duration dynamic exercise in which 

Tes is elevated. We speculate that the role of the skeletal muscle pump is 

important in regulating Qc and stoke volume regardless of thermal status. 
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CONCLUSIONS 

These data provide evidence that support the hypothesis that the skeletal 

muscle pump is important in the maintenance of Qc, SV, Tl, and presumably 

venous return regardless of the duration of exercise. However, as the duration of 

the exercise increases the persisting vasodilation limits the effectiveness of the 

skeletal muscle pump in maintaining arterial pressure. Moreover, the increase 

SkBF (via cutaneous vasodilation) during longer duration exercise contributes 

significantly to the rapid decreases in arterial pressure during recovery from 

exercise. Therefore, thermoregulatory mechanisms do seem to play a significant 

role in post exertional reductions in arterial pressure. 
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FIGURE 1. Mean arterial pressure (MAP) during 3 min and 15 min of 

submaximal cycling exercise and 5 min of recovery from exercise in the upper 

panel. The two recovery modes were inactive (exercise was stopped 

completely), and active (subjects continued loadless pedaling following exercise). 

* Denotes significant differences between 3 and 15 min exercise followed by 

active recovery (p < 0.05, means± SE, N = 8). # Denotes significant differences 

between 3 and 15 min exercise followed by inactive recovery. Changes in MAP 

from peak exercise to 300 sec of recovery from exercise are illustrated in the 

lower panel. Significant effects were found between the inactive and active 

recovery from 3 min of exercise throughout the recovery periods (P<0.01). 

Significant effects of skeletal muscle pump on MAP were found at 270 and 300 

sees between the inactive and active recovery from 15 min of exercise. The 

horizontal lines illustrate baseline relative to the last min of exercise. 

52 



-C) 

::r: 
E 
E -

130 

120 

a.. 110 
< 
~ 

100 

# 

* 

-a- 3 min exercise with inactive recovery 
-o- 15 min exercise with inactive recovery 
- 3 min exercise with active recovery 
-+- 15 min exercise recovery with active recovery 

# 

* 
# # 
* * * 

90+---.----.---,---.---.---.--~.---.---.---,---.---, 

Pre-Ex Ex 30 60 90 120 150 180 210 240 270 300 

Recovery (seconds) 

0 

-5 -C) 

::r: 
E -10 

.s 
a.. 

-15 < 
~ 
<l 

-20 

-25 
3 min baseline relative to peak exercise 

-30+----.---,---,,---,---,----,---.----.---,----,---. 

0 Peak Ex 30 60 90 120 150 180 210 240 270 300 

Recovery (sees) 

FIGURE 1 

53 



FIGURE 2. Cardiac output (Qc) during 3 min and 15 min of submaximal cycling 

exercise and 5 min of recovery from exercise. The two recovery modes were 

inactive (exercise was stopped completely), and active (subjects continued 

loadless pedaling following exercise). *Denotes significant differences between 3 

and 15 min exercise followed by active recovery (p < 0.05, means ± SE, N = 8). # 

Denotes significant differences between 3 and 15 min exercise followed by 

inactive recovery 
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FIGURE 3. Stroke volume (SV) during 3 min and 15 min of submaximal cycling 

exercise and 5 min of recovery from exercise. The two recovery modes were 

inactive (exercise was stopped completely), and active (subjects continued 

loadl.ess pedaling following exercise).* Denotes significant differences between 3 

and 15 min exercise followed by active recovery (p < 0.05, means± SE, N = 8). # 

Denotes significant differences between 3 and 15 min exercise followed by 

inactive recovery 
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FIGURE 4. Heart Rate (HR) during 3 min and 15 min of submaximal cycling 

exercise and 5 min of recovery from exercise. The two recovery modes were 

inactive (exercise was stopped completely), and active (subjects continued 

loadless pedaling following exercise). *Denotes significant differences between 3 

and 15 min exercise followed by active recovery (p < 0.05, means ± SE, N = 8). # 

Denotes significant differences between 3 and 15 min exercise followed by 

inactive recovery 
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FIGURE 5. Calculated total peripheral resistance (TPR) 3 min and 15 min of 

submaximal cycling exercise and 5 min of recovery from exercise. The two 

recovery modes were inactive (exercise was stopped completely), and active 

(subjects continued loadless pedaling following exercise). * Denotes significant 

differences between 3 and 15 min exercise followed by active recovery (p < 0.05, 

means ± SE, N = 8). # Denotes significant differences between 3 and 15 min 

exercise followed by inactive recovery 
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FIGURE 6. SkBF (SkBF) (%laser Doppler flux) and cutaneous vascular 

conductance (CVC) during 3 min and 15 min of submaximal cycling exercise and 

5 min of recovery from exercise. The two recovery modes were inactive 

(exercise was stopped completely), and active (subjects continued loadless 

pedaling following exercise). * Denotes significant differences between 3 and 15 

min exercise followed by active recovery (p < 0.05, means ± SE, N = 8) . # 

Denotes significant differences between 3 and 15 min exercise followed by 

inactive recovery 
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FIGURE 7. Body core temperature (Tes) and mean skin temperature (Tsk) 

during 3 min and 15 min of submaximal cycling exercise and 5 min of recovery 

from exercise. The two recovery modes were inactive (exercise was stopped 

completely), and active (subjects continued loadless pedaling following exercise). 

* Denotes significant differences between 3 and 15 min exercise followed by 

active recovery (p < 0.05, means± SE, N = 8). #Denotes significant differences 

between 3 and 15 min exercise followed by inactive recovery 

64 



FIGURE 7 

-~ ., 
t-"' 

33.0 

32.5 

0 
o._. 32.0 

-"' 
t-"' 

31.5 

Pre Ex Ex 

Pre Ex Ex 

-o- 3 min exercise with inactive recovery 
-o- 15 min exercise with inactive recovery 
---- 3 min exercise with active recovery 
....._ 15 min exercise with active recoYel)' 

2 3 4 5 

Recovery (min) 

2 3 4 5 

Recovery (min) 

65 



FIGURE 8. Chest sweat rate SR and forearm sweat rate SR during 3 min and 15 

min of submaximal cycling exercise and 5 min of recovery from exercise. The 

two recovery modes were inactive (exercise was stopped completely), and active 

(subjects continued loadless pedaling following exercise). * Denotes significant 

differences between 3 and 15 min exercise followed by active recovery (p < 0.05, 

means ± SE, N = 8) . # Denotes significant differences between 3 and 15 min 

exercise followed by inactive recovery 
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ABSTRACT 

Classical resetting of the carotid baroreflex occurs during (prolonged) 

dynamic exercise and the operating point relocates toward the threshold of 

the reflex. To determine whether resetting of the carotid baroreflex during 

exercise with an elevated core body temperature limits normal baroreflex 

function during exercise recovery, carotid baroreflex function with neck 

pressure/neck suction was assessed immediately after exercise. Nine 

subjects performed two exercise bouts: 3 and 15 min followed by 1) inactive 

seated recovery or 2) active cycling recovery with no load. The carotid

cardiac stimulus response relationship reset back towards the resting 

stimulus response relationship with no change in the maximal gain during 

inactive and active recovery. These observations suggest that the baroreflex 

maintained appropriate sensitivity to control fluctuations in arterial pressure 

during recovery from short duration exercise. However, the carotid baroreflex 

ability to buffer hypotensive stimuli during inactive recovery from prolonged 

exercise was reduced. Furthermore, active recovery from prolonged exercise 

improved the function of baroreflex by increasing the functional reserve of the 

reflex to buffer against hypotensive stimuli. 
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INTRODUCTION 

In man, heart rate and blood pressure decrease rapidly following 

dynamic exercise (2, 24). Although, cardiovascular responses associated 

with recovery from exercise have been studied (1, 2, 9, 10, 15) the 

mechanisms responsible for these responses are not understood fully. 

Skeletal muscle pumping contributes to increases in venous return during 

exercise, but is also stopped during inactive recovery from exercise. 

Recently, we showed that the initial decrease in mean arterial pressure during 

inactive recovery from moderate exercise is due, in part, to cessation of 

skeletal muscle pumping (2). This conclusion is supported by the observation 

that MAP was better maintained during active recovery via loadless pedaling; 

2) central blood volume was maintained near exercise levels during active 

recovery, and 3) the decrease in stroke volume during active recovery was 

modest compared with that during inactive recovery (2). 

Inactive recovery from dynamic exercise is associated with cessation 

of the primary exercise stimulus from the brain (central command from the 

cerebral motor cortex) and abrupt changes in the stimuli to metaboreceptors 

and baroreceptors (22, 23). However, the role of these changes in 

determining the cardiovascular responses during inactive recovery from 

exercise are unknown. Arterial baroreceptors reset during exercise and retain 

a normal ability to modulate arterial pressure (6, 16, 21). Whether resetting is 

reversed upon cessation of exercise and whether this contributes to arterial 
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pressure responses is unknown. Therefore, the primary purpose of this study 

was to test the hypotheses that i) baroreflex control resets back to baseline 

upon cessation of brief exercise, and ii) that maintenance of cardiac output 

with skeletal muscle pumping attenuates this response. 

