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The aim of this study was to test the hypothesis that plasma volume (PV) recovery 

following exercise was facilitated by post-exercise hypotension. Seven volunteers 

performed 2 bouts of cycling exercise for 60 minutes followed by 90 minutes of seated 

recovery without intervention (trial 1) or with phenylephrine infusion (PE) started at 10 

minutes of recovery (trial2). Blood samples were taken throughout the protocol at 

specific times, and were analyzed to measure hematocrit (Hct ), hemoglobin (Hb ), protein 

content and electrolyte levels. Plasma volume was measured using the Evans Blue Dye 

dilution technique and estimates of changes from resting values were then calculated from 

Hct and Hb values. While PV approached baseline levels at 30 minutes into recovery in 

trial1, the change in PV remained significantly below control values with PE. We 

concluded that the diminished gain in the change in total proteins (significant increase 

without PE, no difference from control with PE) contributed to the impaired recovery of 

PV observed in trial 2, and that this difference in protein shift is attributable to the 

elimination of post-exercise hypotension. 



Introduction 

In 1949, Kjellberg, et al (11) gathered blood hemoglobin content and blood 

volume (BV) data on a subject population stratified by levels of fitness. These 

investigators reported that, among their female subjects, those trained for competitive 

athletics had BV values 40% greater than women whom did no regular exercise training, 

while a 42% difference in BV was recorded between men separated into the same 

categories. 
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Since that time hypervolemia as an adaptive response to exercise has been studied 

by many investigators. A group of researchers led by Convertino (2) tested this response 

under both various thermal conditions and near maximal exercise protocol. They were able 

to attribute up to 40% of the observed plasma volume (PV) expansion to the effects of 

thermal stress alone. Osmolality and protein concentration both remained constant 

throughout recovery periods while a 12% increase in PV was observed. 

Green, et al ( 6) utilized repeated one minute supramaximal exercise bouts in an 

attempt to isolate adaptive responses occurring in the face of reduced themoregulatory 

compensation and found an 11.6% PV expansion at 24 hours of recovery. Even with 

unlimited fluid access to the subjects, this experimentation showed that high intensity 

exercise of short duration also resulted in a hypervolemic response. 

Recently, Gillen and colleagues (5) also had subjects perform high intensity (85% 

VO~ exercise of short duration without rehydration during recovery. Gillen's research 

also revealed significant (10%) expansion ofPV at 24 hours of recovery, yet like 

Convertino, they also measured an increase total protein and albumin content relative to 



control values following recovery from exercise. Gillen recorded a significant elevation in 

both ofthese values at 2 hours of recovery, and by calculation of albumin carrying 

capacity attributed the entire PV expansion to the increase in albumin content during 

recovery. 

s 

Gillen then suggested, as did Senay in 1970, that a shift of proteins to the 

vasculature caused by factors affecting capillary pressure gradients and the return of blood 

components from the interstitium may provide the driving force for post-exercise PV 

recovery. Such factors included peripheral vasodilation and enhanced lymphatic 

flow (5,18). 

Hypotension immediately following intense exercise is also a well-documented 

phenomenon (10). A reduction of mean arterial pressure would affect both capillary 

pressure gradients and stimulation of increased lymph return to the vasculature. We 

postulated that this hypotension serves as a driving force for protein shift during recovery 

from exercise, and thus, would also be an indirect mechanism for the recovery of plasma 

volume. Given this hypotheses, we propose to impair post-exercise hypotension (PEH) by 

the infusion of phenylephrine hydrochloride, an alpha agonist eliciting systemic 

vasoconstriction, in order to observe any association between this PEH and PV recovery. 

We expect both the increase in total protein content and plasma volume expansion 

observed during recovery will be impaired with the infusion of phenylephrine relative to 

control recovery. 



Methods 

Subjects Seven healthy young adult men (table 1) volunteered to participate in this 
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study which was approved by the UNT-HSC at Fort Worth Institutional Review Board for 

the protection of Human Subjects. Having read and signed consent forms, the subjects 

were familiarized with the experimental objectives and protocol. Each subject performed a 

maximal stress test with the same cycle ergometer (model845, Quinton) utilized for 

exercise during the experimental protocol afterwards. This test was performed to assess 

subject fitness and establish the workload at which 65% V02peak would be attained 

during exercise. 

Procedure The experimental protocol (figure 1) followed the stress test administration 

by at least one week, and was performed twice. These two trials were also separated by at 

least one week. A continuous infusion of phenylephrine hydrochloride (60-90,ug/minlkg 

body weight) beginning at 10 minutes of recovery constituted the only controlled 

experimental difference between the two experimental trials. Each trial consisted of one 

hour of exercise at a constant workload followed by observation of 90 minutes of 

recovery. 

Techniques of Measurement Blood samples were taken from an 

intravenous catheter (Angiocath 20GA 2IN) at 5, 15, 30, 45 and 60 minutes of exercise, 

and at 5, 15, 30, 45, 60 and 90 minutes during the recovery period. Cardiac output was 

measured via the acetylene rebreathing method before exercise (baseline), at 5, 20, 30, 40 

and SO minutes of exercise, and at 5, 30 and 60 minutes of recovery. Arterial pressure 

recording were measured every ten minutes during the trial using a non-invasive fingercuff 
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(Finapres, Ohmeda) method. This beat-by-beat data was then averaged over time to yield 

mean pressure values for specific time intervals of the protocol. Standard 

sphygmomanometer armcuff readings were taken prior to exercise and during recovery to 

check fingercuffrecording accuracy. Prior to exercising, total blood volume (BV) and 

plasma volume (PV) were measured by Evans Blue Dye dilution technique and then 

calculated using a computer program by Foldager and Blomquist (4). Percent change in 

plasma volume (%APV}, as well as, total protein (colorimetry, Sigma Diagn.), albumin 

(colorimetry, Sigma Diagn.), Sodium and Potassium (freezing point depression, Nova 

Biomedical) measurements were made from the venous blood samples. Hemoglobin was 

measured by oximeter (Co-oximeter 282, Instrumentation Laboratory), and hematocrit by 

microcentrifugation (IEC MB Centrifuge, Damon) method. 

Dma Analysis Experimental data sets for each of these variables were compared 

using Analysis of Variance (SAS) to test for the significance of changes in measured 

values. Post-hoc testing (Duncan) was performed to determine the significance of 

differences found. The significance levels for these tests was p<O.OS. 

Results 

Table 1 summarizes the subjects' physical and physiologic data. There were no 

significant differences in the baseline blood and plasma parameters prior to the two 

experiments (table 1 and 2). Figure 2 illustrates that the mean arterial pressure (MAP), 

systolic blood pressure (SBP), diastolic blood pressure (DBP) and heart rate (HR) were 

not different prior to or during the whole period of 60-min exercise between the 

experiments. Post-exercise hypotension was observed at the beginning of recovery for 



both trial 1 and trial 2. This hypotension was sustained throughout whole period of 

recovery in trial 1. However, with the continuous infusion of phenylephrine started at the 

1Oth minute of recovery in trial 2 the arterial blood pressure was gradually increased and 

maintained at the baseline level (figure 2). The MAP, SBP and DBP were systemically 

higher during the recovery oftrial2. On the other hand, the recovery HR. in trial2 was 

significantly lower. 
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Sixty-minutes of exercise significantly decreased PV in both trial 1 ( -11. 96± 1. 77%) 

and trial2 (-13.96±1.45%), see figure 3. The majority decreases in PV occurred by 15 

minutes of exercise in both trial1 (-11.07±3.2%) and trial2 (-13.71±1.6%). These 

decreases in PV were not statistically different at either 15 minutes or the end of exercise 

between the two experiments. During recovery, the decrease in PV gradually approached 

the baseline (i.e., zero). With 30 minutes of recovery in trial1, the change in PV had 

reached a level which was not statistically different from the baseline. However, the 

change in PV remained below the baseline with phenylephrine infusion in trial 2. 