During prolonged exercise, body temperature is increased producing a 

heat stress. Recently, Crandall that showed heat stress produces arterial 

baroreflex resetting in which operating point is shifted to near threshold (5), 

thus limiting the baroreflex ability to buffer against hypotensive stimuli. 

Therefore, the second purpose of this study was to test the hypothesis that 

heat stress accompanying exercise also attenuates the normal resetting of 

baroreflex function during recovery from exercise. 

METHODS 

Subjects 

Nine healthy men participated in the present study. The group mean 

(± SE) age, height, and weight were 25 ± 2.2 years, 176 ± 3 em, and 75 ± 3 

kg, respectively. Each subject was advised of the testing protocols and 

provided written informed consent for this investigation, which was approved 

by the UNT Health Science Center at Fort Worth Institutional Review Board. 

All subjects were asymptomatic for cardiovascular and respiratory disease. 

The subjects were non-smokers and were not currently taking any 

medications. The subjects were asked to abstain from alcoholic beverages 
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attd exercise for· 24 hours and caffeinated beverages for 12 hours prior to 

being studied. 

Experimental Protocol 

Following a 30 min rest period, two min of baseline data were collected 

and resting carotid sinus baroreflex function was assessed while subjects sat 

on a cycle ergometer. Thereafter, subjects performed an exercise protocol 

that consisted of a one minute warm up period on an electro-magnetic braked 

cycle ergometer with no resistance, followed by 1 0 sec of increased workload 

to elicit approximately 65-70% of their individual predicted maximum HR, 

which was determined at an earlier time, with a constant pedal rate of 60-70 

rpm. Subjects sustained exercise at their peak workload either for 3 or 15 

min. We studied two different cycling exercise recovery modes: 1) inactive 

seated and 2) active loadless pedaling on the cycle ergometer. The four 

conditions were performed in random order over the course of four days. In 

every case, recovery data were recorded for 12 minutes. The two recovery 

modes include one mode which did not engage the skeletal muscle pump 

(inactive, seated) and one which engaged the skeletal muscle pump (active, 

loadless pedaling at the same cadence as during exercise). Any effects of 

circadian variation were accounted for by conducting each session at the 

same time of day for a given subject. The experimental conditions of the 

laboratory were documented to assure that the environmental temperature 

was similar between experimental days for a given subject. Ambient 
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temperature during the studies averaged 24.3 ±0.6 °C with a relative humidity 

Of45-65%. 

Measurements 

Arterial Blood Pressure. Measurements of systolic (SAP) and diastolic 

(DAP) arterial pressure were performed by using a pneumatic finger cuff 

(Finapres Model 2300 blood pressure monitor; Ohmeda, Boulder, CO). Mean 

arterial pressure was calculated as DAP plus one-third-pulse pressure (SAP

DAP). Systolic arterial pressure and diastolic arterial pressure obtained by 

the Finapres have been previously validated during bicycle exercise against 

brachial BP measurements (11). Also, from measurements recorded with the 

Finapres during exercise, Papelier et al (18) found stimulus-response 

relationships similar to those found by Potts et al (21 ), who used invasive 

- radial artery measurements. HR was obtained from the electrocardiogram 

(ECG). During each exercise bout, HR and BP were recorded beat-by-beat 

on-line by using a personal computer (Gateway 2000, sampling rate 1 00/s). 

Carotid Baroreflex Function Assessment. 

CBR function was assessed via a slight modification of the NP-NS 

method previously reported by Potts et al (21), in which brief (2-s) pressure 

and suction stimuli are applied to the carotid sinus region of the subject's 

neck, and the peak HR responses to each stimuli are recorded. Briefly, a 

cushioned malleable lead collar was placed around the anterior 2/3 of the 
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neck. Graded levels of pressure between +40 and -80 mmHg (+40, +20, 0,-

20, -40, -60, and -80mmHg) were generated by the variable pressure source 

and controlled by two-way solenoid valves. For each pulse, the pressure 

within the neck collar was controlled manually and a pressure transducer 

measures the external neck chamber pressure (ChP). The timing for all 

pressure stimuli was computer controlled to deliver manually set NP-NS pulse 

to the carotid sinus precisely 50 ms after the R wave of the ECG. This 

allowed synchronicity between the pressure wave from the cardiac cycle and 

the NP-NS pressure pulse at the carotid sinus. 

To accommodate the interest in immediate post-exercise responses, a 

modification was made to decrease the stimuli from 5-s to 2-s. Previously, 

Eckberg demonstrated that stimuli less than 1 sec in duration is sufficient to 

elicit an appropriate HR response (7). Moreover, Eckberg eta/ (7) showed 

that the peak response occurs in the first 2-s of a 5-s baroreceptor stimulus. 

Therefore, a 2-s stimuli was expected to produce an effective and 

reproducible stimulus. Before the present investigation was conducted the 

repeatability of the modified NP-NS technique was established. This stimulus 

duration allowed us to deliver a· maximal of two stimuli per minute throughout 

the entire experimental protocol (at rest, during exercise, and recovery from 

exercise). A minimum of 20-s was allotted between NP/NS. The average 

time between stimuli was 20-s. To minimize the respiratory related 

modulation of HR and MAP, all carotid baroreflex perturbations were 

conducted during a breathe-hold at end expiration. The total duration of 
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breath hold varied between 7 to 1 0-s. All subjects were able to perform 

breath-holds during the entire protocol. Data used to construct the carotid 

sinus stimulus response curve relationship were obtained three times during 

the experimental protocol: at rest, last 6 min of 15 min exercise bout, and min 

4-12 of recovery from exercise. Additional carotid sinus stimulus response 

data (CSP-HR) were collected between min two and three of the exercise 

bouts. These data were used to obtain an assessment of CBR function 

during the 3-min exercise bout. On average 2 to 3 perturbations of +20 and-

20 mmHg were made in random order. To assess CBR function during the 

first 2 min of inactive and active recovery from exercise, NP-NS of +20 and -

20 mmHg were applied, in random order and approximately every 20-s. 

In the present investigation, the resulting parameters of threshold, 

saturation, and maximal gain values were obtained from the logistic model 

(14). Carotid baroreflex stimulus-response curves for HR were individually fit 

for each subject to a four parameter logistic function described by Kent et al 

(14). This function incorporates the following equation: 

HR or MAP=A1 (1 +e [A2 (ESCP-A3)1)-1 + ~ 

where MAP or HR is the dependent variable, ESCP is the estimated carotid 

sinus pressure, A1 is the range of response of the dependent variable 

(maximum-minimum), A2 is the gain coefficient, A3 is the centering point 

(ESCP required to elicit equal pressor and depressor responses), and~ is 

the minimum response of the dependent variable. This develops a sigmoid 

reflex model for the carotid sinus baroreflex including an operating range, 
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response range, threshold, saturation, and maximal gain value for the reflex. 

Using two-way ANOVA with repeated measures across exercise and 

recovery conditions, we compared the parameters (threshold, saturation, 

centering point, and maximal gain) of each CBR stimulus-response curve. 

Tukey post hoc pairwise comparisons were used to further analyze group 

mean differences. Statistical significance was accepted at a P value of <0.05. 

All analyses were conducted using Sigma Stat 2.03 (Jandell Corp, San 

Rafael, CA). 

RESULTS 

Physiological responses to 3 min of exercise: 

The cardiovascular responses to exercise with active or inactive 

recovery are summarized in Table 1. During three min of exercise, HR 

increased from 70.4 ± 3.2 to 119.9 ± 3.8 bpm, and MAP increased from 98.8 

± 5.6 to 127.8 ± 5.8 mmHg. HR and MAP decreased rapidly during the first 

min of inactive recovery from exercise, and gradually decreased further to 

baseline values throughout 10 minutes of exercise recovery. Similarly, the 

greatest decreases in HR and MAP occurred during the first min of active 

recovery, followed by gradual decreases towards baseline values at a slower 

rate (p<0.05). In addition, HR and MAP values remained greater during 

active exercise recovery when compared to inactive exercise recovery 

(p<0.01). 
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Physiological responses to fifteen min of exercise: 

Fifteen min of exercise, increased HR and MAP 72.9 ± 3.9 to 128.5 ± 

5.3 bpm, and 99.6 ± 4.9 to 119.8 ± 3.5 mmHg, respectively (Table 1 ). As 

expected, HR and MAP decreased rapidly during the first min of inactive 

recovery from exercise, and gradually decreased to baseline values 

throughout 10 minutes exercise recovery. Similarly, the greatest decreases in 

HR and MAP occurred during the first min of active recovery, which was 

followed by gradual decreases towards baseline values. In addition, HR and 

MAP values were similar during inactive exercise recovery when compared to 

active exercise recovery during the first 5 min. However, when measured at 

min 10, MAP was less than during inactive recovery (96.1 ± 2.6 mmHg) than 

to active recovery (1 03.8 ± 3.9 mmHg, p<0.05). 

Logistic parameters of carotid baroreflex: 

The logistic parameters describing CBR control of HR (carotid-cardiac) 

at rest, 15 min exercise, and exercise recovery (inactive and active) are 

presented in Table 2. The range of HR responses were unaltered at rest (22 

± 2.3 bpm), during inactive (19.9 ± 2.7 bpm) and active recovery (21.2 ± 2.7 

bpm) conditions; however, 15 min of exercise (14.1 ± 2.0 bpm) reduced the 

range of HR responses (P=0.012). The centering point demonstrated a 

progressive increase from 96.7 ± 5.3 mmHg at rest to 125.3 ± 4.2 mmHg 

during 15 min of exercise, and remained elevated during both inactive (118.6 
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:t 3.3 mmHg) and active (109.9 ± 5.9 mmHg) exercise recovery conditions. 

The minimal HR was increased from 56.4 ± 3.0 bpm to 110.0 ± 5.6 bpm 

during 15 min of exercise consistent with an upward resulting. After 15 min of 

exercise, inactive recovery HR (64.8 ± 5.7 bpm) and active recovery HR (77.0 

± 4.9 bpm) were similar heart rate at rest (56.4 ± 3.0 bpm). 

Carotid-cardiac (CSP) stimulus-response curves during fifteen min exercise: 

The stimulus-response relationships for the carotid-cardiac (CSP-HR) 

reflex at rest, 15 min of exercise, and inactive and active exercise recovery 

are shown in Figure 1. The calculated variables describing the CSP-HR 

stimulus response curves are shown in Table 2. Parameters derived from the 

stimulus-response curves (CSP-HR) were measured from min 4 to 12 of 

inactive and active recovery from 15 min of exercise. The maximal gain was 

unaltered at rest (-0.33 ± 0.08), 15 min of exercise (-0.25 ± 0.05), inactive (-

0.36 ± 0.03), and active (-0.24 ± 0.03) exercise recovery modes (P=0.109). 

Threshold carotid sinus pressure increased from 59.1 ± 5.9 to 90.4 ± 4.2 

mmHg and saturation carotid sinus pressure increased from 134.4 ± 8.2 to 

160.1 ± 7.2 mmHg from rest to 15 min of exercise (p<0.001). Furthermore, 

exercise saturation carotid sinus pressure (160.1 ± 7.2 mmHg) remained 

similar to saturation carotid sinus pressure during min 4 to 12 of active 

recovery from 15 min of exercise (156.6 ± 9.0 mmHg) (p>0.01). However, 

during min 4 to 12 of inactive recovery from 15 min of exercise, saturation 

carotid sinus pressure (146.6 ± 5.0 mmHg) returned to resting saturation 
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carotid sinus pressure levels (134.4 ± 8.2 mmHg) (p>0.05). The threshold 

carotid sinus pressure remained similar to exercise (90.4 ± 4.2 mmHg) during 

inactive recovery (90.5 ± 7.3 mmHg) from 15 min of exercise. However, 

threshold carotid sinus pressure during min 4 to 12 of active recovery (63.1 ± 

7. 7 mmHg) from 15 min of exercise returned to baseline threshold carotid 

sinus pressure levels (59.1 ± 7.7 mmHg). The operating pressure (OP), 

defined as pre-stimulus CSP, increased from 94.1 ± 1.7 mmHg at rest to 

102.5 ± 3.4 mmHg during exercise. The centering point (CP) of CSP-HR 

responses was significantly increased from 96.7 ± 5.3mmHg at rest to 125.3 ± 

4.2 mmHg during exercise. Centering point of the CSP-HR response curve, 

during inactive recovery (118.6 ± 3.3 mmHg) and active recovery (1 09.9 ± 5.9 

mmHg) from 15 min of exercise and remained above resting centering point 

levels (96.7 ± 5.3 mmHg). Moreover, the difference in the operating point to 

centering point was increased from 2.6 ± 4.4 at rest to 22.8 ± 4.5 during 

exercise, and remained above resting values during inactive (22.9 ± 2.5) and 

active (19.3 ± 5.3) recovery from 15 min of exercise (p<0.001), suggesting a 

shift in the position of operation as part of the resetting. In general, the 

resetting of the CSP-HR stimulus response curve evident during 15 min of 

exercise was measured by increases in saturation pressure, threshold 

pressure, and centering point with no change in the maximal gain (Fig. 1). 

The relocation downward on the response arm and leftward to a lower 

operating pressure of the stimulus response curve for CSP-HR suggest 

resetting of the CBR during inactive recovery from 15 min of exercise. These 
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changes manifested as relocation of the operating and saturation pressures 

back to resting pressure with no change in maximal gain. However, during 

inactive recovery from 15 min of exercise, threshold pressure remained 

elevated as during exercise. During active recovery from 15 min of exercise, 

the relocation downward on the response arm and leftward to a lower 

operating pressure of the stimulus response curve for CSP-HR suggest 

resetting of the CBR. These changes were manifested as a relocation of the 

operating point and threshold pressure with no change in maximal gain. 

However, during active recovery from 15 min of exercise, saturation pressure 

remained elevated as during exercise. 

Carotid-cardiac response to +20 and -20 mmHg (NPINS) at rest, 3 and 15 

min of exercise, and immediately (first 2 min) after exercise: 

The carotid cardiac responses to +20 and -20 mmHg at rest, and 

during 3 and 15 min of exercise with and without an active recovery from 

exercise are shown in Figure 2. At rest, neck pressure of +20 mmHg elicited 

6.2 ± 0.8 bpm increase in HR, whereas, +20 mmHg increased HR 3.5 ± 0.7 

and 2.4 ± 0.5 bpm during 3 and 15 min of exercise, respectively (p<0.05). 

Neck pressure of +20 mmHg increased HR 6. 7 ± 0.5 and 0.5 ± 0.3 bpm 

during inactive recovery (1st 2 min) from 3 and 15 min of exercise (p<0.01), 

respectively, whereas, neck pressure of +20 mmHg increased HR similar 

during active recovery from 3 and 15 min of exercise, 4.0 ± 0.6 and 4.15 ± 0.8 

bpm (p>0.05), respectively. 
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Neck suction (-20 mmHg) elicited similar decreases in HR responses 

at rest, during 3 min of exercise, inactive, and active recovery from exercise 

(1st 2 min) (Figure 2). At rest, neck suction (-20 mmHg) decreased HR 5.7 :t: 

0.8 bpm, whereas, this response was significantly greater during 15 min of 

exercise (7.3 :t: 1.0 bpm) and inactive recovery from exercise (7.6 :t: 0.9 bpm). 

During active recovery from 15 min of exercise, neck suction (-20 mmHg) 

decreased HR 5.96 :t: 0.9 bpm, which was similar to decrease at rest (5.7 ± 

0.8 bpm). 

Carotid-cardiac stimulus response curves from min 4 to 12 of inactive 

recovery from 3 min and 15 min of exercise: 

The stimulus response relationships for carotid-cardiac reflexes at rest 

and from min 4 to 12 of inactive recovery from 3 min and 15 min of exercise 

are shown in Figure 3. The calculated variables describing the CSP-HR 

stimulus-response curves are illustrated in Figure 4. The maximal gain (i.e. 

sensitivity), range of response, minimal response, saturation, and operating 

pressure of the CSP-HR stimulus-response curve were unaltered by inactive 

recovery from 3 or 15 min ofexercise (Fig 4). The threshold carotid sinus 

pressure was similar to rest (59.1 :t: 5.9 mmHg) during inactive recovery (60.1 

:t: 3.4 mmHg) from 3 min of exercise. However, threshold carotid sinus 

pressure during min 4 to 12 of inactive recovery from 15 min of exercise (90.5 

± 4.2 mmHg) remained above baseline threshold carotid sinus pressure. In 

addition, centering point pressure during inactive recovery from 15 min of 
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exercise (118.6 :t 3.3 mmHg) remained above resting center point pressure 

(96.7 :t 5.3 mmHg). During inactive recovery from 3 min of exercise, 

centering point pressure (101.99 :t 5.2 mmHg) returned to resting centering 

point pressure (p>0.05). The difference in centering point pressure to 

operating point pressure remained elevated during inactive recovery from 15 

min of exercise (22.8 ± 4.5 mmHg) compared to inactive recovery from 3 min 

of exercise (7.7 ± 4.7 mmHg). 