Total solute (TS) measurements revealed no significant difference between trials 1 

and 2. The concentration of TS progressively increased during exercise and then showed a 

decrease during recovery such that from baseline values (7. 02:±0 .16g/ dl and 

6.96;±0.13g/dl) in trial 1 and 2, respectively, maximum values (7.99;±0.19g/dl and 

7.96;±0.17g/dl) were observed at 60 minutes of exercise. Recovery values remained above 

baseline measurements whether the drug was infused or not (figure 4). 

Albumin measurements were similar prior to both trials (table 2). Albumin 

concentrations, however, were significantly different during the recovery period when 



comparing trial I and 2 (p=O.Ol2). Albumin concentration was measured at a 

concentration as low as 4.38±0.07gldl (4.34±().08gldl baseline value) during recovery in 

trial 2. Data indicating percent change in albumin concentration reflected similar 

findings (table 2 and figure 5). 

Although sodium levels varied over time in the exercise protocol, there were no 

significant differences observed between trials. Potassium concentration followed this 

same trend as values only varied with time, and there was no significant difference 

between trial values (table 2). 

Discussion 
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PVRecovery Our results suggest that hypotension associated with recovery from 

exercise can be correlated with recovery ofPV. The decrease in PV seen during exercise 

was repeatable as our results show, and we attribute this decrease with concomitant 

increase in Hematocrit (Ret), Hemoglobin (Hb ), TS concentration and electrolyte 

concentration to hemoconcentration due to an enhanced capillary filtration and 

thermoregulation during exercise (9,14). 

Functional homeostatic mechanisms act to return PV to resting levels following 

exercise, and we observed this quick return in our control (trial I) even without oral 

rehydration. Gillen, et al measured similar recovery ofPV in an experiment using an 

almost identical protocol (5). During exercise at 65% V02peak a 15% decrease in PV was 

observed, while total protein and albumin content remained at control levels. Complete PV 

recovery occurred with one hour of recovery and no oral hydration was administered. In 

our study all7 subjects had PVreturn (-3.86±1.59%A, p=0.0513) to baseline values 
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within 1 5 minutes following exercise in trial 1. In contrast, the infusion of phenylephrine 

hydrochloride during recovery from exercise in trial 2 coincided with both increased mean 

arterial pressure (MAP) and PV which remained significantly lower than resting values. 

Mechanisms Since starling forces dictate fluid exchange at the capillary 

membrane, we must look at these forces in order to understand rapid PV recovery without 

oral hydration. Plasma shifts to and from the vasculature depend upon transmural 

hydrostatic pressure differences and colloid osmotic pressure variation across this capillary 

molecular sieve. Both arterial pressure and hormone effects determine such shifts in 

recovery from exercise. 

Immediately upon termination of exercise when cardiac output drops in the midst 

oflow systemic vascular resistance, a decrease in MAP is observed (IS). Thus, although 

resistance to circulatory flow may be minimal, the driving force for capillary filtration of 

plasma and plasma constituents such as proteins is reduced. The question presents itself 

then as to why there is a sustained decrease in MAP or hypotension from 2 to 3 hours 

following near-maximal exercise performance (10). Kenney, et al (10) described a number 

of possible mechanisms, most notably humoral, local and neural factors which might 

influence this post-exercise hypotension (PEH). 

Humoral factors released by tissue endothelium and possibly mediated by the 

release or presence ofNitric Oxide (NO) are thought to contribute to sustained skeletal 

muscle vasodilation following exercise (10). This hypothesis, however, does not address 

the fact that MAP remains below resting values when it is normally regulated quite closely 

by the autonomic nervous system. Kenney, et al (10) suggest that baroreceptor resetting 
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may occur following exercise stimulation such that, similar to the upward shift in 

functional set point for MAP known in hypertensive patients, a lowering of the set point 

may occur with a sudden and sustained drop in demand for cardiac output with decreased 

vascular resistance. Although Shi, et al (19) were studying high-fit subjects, they observed 

a change, and, specifically, an attenuation of aortic-cardiac reflex control of heart rate in 

response to hypotension. Thus, if such a response occurs with even one bout of exercise, 

perhaps with transient hypotensive conditions a reduced tachycardiac response may act to 

sustain a decrease in MAP. 