DISCUSSION 

The principal finding from this study demonstrated that the carotid 

cardiac stimulus-response relationship reset back towards resting CSP-HR 

stimulus response curve immediately following exercise. This conclusion is 

based on resetting of the carotid-cardiac stimulus response curve during 

recovery from exercise, with no change in the maximal gain, response range, 

slope coefficient, and HR minimum. These observations suggest that the 

baroreflex maintained appropriate sensitivity to control fluctuations in arterial 

pressure during recovery from exercise. In addition, these data support our 

hypothesis that elevated body temperature associated with prolonged 

exercise limited the return of normal baroreflex function during inactive 

recovery from exercise. This was evident by the fact that inactive recovery 

from 15 min of exercise (long duration) failed to relocate the operating point of 

the carotid-cardiac response curves back towards the centering point, 

whereas, inactive recovery from 3 min of exercise (short duration) relocated 
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the operating point of the carotid-cardiac response curve back towards the 

centering point. Independently, heat stress during resting conditions has 

been shown to relocate the operating point of the carotid cardiac baroreflex 

closer to threshold pressure (5). The carotid baroreflex failed to respond to 

hypotensive stimuli during the first two-min of inactive recovery from 15 min of 

exercise. Presumably, this indicates a shifting of the operating point closer to 

threshold during exercise and effectively decreasing the functional reserve of 

the carotid baroreceptors to buffer decreases in arterial blood pressure via 

elevating HR after 15 min of exercise in which heat stress was present. In 

contrast, when hypotensive stimuli were given immediately after 3 min of 

exercise free of heat stress (inactive recovery), responsiveness of cardiac 

baroreflex was similar to baseline. Thus, the heat stress associated with the 

prolonged exercise (15 min) appears to have attenuated the baroreflex 

buffering of hypotensive stimuli. 

Interestingly, active recovery from 15 min of exercise demonstrated the 

ability to preserve or restore the effectiveness of the carotid baroreceptors to 

buffer hypotensive stimuli. This conclusion is based on the fact that threshold 

of the carotid-cardiac stimulus response during active recovery returned to 

resting threshold carotid sinus pressure. This is also supported by the 

observation that when hypotensive stimuli were given during the first 2 min of 

active recovery from 15 min of exercise, the carotid baroreflex effectively 

increased HR similar to pre-exercise values. 

84 



The importance of the carotid baroreflex in regulating arterial pressure 

during exercise has been well-established in animals (6,25) and humans (16, 

21). In the present investigation, the construction of the carotid-cardiac 

baroreflex stimulus-response curves during exercise indicated that the 

baroreflex classically reset from resting conditions. Evidence that the 

baroreflex is reset to operate around a higher CSP implies that this reflex 

contributes to an increase arterial pressure during exercise rather than 

opposing it (21 ). The observations from this study agree with previous 

investigations (16, 21). Norton and co-workers (16) observed increases in 

threshold, saturation, and centering point pressures of the carotid cardiac 

function curves from rest to exercise at similar workloads, in fact CBR 

continued to be reset upward in relation to exercise intensity from 50 to 100% 

V02 max. Papelier and colleagues (18) observed a progressive rightward 

and upward displacement of the CSP-HR curves during leg exercise at 

workloads ranging from 60 to 240 W. Similarly, Potts and colleagues (21) 

observed resetting of the stimulus response relationship in which the gain of 

the carotid sinus baroreflex remained unchanged from resting values, 

suggesting that during exercise, the baroreflex maintained appropriate 

sensitivity to control changes in arterial pressure. Our data are consistent 

with these previous findings. 

The precise stimulus initiating carotid baroreflex resetting at the onset 

of exercise is unknown; however, both central command and skeletal muscle 

afferent neural feedback or exercise pressor reflex have been suggested (20). 
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The role of central command and the exercise pressor reflex in the restoration 

of carotid baroreflex function after exercise have not been studied. lellamo 

and co-workers confirmed that in humans, central command and the muscle 

chemoreflex (exercise pressor reflex) together act to preserve arterial 

baroreflex function during exercise. They demonstrated that both voluntary 

exercise and electrically induced exercise under arrested flow conditions 

resulted in a maintained baroreflex sensitivity (12). Whereas, electrically 

induced exercise under free flow conditions resulted in a significant decrease 

in baroreflex sensitivity. In addition, several studies in animals (4, 20) have 

shown that activation of skeletal muscle afferents during exercise resets the 

threshold of the carotid baroreflex to higher operating arterial pressures. 

Central command is a feed-forward controller involved in the regulation 

of cardiovascular responses and is activated in direct association with 

exercise, and is presumed to be graded in proportion to exercise intensity. 

Recently, Gallagher and colleagues (8) found that elevated central command 

during exercise further resets the carotid-cardiac response curves upward 

and rightward. Additionally, they demonstrated that neuromuscular blockade 

augmented the relocation of the operating point away from the centering point 

and closer to the threshold (8). Currently, central command is thought to 

actively reset the carotid baroreflex during exercise. Central command act as 

a feed forward mechanism to activate cardiovascular response in parallel with 

motor responses. These effects also may be responsible for relocating the 

operating point of the carotid baroreflex to higher arterial pressure (rightward) 
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during exercise. · This would allow for the baroreflex to remain functional 

despite increases in arterial pressure that are associated with dynamic 

exercise. However, the role of central command in baroreflex resetting 

remains unclear. 

In the present investigation, we attempted to define the role of 

withdrawal of central command on carotid baroreflex function. If the carotid 

baroreflex were to actively reset immediately after exercise, we should have 

observed an immediate return of the operating point closer to the centering 

point of the stimulus response curve. However, we did not observe relocating 

of the operating point towards to the centering point. In fact, the operating 

point to centering point difference remained near exercising values during 

inactive recovery from prolonged exercise. This could be explained, in part 

by the effects of heat stress (5). Crandall demonstrated that heat stress by 

surface heating which elevated core body temperature (-1°C) shifted the 

operating point of the carotid-cardiac baroreflex closer to threshold. In the 

present study, persistent heat stress after exercise may have augmented the 

influence of central command on carotid baroreflex function. This conclusion 

is based on the failure of the operating point to relocate to the centering point 

during inactive recovery from 15 min of exercise. Whereas, the operating 

point did relocate to the centering point during inactive recovery from 3 min of 

exercise. Increase in core body temperature (heat stress) does not occur 

during 3 min of moderate intensity exercise. However, we observed similar 

increases in core body temperature (-0.85°C) during 15 min of moderate 
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intensity exercise as shown by Crandall in a previous study (5). We used the 

same experimental design in the present study (3). Therefore, these data 

suggest that heat stress independently mediated changes in arterial 

baroreflex similar to that observed in resting humans (5). 

The exercise pressor reflex (i.e., mechanoreflex) contributes to HR 

regulation during exercise via sympathetic activation, although the 

mechanism underlying this sympathetic contribution to sinus node has not 

been determined (13). Rowell and O'Leary proposed that a negative 

feedback mechanism (exercise pressor reflex) originating in the exercising 

muscle was involved in the resetting of the baroreflex. It was suggested that 

· the exercise pressor reflex may activate sympathetic neural activity resulting 

in a vertical relocation stimulus-response relationship of the arterial 

baroreflex. In the present study, during active recovery from prolonged 

exercise, we observed a relocation of the operating and threshold pressures 

back to resting pressures. In addition, during active recovery from prolonged 

exercise stimulus response relationship of the baroreflex reset leftward to the 

resting stimulus response relationship. However, the baroreflex remained 

upward on the response arm of the stimulus response relationship during 

active recovery from prolonged exercise. Thus, the exercise pressor reflex 

may contribute to the CSP-HR curve above resting pressure, and the ability of 

the reflex to increase sympathetic activity to buffer hypotensive via elevating 

HR. 
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· An alternative explanation is that postexercise vasoactive metabolites 

stimulated the muscle chemoreflex. Thus, muscle chemoreflex may have 

influenced carotid baroreflex function. However, O'Leary demonstrated the 

that muscle chemoreflex does not significantly impact the control of HR (17). 

It appears that the muscle chemoreflex may augment arterial baroreflex 

function of blood vessels but not the control of HR (17). In a separate study, 

Papelier eta/ (19) reported that during recovery from 7 min of exercise at 150 

watts with and without muscle ischemia, slopes of the stimulus-response 

CSP-HR curves were the same, and the baroreflex response curve with and 

without leg occlusion (severe muscle ischemia) returned back to values 

observed at rest (19). Our stimulus response CSP-HR curve data during 

inactive recovery from 3 min of exercise are consistent with these previous 

findings. 

The results of this study allow for an alternative mechanism of 

integration. The present study indicates that significant integration of 

cardiovascular and thermoregulatory mechanisms exists. Therefore, the role 

of central command and the exercise pressor reflex may be altered by other 

factors such as heat stress. · When heat stress is not present resetting 

appears to occur rapidly as is seen during exercise. However, when heat 

stress is present, this resetting is significantly attenuated. Investigating 

carotid baroreflex function during recovery allows the study of the "turning off' 

of central command and exercise pressor reflexes. However, the relative 
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contribution of heat stress on baroreflex function during exercise recovery 

requires further investigation. 

Potentia/limitations of the study. 

The limitations of applying neck pressure/suction to the carotid sinus 

have been previously discussed (18, 21). Briefly, these limitations include i) 

the possibility that the reflex HR and MAP responses are affected by the 

extracarotid receptors (21) and ii) the incomplete transmission of the positive 

and negative pressures to the carotid sinus. Additionally, it is possible that 

performing an end expiratory breath hold alters chemoreceptor activity or 

Valsalva maneuver to influence HR or MAP during the time of carotid sinus 

perturbation. However, in the present investigation the length of the breath 

hold was shorter in duration than previous studies (18) (16) due to a decrease 

in stimuli duration. 