It also seems likely that there is a reduced responsiveness to adrenergic receptor 

stimulation and to sympathetic nerve stimulation associated with exercise. The review of 

PEH by Kenney, et al (10) refers to the work ofDiCarlo whom found that following 

exercise the response to phenylephrine in rabbit hind-leg vasculature was attenuated while 

keeping MAP constant. Piepoli, et al ( 15) also tested baroreflex sensitivity with 

phenylephrine responsiveness and found attenuation in receptor sensitivity throughout the 

first ten minutes of recovery from maximal exercise. Piepoli, et al (15) also attribute the 

hypotension following intense exercise protocol to persistent peripheral vasodilation from 

a reduced vagal tone and increased sympathetic activity relative to resting conditions. 

Protein Shift Model Now that we have established a means by which fluid flow 

and protein shift to the interstitium from the vasculature may be attenuated following 

exercise, we must examine whether these same mechanisms participate in the increase in 

total albumin content, TS content and the recovery ofPV which is observed. There are 

mechanisms by which plasma and its constituents are thought to rapidly return to the 
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vasculature without hydration from sources external to the body. Movement back across 

the capillary membrane is the most obvious of these, while return through the lymphatic 

system constitutes a second pathway to be discussed. 

Our most potent argument against simply a reversal of protein leakage as the sole 

means by which material returns to the vasculature during recovery is that we measured an 

increase in total plasma protein content compared to control values, as have other 

investigators, (3,5). Therefore, protein not originally present in the vasculature must come 

from a source other than the interstitium to which it shifted during exercise. 

The most probable origin of this 'new' protein is sites in the skin and skeletal 

muscle where 60-65% of the exchangeable plasma albumin, the protein in greatest 

abundance within the plasma pool, normally resides ( 17). Our results and those of Gillen, 

et al (5) indicate increases of total plasma protein content above resting levels as early as 

1.5 and 2 hours of recovery, respectively. This rules out 'de novo' synthesis which occurs 

on the order of a day to occur for albumin as a source. An exercise study by Carraro, et al 

(1) examining the stimulation of protein synthesis and degradation showed that exercise 

had no effect on whole body protein turnover or on albumin fractional synthetic rate which 

also tends to rule out new protein as a source for the observed increases. 

Enhanced Lymphatic Function Exercise stimulates an increase in lymphatic flow 

(LF) as the higher MAP of exercise causes increased capillary filtration so that interstitial 

fluid volume (IFV) is also increased. An increase in IFV then causes a corresponding rise 

iD interstitial fluid pressure (IFP) which directly stimulates LF (8) by myogenic 

autoregulation of lymph duct smooth muscle. Sympathetic stimulation which is increased 
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during and following exercise also affects increases in LF by increasing the sensitivity of 

this myogenic reflex to changes in duct filling pressure so that more frequent contractions 

occur (13). IfPEH causes an increase in sympathetic activity following exercise, then it 

can be reasonably said that PEH is at least the indirect cause of rapid PV recovery. 

Umitations A possible limitation of our study is that measurement of% PV 

depends upon the change in Hct such that a change in RBC number can cause an 

overestimation ofPV loss during exercise and PV gained during recovery. %~PV during 

the protocol were calculated with the formula: 

%~PV=100{(Hb~poa)(l-Hc~J/(1-Hctpre)}-100 

to correct for intracellular versus extracellular plasma shifts (20). Here the designation, 

'pre' stands for measurements made prior to exercise, while, 'post' indicates measurement 

made at specific times during and following exercise. If the total Hb and Hct values 

change after initial measurements, then an estimation based on those initial measurements 

would be incorrect. 

The question of whether or not the spleen acts as a significant source of stored 

RBC' s released via contraction by sympathetic stimulation in man remains a subject of 

debate. Until recently it was thought that there was not enough capsular or trabecular 

smooth muscle in the human spleen to elicit significant contractions (16). The experiments 

ofLaub, et al (12) indicate a direct relationship between the intensity of exercise and the 

decease in volume of the spleen due to contraction. Even so, Laub speculates that if the 

spleen contracts to half of its resting volume the resultant release of approximately 200ml 
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of80% Hct blood into the circulation would only change a Hct of 45% in a blood volume 

of 6000ml by one percentage point. This would not effect the significance of our results. 

Summary 

Again, given our findings, PEH is associated with return ofPV to at least resting 

levels following an intense exercise protocoL This phenomenon is probably especially 

important in effecting a protein shift back into the vasculature immediately following 

exercise as hormonal mechanisms would appear to be associated more closely with long

term (hours to days) fluid balance. 
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Table 1, Baseline Data for Seven Male Subjects 

vo2pcak Age Weight Height Workload BV PV 
mllkglmin years kg em watts ml ml 

47±2 27±1 80±2 180±2 159±11 6511±273 4032±180 
~- -- l- - -- ~- ----

V02pcak: peak oxygen uptake; BV and PV: blood volume and plasma volume. 

BV and PV were measured prior to the experiment 1. There was no difference in either 

BV or PV between two experiments, BV: 6596±249 ml and PV: 4131±170 ml prior to 

the experiment 2. 



1 aote .1,. Exoertmenrat t .Qml llartson ot Dtooa Lonstnuents 
Hb Hct Total Solids albumin Sodium Potassium 

(g/dl) (%) (g/dl) (g/dl) (mEq/1) (!@¥ll 

nun Exp1 Exp2 Exp1 Exp2 Exp1 Exp2 Exp1 Exp2 Exp1 Exp2 Exp1 Exp2 

Exercise 

0 14.5±0.3 13.8±0.3 43.7±1.1 42.6±1.4 7.0±0.2 7.0±0.1 4.4±0.1 4.3±0.1 142.6±0.7 143.1±0.5 3.9±0.2 3.8±0.1 

5 15.4±0.5 14.7±0.4 46.2±1.1 45.2±1.4 7.5±0.2 7.4±0.2 4.7±0.1 4.6±0.1 144.0±0.5 144.3±0.5 4.3±0.2 4.1±0.1 

15 15.9±0.8 15.3±0.4 46.3±1.1 46.0±1.6 7.7±0.2 7.6±0.2 4.8±0.2 4.8±0.1 145.4±0.3 146.1±0.3 4.4±0.1 4.3±0.1 

30 15.4±0.6 15.3±0.5 46.3±1.3 45.9±1.5 7.8±0.2 7.7±0.2 4.9±0.2 4.9±0.1 145.6±0.5 146.3±0.3 4.5±0.1 4.4±0.1 

45 15.9±0.5 15.3±0.4 46.5±1.4 45.0±1.5 8.0±0.2 7.7±0.2 5.0±0.2 5.0±0.1 146.0±0.2 146.7±0.6 4.6±0.1 4.4±0.1 

60 15.8±0.4 15.0±0.4 46.6±1.2 47.1±1.8 8.0±0.2 8.0±0.2 5.2±0.2 5. 1±0.1 146.5±0.2 147.4±0.4 4.6±0.1 4.6±0.1! 

Recove~ 

65 15.9±0.9 14.3±0.6 45.3±1.2 46.7±1.7 7.6±0.3 7.6±0.2 4.8±0.1 4.7±0.1 144.9±0.8 146.1±0.5 4.2±0.2 4.0±0.2 

75 14.9±0.3 14.5±0.3 44.7±1.1 44.4±1.3 7.5±0.2 7.4±0.2 4.8±0.2 4.4±0.1 144.2±0.4 145.3±0.4 4.1±0.1 3.9±0.1 

90 14.6±0.3 14.6±0.3 43.2±1.6 44.0±1.2 7.4±0.2 7.3±0.2 4.7±0.1 4.7±0.2 144.1±0.5 144.7±0.6 4.0±0.1 3.9±0.1 