In conclusion, our results show that the carotid baroreflex resets 

towards resting stimulus-response curves during recovery from exercise, 

without a change in the maximal gain. Additionally, active recovery from 

exercise demonstrated the ability to preserve the effectiveness of the carotid 

baroreceptors to buffer hypotensive stimuli via elevating HR. These results 

do not allow us to draw a conclusion about the effect of carotid baroreflex 

function of blood vessels (peripheral vascular resistance) during recovery 

from exercise. Additionally, further studies are needed to address the relative 

contributions of heat stress and muscle chemoreflex during recovery from 
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exercise on carotid baroreftex control of peripheral vessels and heart rate in 

humans. 
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Figure 1 

Carotid-cardiac baroreflex responses at rest (solid and filled circles), 15 min 

of exercise (dashed lines and open squares), inactive recovery from 15 min of 

exercise (period line and filled triangles), and active recovery from 15 min of 

exercise (dashed line and open triangles). Visual inspection clearly reveals a 

shift upward and rightward of the stimulus-response relationship during 15 

min of exercise with no change in maximal gain. Inactive and active recovery 

from 15 min of exercise clearly reveals a shift the carotid-cardiac stimulus 

response relationship back to a resting carotid-cardiac response relationship. 
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Figure 2 

Heart rate (HR) responses for to both hypotensive (+20 mmHg) and 

hypertensive (-20 mmHg) stimuli at rest, during 15 min of exercise, and during 

the first 2 min of inactive and active recovery from 15 min of exercise. * 

denotes significant differences in responses from resting conditions (P<0.05). 
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Figure 3 

Carotid-cardiac baroreflex responses at rest (solid and filled circles), inactive 

recovery from 15 min of exercise (dashed line and filled triangles), and 

inactive recovery from 3 min of exercise (period line and open diamonds). 

Visual inspection clearly reveals a shift upward and rightward of the stimulus

response relationship during inactive recovery from 15 min of exercise 

relative to resting baroreflex stimulus response relationship with no change in 

maximal gain. Inactive recovery from 3 min of exercise clearly reveals a shift 

_ the carotid-cardiac stimulus response relationship back to a resting carotid

cardiac response relationship with no change in maximal gain .. 
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Figure 4 

The carotid baroreflex was evaluated by utilizing neck pressure and suction of 

vary levels and the parameters listed below are characteristics of the carotid 

cardiac stimulus response relationship curve utilizing the Kent logistic 

regression model. Response range, centering point (CP}, minimal response, 

threshold, maximal gain, saturation, operating point (OP), and difference in 

CP-OP. The parameters are compared during inactive recovery from 3 min 

and 15 min of exercise to rest conditions. * denotes significant differences 

from parameters at rest (P>0.05). 
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Table 1. Physiological variables at rest, during exercise, 
and recovery from exercise 

Heart Rate 
3 min inactive 3 min active 15 min inactive 15 min 

active 
Rest 70.4:1:3.2 72.9:1:3.9 
Exercise 119.9:1: 3.8* 128.5 :1: 5.3* 
Recovery (min) 

1 79.3:1: 4.4* 84.5:1: 2.9* 95.6 :1: 6.7* 101.8 ± 5.3* 
5 74.7 ± 3.0 78.5:1: 2.3* 82.3 ± 3.2* 85.9 ± 3.0* 
10 72.1 ± 3.4 76.9 ± 2.3* 79.8:1: 3.5* 82.1 ± 4.4* 

Mean Arterial 
Pressure 

3 min inactive 3 min active 15 min inactive 15 min 
active 

Rest 98.8 ± 5.6 99.8 ± 3.9 
Exercise 127.9:1: 5.8* 119.9 ± 3.5* 
Recovery (min) 

1 112.9 ± 4.3* 118.5 ± 4.6* 104.5 ± 3.5* 108. 2 ± 3.8* 
5 103.5 ± 3.4 107.1 ± 3.2* 99.6 ± 2.7 104.1 ± 5.1 
10 100.2 ± 5.5 103.9 ± 4.6 96.1 ± 2.6 103.8 ± 3.9 

All data are expressed as mean± S.E. *Denotes significant differences from 
resting values. 
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Table 2. Parameters derived from stimulus-response (CSP-HR) 
curves 

Rest 15 min exercise Inactive Active Pval 
Response range 22.5 ±2.3 14.1 ± 2.0* 19.9 ± 2.7 21.2±2.7 0.01 
Maximal gain (-0.33 ± 0.08) (-0.23 ± 0.03) (-0.36 ± 0.03) (-0.23 ± 0.03) 0.10 
Centering point 96.7 ± 5.3 125.3 ± 4.2* 118.6 ± 3.3* 109.9 ± 5.9* 0.00 
Operating point 94.1 ± 1.7 102.5 ± 3.4* 95.7 ± 1.9 90.4 ± 2.9 0.02 
il OP-CP 2.6 ±4.4 22.8 ±4.5* 22.9 ± 2.5* 19.3 ± 5.3* 0.00 
Saturation 134.4 ± 8.2 160.1 ± 7.2* 146.6 ± 5.0 156.6 ± 9.0* 0.03 
Threshold 59.1 ± 5.9 90.4 ± 4.2* 90.5 ± 7.3* 63.1±7.7 0.00 
Minimum response 56.4 ± 3.0 110.0 ± 5.6* 64.8 ± 5.7 77.0 ± 4.9* 0.00 

All data are expressed as mean± S.E. 
*denotes significant differences from resting values (p < 0.05). 
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ABSTRACT 

Are women more susceptible to acute post-exercise orthostatic 

hypotension? We hypothesized that decreases in arterial pressure during 

recovery from dynamic exercise are greater in women compared to men. We 

studied 8 men and 11 women during inactive and active recovery from cycling 

exercise. Heart rate, stroke volume (SV), cardiac output, mean arterial 

pressure (MAP), and total peripheral resistance (TPR) were measured during 

and after 3 min of exercise at 60% of calculated maximum heart rate. At 1 

min after exercise, MAP decreased less (P <0.05) during inactive recovery in 

men (-18 ± 2 mmHg) when compared to women (-30 ± 2 mmHg). This 

difference was due to greater decreases in SV and less increase in TPR 

during inactive recovery from exercise in women compared to men. These 

differences persisted for 5 min following exercise. MAP decreased less 

during active recovery in men when compared to women. These findings 

suggest that women may have increased risk of post-exercise orthostatic 

hypotension, and that active recovery from exercise may reduce this risk. 
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INTRODUCTION 

Orthostatic stress results in adjustments of cardiovascular variables to 

maintain blood pressure (4, 7-9). Decreased responsiveness of 

cardiovascular mechanisms that normally contribute to regulation of arterial 

pressure and maintenance of cerebral blood flow increase the risk of syncope 

following exercise (12, 14). Several investigations have found that women 

have a lower tolerance to various orthostatic challenges at rest compared to 

men (3, 5, 9, 20). Also, some investigations report that women have less 

responsiveness in mechanisms that regulate arterial pressure compared to 

men (3, 8). Frey and co-workers suggest that men may respond to 

orthostatic challenges with greater sympathetic stimulation to the peripheral 

vasculature compared to women; whereas, women respond with greater 

vagally mediated increase in heart rate (HR) when compared to men (4). 

These mechanisms also play an important role in arterial pressure 

maintenance when exercise is stopped. At exercise termination the challenge 

to maintain cerebral perfusion is compounded by peripheral pooling of blood 

in the previously active muscle. Because women exhibit less orthostatic 

tolerance than men at rest, women may be more susceptible to post-exercise 

orthostatic hypotension; however, to our knowledge no studies have 

investigated the influence of gender on cardiovascular responses during 

inactive recovery from exercise. Therefore, the purpose of this study was to 

compare the responses of women and men during recovery from dynamic 
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exercise. We hypothesized that women have greater decreases in arterial 

pressure during recovery from exercise when compared to men. 

To test this hypothesis, we compared hemodynamic responses in men 

and women during two different exercise recovery modes: 1) inactive 

recovery, in which the subject stopped cycling exercise and sat completely 

still, and 2) active recovery, during which the subject pedaled against zero 

resistance following exercise. The principal difference between inactive and 

active recovery is the presence of skeletal muscle pumping (2); therefore, we 

attributed any difference in response between these two conditions to the 

influence of the ongoing skeletal muscle pumping during active recovery. 

METHODS 

Subjects. Nineteen volunteers (eleven women and eight men) 

between 21-40 years of age were studied. All subjects were moderately fit 

with a V02 max value of 40-60 ml x kg-1 x min-1 based on a submaximal 

graded exercise test. All subjects were free of any known cardiovascular 

disease. Smokers were excluded from participating in this study. Female 

subjects were not tested during menses. All subjects were asked to refrain 

from exercise and stimulants such as caffeine for 24 hours before testing and 

subjects were instructed to maintain normal eating habits. Subjects were not 

studied within 4 hours after a heavy meal. Body surface area was as 

estimated by the standard DuBois nomogram (6). All experimental 

procedures and protocols were approved by the University of North Texas 
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Health Science Center Institutional Review Board, and each subject gave 

informed written consent to participate in the study. 