105 14.6±0.3 14.8±0.3 44.0±1.3 44.4±1.3 7.5±0.2 7.4±0.1 4.8±0.2 4.5±0.1 144.1±0.4 145.3±0.8 4.1±0.1 4.0±0.1 

120 14.5±0.3 14.9±0.4 44.0±1.2 44.8±1.3 7.4±0.2 7.4±0.1 4.7±0.1 4.4±0.1 144.1±0.5 144.4±0.9 4.1±0.2 4.2±0.1 

150 14.9±0.4 14.3±0.5 44.5±1.1 44.7±1.2 7.3±0.2 7.4±0.2 4.7±0.1 4.4±0.1 143.9±0.4 145.1±0.7 4.2±0.1 4.2±0.3 
---
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Figure Legend 

Fii'Jre 1 illustrates the timing and phases of our experiment. 

Fii'Jre 2 Baseline mean arterial pressure values prior to exercise for trial 1 and 2 were 

93.3±2.6mrnHg and 93.2±3.3mmHg, respectively. Normotension was observed by 50 

minutes of reCovery with drug infusion as MAP rose to 92.4±4.9mrnHg, while trial I 

MAP values averaged 84.6±3.3mmHg for the same time period (n=S). Average heart rate 

dropped to 69±4bpm by 50 minutes of recovery in trial 2 and remained at 82±4bpm for 

the same time in recovery without intervention (n=5). 

Figure 3 illustrates the difference in PV recovery seen without (trial1) and with infusion 

of phenylephrine during the period following exercise. Percent change in PV at 30 minutes 

of recovery in trial 1 and trail2 were 0.06±1.2 and -7.30±1.1, respectively. 

Figure 4 demonstrates the correspondence of changes in plasma volume with changes in 

total solute values (an estimate of plasma protein responses). Experiment 1 revealed that 

as plasma volume returned toward resting levels (zero reference), total solutes remained 

above the measured resting value for that plasma component. Experiment 2, in contrast, 

exhibited correspondence between the two variables throughout the protocol. 

Fii'Jre 5 also demonstrates the effect of phenylephrine infusion of the change in plasma 

proteins seen during recovery from exercise. Like total solutes, albumin values remained 

above resting levels in control conditions where plasma volume recovery was achieved. 

Albumin values in experiment 2 did not attain pre-exercise levels with drug infusion during 

recovery as plasma volume recovery was impaired. 



Fig.1. Experimental protocol. 

Line indicates the time for blood samples 

Exercise 65% V02max 

0 30 60 90 120 150 

Time (min) 



~ 160 
§_ 140 

..0 
'-' 120 
Q) 

~ 100 
t 80 co 
~ 60 

180 

~ 160 
0> 
J: 
E 
E 140 
'-' 

~ 
~ 120 en 
~ 
a. 
ro 100 
·c 
Q) 
t 
<( 80 

60 

Figure 2 -0- Exp.1 
--D- Exp.2 

0 30 60 90 120 150 

Experimental time (minute) 



0 v 
I 

00 
I 

N 
~ 

I 

co 
~ 

I 

0 
N 

I 

0 
LO 
~ 

0 



Figure 4 

16 Exp.1 

12 

8 

4 
. 

0 Exercise 
...-... 
'#. 0 D Recovery ....._.. 
en 
1-
c: 

Exp.2 ·- 16 Q) . 
0> . . 
c: 
co 

12 ..c: 
(.) 

8 

4 

0 

0 -4 -8 -12 -16 

Change in PV (0/o) 



16 

12 

8 

~ 4 
0 ._.. ..... 
·= 0 E 
::s 
.c -ns ..... 
·= 20 
Cl) 
C) 

c 16 ns 
.c 
() 12 

8 

4 

0 

Figure 5 

0 ExerGise 
D Recovery 

0 -4 -8 -12 -16 -20 

0 -4 -8 -12 -16 -20 

Change in PV (0/o) 