Experimental Design. Before the experimental trials, each subject's 

V02max was determined by an incremental treadmill test with the treadmill 

speed set at 3.13m/s and elevation increased 2.5% every 1.5 min. On 

experimental days, each subject repeatedly performed an exercise protocol 

that consisted of a one minute warm-up period on a cycle ergometer 

(standard) with no resistance, followed by 1-3 minutes of increased workload 

to elicit approximately 60% of their individual predicted maximal HR with a 

constant pedal rate of 70 rpm. Subjects then sustained exercise at their peak 

workload for 3 minutes. We studied two different cycling exercise recovery 

modes: (1) inactive seated, and (2) active loadless pedaling on the 

ergometer (70 rpm). The two conditions were performed in random order. In 

every case, recovery was studied for 5 min. The two recovery modes 

included one mode which did not engage the skeletal muscle pump (inactive, 

seated) and one which engaged the skeletal muscle pump (active, loadless 

pedaling). Ambient temperatures during the studies averaged 24 ± 1 oc. 

Hemodynamic measurements. Pulsed Doppler ultrasound was used 

to measure beat to beat stroke volume (SV) at the aortic root during rest, 

exercise, and recovery periods. Doppler shifted waveforms were obtained 

with an L-shaped crystal transducer (crystal diameter = 1cm) with a focal 
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range of 2-8 em (tnterSpec XL, Conshohocken, PA presently owned by ATL, 

Bothell, WA). It operated at 3.0 MHz with a pulse repetition frequency of 12.6 

kHz. This allowed frequency shifts of 6.3 kHz and a maximum velocity 

detection of 96 em x s-1 at the assumed Doppler angle of zero. A 400-Hz high 

pass filter was used to eliminate low frequency noise caused by wall motion. 

Axial resolution (dB) was approximately 0.5 mm. The Doppler transducer 

was positioned in the suprasternal notch, and the ultrasonic beam was 

directed inferiorly and posteriorly along the flow stream in the ascending 

aorta. A measurement of aortic diameter at the aortic root was taken from a 

two dimensional parasternal long axis view of the heart with the subject in the 

supine or left lateral recumbent position prior to experimentation. SV was 

calculated from the measurements of aortic diameter and the flow velocity of 

the blood leaving the heart via the aortic root. 

Measurements of systolic arterial pressure (SAP) and diastolic arterial 

pressure (DAP) was performed non-invasively using a pneumatic finger cuff 

(Finapres Blood Pressure monitor, Ohmeda, Inc.). The subjects' arm 

remained in fixed position on a tray table during the entire experiment 

(instrumentation period, baseline, exercise, and during exercise recovery) at 

heart level. The Finapres mean and diastolic blood pressure values are 

confirmed by the measurements of brachial blood pressure at rest (pre

exercise baseline), during exercise, and during exercise recovery. All blood 

pressure measurements were made in the right arm of subject by one 

investigator using a standard auscultatory method. The same Finapres cuff 
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(by size small, medium, and large) was used for a given subject. We 

compared our brachial blood pressure with Finapres collected data and there 

were no significant differences. A Pearson correlation yielded (r= 0.904, 

P=0.001), when we compared brachial mean arterial pressure and Finapres 

mean arterial pressure. Mean arterial pressure (MAP) was calculated as DAP 

plus one third of pulse pressure (SAP-DAP). Cardiac output (Q) was 

calculated as SV x HR. Total peripheral resistance (TPR) was calculated as 

MAP /CO. 

We preformed a reliability analysis (alpha) using baseline Finapres 

measurements of arterial pressure from all 19 subjects. This test yielded an 

alpha value of 0.961 for comparison of arterial pressure across three days. 

We established the fact that our use of Finapres is consistent and reliable 

from day to day for a given subject. We also performed a reliability analysis 

·on our stroke volume data collected with Doppler ultrasound from all 19 

subjects across 3 days. This analysis yielded an alpha value of 0.952; thus 

establishing the fact that our use of Doppler ultrasound to obtain SV data is 

consistent and reliable from day to day. 

Data Analyses. Comparisons of responses during the different 

exercise recovery modes were performed with repeated measure analyses of 

variance. The main effect factors were exercise recovery mode, gender, and 

time. When significant main effects were observed, a post hoc analysis was 

performed using Student-Newman-Keuls multiple comparison test. Statistical 
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significance was set at an a. level of 0.05. Data are presented as mean± SE. 

RESULTS 

The results are for 19 subjects (11 women and 8 men). No significant 

differences existed between women and men for age, resting HR, and 

diastolic blood pressure. However, significant differences existed in height, 

weight, systolic blood pressure, and body surface area (Table 1). In addition, 

baseline Oc and SV was greater in the men, whereas, baseline TPR was 

greater in the women (Table 2). 

Blood pressure 

At baseline and during exercise, there were no differences in MAP 

between women and men. All subjects demonstrated an immediate decrease 

-in MAP after exercise during both the Inactive and active recovery modes 

(Figure 1). When measured 1 min after exercise, MAP decreased less (P 

<0.05) during inactive recovery from exercise in men (-18 ± 2 mmHg) when 

compared to women (-30 ± 2 mmHg). MAP returned to pre-exercise levels at 

minutes 2-5 during the inactive recovery in men. In women, MAP fell to below 

pre-exercise levels at 1-5 minutes of inactive recovery (P<0.05). Women and 

men both demonstrated -10 mmHg less of a decrease in MAP during the 

active recovery. 
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Cardiac output 

Increases in Oc during exercise were greater in men than in women 

(P<0.01). During inactive recovery from exercise, Oc returned to pre-exercise 

baseline levels faster in women compared to men (Figure 2). Furthermore, 

relative to pre-exercise baseline values, the decrease in Oc was significantly 

greater during inactive recovery compared to active recovery both in women 

and men. 

Stroke volume 

The increase in SV during exercise was greater in men than women 

(P<0.01). Both men and women demonstrated rapid reductions in SV during 

the first minute of inactive recovery that were followed by gradual reductions 

thereafter. Like Q, SV returned to pre-exercise baseline levels in women and 

· actually fell below pre-exercise baseline levels during inactive recovery in the 

women (Figure 3). In men SV returned to baseline values at 5 min of inactive 

recovery. SV was significantly less in women than men throughout inactive 

recovery from exercise (Figure 3). SV was significantly greater during active 

recovery than inactive recovery in both women and men. 

Heart rate 

During exercise men exhibited lower peak exercise HR when 

compared to women (P<0.05). Women demonstrated similar decreases in 

HR during 5 minutes of inactive recovery from exercise when compared to 
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men (Table 2). Furthermore, no gender differences in HR existed during 5 

minutes of active recovery. As expected, during active recovery HR 

decreased less when compared to inactive recovery for both genders. 

Total peripheral resistance 

TPR in women was greater than in men at rest, during exercise, and 

during both recovery modes (Table 2). Relative to baseline levels, vascular 

resistance decreased similarly during exercise in women and men (Fig. 4). 

After exercise, men and women increased TPR in response to inactive and 

active recovery modes, and this increase was greater during inactive 

recovery. However, relative to peak exercise values, when measured at min 

5 of inactive recovery, women increased TPR significantly less when 

compared to men (Fig. 5). In women and men, TPR remained below baseline 

values during both inactive and active recovery. 

DISCUSSION 

These results support the · hypothesis that reduction of MAP during 

recovery from dynamic exercise is greater in women compared to men. 

Furthermore, the physiological difference that explains the greater post

exercise decrease in MAP in women compared to men is that women had 

relatively greater reductions in Q and less of an increase in vascular 

resistance after exercise. During active recovery from exercise, skeletal 
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muscle pumping was similarty effective in maintenance of MAP in women and 

men. 

In women, recovery from exercise was characterized by greater 

decreases in MAP compared to men. Therefore, the question arises: lNhat 

are the potential mechanisms that contribute to these gender differences in 

arterial pressure regulation following exercise? The factors that determine 

arterial pressure are SV, HR, and TPR; therefore, adjustments in these 

variables solely or collectively must explain the gender difference. Other 

investigations have demonstrated that orthostatic stress was associated with 

a greater decline in cardiac output and stroke volume (3) and greater 

vasoconstriction in women (11, 20). 

Orthostasis and gender. 

Previous studies provided evidence that women have lower tolerance 

to various orthostatic challenges compared with men (3, 9). Hordinsky and 

colleagues (1 0) reported that tolerance to lower body negative pressure 

(LBNP) was 15% lower in women than men. Recently, several investigations 

provide more evidence that women exhibit less tolerance to orthostatic stress 

compared to men (3, 4, 9). The proposed mechanisms that contribute to 

these differences include greater venous compliance, lesser blood volume, 

less responsive cardiovascular function (3), impaired arterial-cardiac 

baroreflex function (3, 15), and lower resting SV in women (16). However, 

observations regarding impaired baroreflex function are controversial (19). All 
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of the existing data addressing the issue of gender dependent responses to 

orthostatic stress are from studies at rest, using LBNP, standing tests, and +G 

acceleration. To our knowledge, no studies have determined the potential 

influence of gender as it relates to post-exercise orthostatic stress. It is 

reasonable to suspect that differences between men and women in 

orthostatic responses and tolerance at rest and following exercise could be 

associated with similar cardiovascular mechanisms. 

Gender differences during inactive recovery from exercise. 

Our results indicate that inactive recovery from exercise in women was 

associated with more rapid return of SV and Oc to pre-exercise levels when 

compared to men. Furthermore, SV fell to levels significantly below pre

exercise baseline during inactive recovery from exercise in women. These 

data suggest that there was a greater decrease in venous return, and thus a 

possibly greater degree of peripheral pooling during inactive recovery in the 

women. In addition, relative to peak exercise, TPR increased less in women 

compared to men during inactive recovery. This was surprising because 

arterial pressure decreased more in the women than the men during inactive 

recovery; this greater decrease in arterial pressure in the women would be 

expected to produce a greater reflex vasoconstriction. This difference in the 

arterial pressure-TPR relationship may reflect a less effective arterial-vascular 

baroreflex response. Therefore, there appeared to be a less effective 

118 



compensatory vasoconstriction to correct for the fall in Oc and MAP in women 

as noted in studies during orthostasis alone discussed above. 

Active recovery, skeletal muscle pumping, and gender. 

This study supports previous work from our laboratory indicating that 

active recovery from exercise profoundly attenuates the initial post-exercise 

decrease in MAP (2). Similarly, Takahashi and coworkers suggested that 

light post-exercise physical activity plays an important role in facilitating 

venous return from muscle (18). As expected, during active recovery the 

post-exercise decrease in HR was less than during inactive recovery (18). 

This is due to positive effects of "central command" on HR during active 

recovery (2, 17, 21). The better maintenance of MAP during active (vs. 

inactive) recovery was a function of a better maintenance of SV, HR, and Oc, 

and this effect was similar in both the women and men. Thus, the efficacy of 

the skeletal muscle pump was similar in the women and men. 

Limitations of this investigation. 

It is difficult to identify the physiological differences between women 

and men solely on the basis of gender. Other gender-related factors such as 

lean body mass, fitness, lifestyle, weight, and height are only some of the 

potential variations that may contribute to "gender" differences in 

physiological responses. However, in our study, the men and women were 

within a relatively narrow age range and had similar frtness levels. The study 
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of possible menstrual cycle phase effects on cardiovascular control is beyond 

the scope of this investigation. Therefore, we draw no conclusions concerning 

menstrual cycle effects. lastly, we studied recovery from relatively short 

duration, low intensity exercise; therefore, our results may or may not apply to 

recovery from longer, more strenuous exercise. Previous studies suggest that 

short duration exercise at moderate workloads for < 5 min does not cause 

thermoregulatory reflex mediated responses such as vasodilation and 

sweating (13). Therefore, our workload of 60% maximal HR for 3 min 

probably did not elicit substantial cutaneous vasodilation and sweating, 

although we did not measure those variables. Recently, we measured sweat 

rate and skin blood flow under the same exercise conditions and observed no 

changes (1). 

Conclusions 

In summary, this study suggests that women may have increased risk 

of post-exercise orthostatic hypotension, and active recovery from exercise 

should reduce this risk. This conclusion is based on the observation that 

women exhibited significantly ·greater decreases in MAP than men during 

recovery from dynamic exercise. Women had relatively greater reductions in 

Oc and did not appear to produce the same degree of compensatory 

vasoconstriction during inactive recovery as the men in the face of the greater 

challenge (decrease in Oc). In addition, the results of the present study 

confirm previous studies showing that the skeletal muscle pump, i.e., active 
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recovery, is important in the maintenance of MAP during recovery from 

exercise. 
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FIGURE 1. Mean arterial pressure (MAP) during submaximal cycling 

exercise and 5 min of recovery from exercise. The two recovery modes were 

inactive (exercise was stopped completely), and active (subjects continued 

loadless pedaling following exercise). * Denotes significant sex differences 

during active recovery (p < 0.05, means± SE, N = 19 (11 women and 8 men). 

# Denotes significant sex differences during inactive recovery. 
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FIGURE 2. Cardiac output (Q) during submaximal cycling exercise and 5 min 

of recovery from exercise; expressed as percentages of baseline. The two 

recovery modes were inactive (exercise was stopped completely), and active 

(subjects continued loadless pedaling following exercise). * Denotes 

significant sex differences during active recovery. # Denotes significant sex 

during inactive recovery (p < 0.05). 
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FIGURE 3. Stroke volume (SV) during submaximal cycling exercise and 5 

min of recovery from exercise; expressed as percentages of baseline. * 

Denotes significant sex differences during active recovery. # denotes 

significant sex differences during inactive recovery (p < 0.05). 
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FIGURE 4. Total peripheral resistance (TPR) during submaximal cycling 

exercise and 5 min of recovery from exercise; expressed as percentages of 

baseline. * Denotes significant sex differences during active recovery. # 

denotes significant sex differences during inactive recovery (p < 0.05). 
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FIGURE 5. Total peripheral resistance (TPR) expressed as percent changes 

from peak exercise to minute 5 of inactive recovery from exercise. #Denotes 

significant sex differences during inactive recovery (p < 0.05). 

134 



80 

-~ 70 Q) 
> 
0 
0 
Q) 

a: 60 
'+-
0 
c 
E 50 

LO 

0 ... 
>< 40 w 
~ 
(\'S 
Q) 
a. 30 
E 
0 s... 

'+-

<I 20 
~ 0 -a: 

10 a. 
~ 

0 
Women Inactive Men Inactive 

Figure 5 

135 



Table 1. Subject Descriptive data 

MEN WOMEN p 
VARIABLES (n= 8) (n= 11) 
Age, 30±2 28 ±3 0.456 
yrs 
Height, 175 ± 5 161 ± 4 0.041 
em 
Weight 81 ± 2 66± 3 0.032 
1 kg 
SBP, 125 ± 5 117± 3 0.043 
mmHg 
DBP I 79 ± 3 80 ± 2 0.706 
mmHg 
BSA (m2} 1.96 ± 0.12 1.69±0.10 0.032 
vo2 
(ml/kgxmin-1

) 51.6 ± 2.3 50.1 ± 1.9 0.783 

Values are mean ± S.E. SBP (systolic blood pressure); DBP (diastolic blood 
pressure); BSA (body surface area). All data were collected in upright 
position at rest on a cycle ergometer. 
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TABLE 2. Hemodynamics variables before, during, and, after (Inactive vs. 
Active) dynamic exercise. 

Inactive (min) 
MAP1 mmHg Baseline Exercise 1 ~ 
Men 101 ± 3 119 ± 2 101 ± 2 100 ± 3 
Women 98±2 121 ± 3 91 ± 3# 90±2# 
Q 1 11min 
Men 4.9 ± 0.6 11.2 ± 0.9 7.1 ± 0.9 6.2 ± 0.9 
Women 3.4 ± 0.8# 7.2 ± 0.7# 4.3 ± 0.6# 3.5 ± 0.5# 
svlml 
Men 63 ±4 95±4 79 ±4 74± 3 
Women 44±4# 57± 2# 47±3# 42±4# 
HR1 beats/min 
Men 79±2 118 ± 3# 90± 2 84±4 
Women 78 ± 3 126 ±4 92 ± 3 84±2 
TPR1 mmHg/1/min 
Men 20.3 ± 2# 10.6 ± 1# 14.2 ± 2# 16.1 ± 2# 
Women 28.5 ± 2 16.8 ± 2 21 .1 ± 2 25.5 ± 2 

Active (min} 
MAP1 mmHg Baseline Exercise 1 ~ 
Men 101 ± 2 120 ± 2 111 ± 3 111 ± 3 
Women 97 ±2 119 ± 2 101 ± 4* 102 ± 2* 
Q 1 1/min 
Men 4.8 ± 0.8 11 .5 ± 1.0 9.5 ± 1.0 8.8 ± 0.8 
Women 3.3 ± 0.7* 7.3 ± 0.6* 5.3 ± 0.7* 4.4 ± 0.8* 
svlml 
Men 62 ± 3 98 ± 5 95 ± 3 93±4 
Women 43 ± 3* 59± 3* 53± 3* 46± 3* 
HR1 beats/min 
Men 78 ± 3 117 ± 2 98 ± 3 91 ± 3 
Women 77±2 124 ± 3* 100 ±4 96±2 
TPR1 mmHg/1/min 
Men 20.8 ± 2* 10.41 ± 2* 11.7 ± 2* 12.6 ± 2* 
Women 29.3 ± 1 16.3 ± 2 19.0 ± 2 23.0 ± 2 

All data are expressed as mean ± S.E. MAP, mean arterial pressure, CO, 
cardiac output, SV, stroke volume, HR, heart rate, TPR, total peripheral 
resistance. * Denotes significant sex differences during active recovery. # 
denotes significant sex differences during inactive recovery (p < 0.05). 
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CHAPTERV 

CONCLUSIONS 

The purpose of this dissertation was to investigate the mechanisms of 

arterial blood pressure regulation during recovery from exercise. This study 

design was necessary to ascertain not only the overall cardiovascular and 

thermoregulatory responses associated with recovery from exercise but, more 

importantly, the immediate changes in neural, cardiovascular, and 

thermoregulatory function, which may reveal the mechanisms that trigger 

postexercise hypotension. In addition, previous studies addressing 

physiological responses to exercise studied only men. We examined the 

cardiovascular responses in women during recovery from exercise because, 

at rest previous investigations have demonstrated women to have lower 

orthostatic tolerance. Hence, we questioned whether women are more 

susceptible to acute post-exercise orthostatic hypotension. 

In general, the results obtained from the three related studies 

delineated in this dissertation support the following interpretation of the 

principal findings that occur in arterial blood pressure regulation during 

recovery from exercise. 

The first investigation demonstrated that increased cutaneous 

vasodilation during dynamic exercise contributes to rapid reductions in arterial 
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blood pressure during inactive recovery from exercise. These responses 

appear to be caused by less increase in total peripheral resistance (TPR) 

after exercise, due to persistent vasodilation produced by the increase in 

internal temperature associated with prolonged exercise. In contrast, TPR 

increased progressively to pre-exercise baseline after 3 min of exercise that 

resulted in less decrease in MAP than after 15 min of exercise. However, the 

data did not support the secondary hypothesis that skeletal muscle pumping 

during an active recovery was equally effective in preventing the rapid 

decreases in arterial blood pressure seen during an inactive recovery from 

exercise. Better maintenance of arterial blood pressure was present despite 

greater decreases in cardiac output during active recovery from 3 min of 

exercise compared to the active recovery from 15 min of exercise. Therefore, 

persistent cutaneous vasodilation and presumably vasodilation in previous 

active skeletal muscle beds mediated the rapid decreases in arterial blood 

pressure during active recovery from 15 min of exercise. 

The second investigation demonstrated that the carotid cardiac 

stimulus-response relationship reset back towards resting CSP-HR stimulus 

response curve immediately following 3 min of exercise with no heat stress. 

This occurred with no change in maximal gain, response range, or slope 

coefficient. These observations suggest that the baroreflex maintained 

appropriate sensitivity to control fluctuations in arterial pressure during 

inactive recovery from exercise free of heat stress. 
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In addition, these data support our primary hypothesis that elevated 

body temperature associated with prolonged exercise limit the return of 

normal baroreflex function during inactive recovery from exercise. This was 

evident by the fact that inactive recovery from 15 min of exercise failed to 

relocate the OP of the carotid-cardiac response curves back towards the CP, 

whereas, inactive recovery from 3 min of exercise relocated the OP of the 

carotid-cardiac response curve back towards the CP. At rest, heat stress has 

been shown to relocate the operating point of the carotid cardiac baroreflex 

closer to threshold and the same occurred during inactive recovery from 

exercise with heat stress. In addition, the carotid baroreflex failed to respond 

when given hypotensive stimuli during inactive recovery from 15 min of 

exercise. A shift of the operating point closer to threshold effectively 

decreased the functional reserve of the carotid baroreceptors to buffer 

decreases in arterial pressure via elevating HR. 

Interestingly, active recovery from 15 min of exercise demonstrated the 

ability to preserve or restore the effectiveness of the carotid baroreflex to 

buffer hypotensive stimuli. Consistent with this finding, operational point 

shifted away from threshold back toward centering point. 

Finally, the results of the third investigation support the hypothesis that 

reduction of MAP during recovery from dynamic exercise is greater in women 

compared to men. In summary, this study suggests that women may have 

increased risk of post-exercise orthostatic hypotension, and active recovery 

from exercise should reduce this risk. This conclusion is based on the 
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observation that women exhibited significantly greater decreases in MAP than 

men during recovery from dynamic exercise. Women had relatively greater 

reductions in cardiac output and did not appear to produce the same degree 

of compensatory vasoconstriction during inactive recovery as the men in the 

face of the greater challenge (decrease in cardiac output). In addition, the 

results confirm previous studies showing that the skeletal muscle pump, i.e., 

active recovery, is important in the maintenance of MAP during recovery from 

exercise. 
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CHAPTER VI 

PROPOSAL OF FURTHER RESEARCH 

Although the research presented in this dissertation provided several 

new findings regarding cardiovascular and thermoregulatory function during 

recovery from dynamic exercise, many questions remain unanswered. 

Therefore, listed below are several investigations: 

1) To test the hypothesis that gender differences may exist in carotid 

baroreflex control of heart rate and blood pressure during recovery from 

exercise, an experiment could be conducted in women using the procedures 

described in Chapter Ill. In addition, an investigation should be designed to 

allow carotid baroreflex control of sympathetic nervous activity to · be 

examined during recovery from dynamic leg exercise in women and men. 

Additionally, we demonstrated that gender differences exist in cardiovascular 

function during recovery from exercise. These sex differences may be 

attribute to baroreflex control of sympathetic nervous activity. Unfortunately, 

the limitation in this experimental design would be difficulty in obtaining a 

nerve recording at the radial or median nerve (forearm). However, these 

measurements have been obtained previously by other investigators. 
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2) To examine the influence of exercise duration, independent of a thermal 

load, during exercise recovery, an experiment has been designed to limit 

changes in core body temperature during prolonged moderate intensity 

exercise. This would allow a more comprehensive evaluation of relative 

contributions of thermoregulation and metabolism during exercise on the 

regulation of arterial pressure during recovery from exercise. This experiment 

could be conducted by using a whole body cold-water perfuse suit to maintain 

core body temperature at near resting levels during dynamic exercise. 

However, this approach has several limitations that may prove to be 

detrimental to experimental design. First, whole body cooling is known to 

cause discomfort in some subjects that may influence their physiological 

responses. Therefore, subject selection would be critical. Additionally, it is 

important to not over cool the subjects thereby inducing shivering that may 

also affect their physiological responses. 
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APPENDIX 
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FIGURE I 

PROTOCOL FOR EXPERIMENTS IN CHAPTER II 

Flow diagram indicating the protocol by which each subject 
performed. 
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FIVE MIN OF BASELINE 

~ 
ONE MIN OF WARM-UP 

~ 

TEN SEC OF RAMPED WORKLOAD (60-70o/o V02 MAX) 
~ 

THREE OR FIFTEEN MIN OF EXERCISE AT WORKLOAD 

~ 
5 MIN INACT RECOVERY 5 MIN OF ACT RECOVERY 
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FIGURE II 

PROTOCOL FOR EXPERIMENTS IN CHAPTER Ill 

Flow diagram indicating the protocol by which each subject 
performed. Neck pressure and neck suction was used to assess 

baroreflex function at rest. last min of exercise, first 2 min of 
recovery, and min 4 to 10 of recovery. 
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FIVE MIN OF BASELINE 
Neck Pressure/PressureSuction (NP/NS) 

~ 
ONE MIN OF WARM-UP 

~ 

TEN SEC OF RAMPED WORKLOAD (60-70°/o V02 MAX) 
~ 

THREE OR FIFTEEN MIN OF EXERCISE AT WORKLOAD 
(Neck Pressure/Suction last min) 

~ 
5 MIN INACT RECOVERY 

~ 
(NP/NS) 

5 MIN OF ACT RECOVERY 
~ 

(NP/NS) 
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FIGURE Ill 

PROTOCOL FOR EXPERIMENTS IN CHAPTER IV 

Flow diagram indicating the protocol by which 11 women and 8 
men performed to examine gender differences in cardiovascular 

function during recovery from exercise. 
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FIVE MIN OF BASELINE 

~ 
ONE MIN OF WARM-UP 

~ 

TEN SEC OF RAMPED WORKLOAD (60-70% V02 MAX) 
~ 

THREE MIN OF EXERCISE AT WORKLOAD 

~ 
5 MIN INACT RECOVERY 5 MIN OF ACT RECOVERY 

150 



FIGURE IV. 

SUMMARY OF EXPERIMENTS 

Figure summarizes the three experiments performed in this 
disseratation. Figure illustrates the effects of thermoregulatory 

and non-thermoregulatory factors on the determinants of arterial 
blood pressure regulation. (1) represents experiment number 1 

(Effects of cutaneous vasodilation during exercise on arterial blood 
pressure during recovery from exercise; (2) represents experiment 
number 2 (Baroreflex function during recovery from exercise); and 

(3) represents experiment number 3 (gender differences in 
cardiovascular regulation during recovery from exercise). 
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THERMOREGULATORY 
~ Core body temperature 

~ Skin temperature 
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~ Skin blood flow 
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