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Abstract. The effective compliance is defined as the 
relation of change in blood volume to change in central 
venous pressure. It was measured in 8 upright sitting 
male subjects and amounted to 3.3 ml/(mm Hg x kg 
BW). It is, therefore, by about 50 % greater than the 
effective compliance in the supine subject which 
amounts to 2.3 ml/(mm Hg x kg BW). This difference 
is probably due to the posture dependent blood volume 
distribution in the low pressure system whose "upper" 
and "lower" sections have nonlinear pressure-volume 
characteristics. Immersion to the neck reduces the 
effective compliance to about half the control value (1.9 
ml/(mm Hg x kg BW) which probably constitutes the 
effective compliance of the intrathoracic circulatory 
compartment. 
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Introduction 

Two possible routes for the control of blood volume 
have been discussed extensively: According to Guyton 
and Coleman [8], the increased filling of the heart leads 
to an increase in cardiac output and blood pressure and 
hence to an increased fluid excretion by the kidney. 
Gauer et al. [4, 7] proposed the theory that the increased 
distension pressure stimulates receptors in the heart 
which via the CNS and neural and hormonal effector 
mechanisms modulate renal function, fluid uptake and 
capillary filtration in the microcirculation. In both 
cases the result would be a reduction in extracellular 
fluid volume. Regardless of whether we subscribe to a 
mechanical feedback mechanism or whether we favor 
the idea of a reflex volume control via mechanorecep- 
tots in the heart, either mechanism can only function 

* The results were partly presented at the Annual Meeting of the 
German Physiological Society [Pfltigers Arch. 355, R24 (1975)]. 

properly if the rise or fall of intracardiac pressure is a 
sharply defined function of the change in blood volume. 
This is indeed the case. When plotting changes of total 
blood volume against changes in central venous pres- 
sure, the effective compliance of the circulation is 
obtained. This is 2.3 ml/(mm Hg x kg BW) and identi- 
cal in dog and man when in the supine posture [2]. By 
the application of positive pressure (+ 50 mm Hg) to 
the body below the diaphragm by the use of a pressure 
box, the distensibility of the vascular bed of the lower 
body is neutralized and it is possible to estimate the 
compliance of the intrathoracic compartment. This was 
estimated to be 1.0ml/(mm Hgxkg  BW) [2]. This 
means the intrathoracic compartment contributes 50 
to the compliance of the total circulation. When 
assuming the upright posture, about 10% of the 
estimated blood volume is displaced into the lower 
extremities. It can then be predicted that the com- 
pliance of the upper half of the low pressure system will 
increase, while the compliance of the lower half may 
decrease. Since the pressure-volume relationships of the 
two compartments are nonlinear, the effective com- 
pliance of the total circulation cannot be predicted. It 
was therefore measured. 

Methods 

Eight male students of  very similar physique (age 24.3 _+ 2.0 years, 
weight 71.0 _+ 4.9 kg, height 177.1 + 3.5 cm) volunteered as subjects. 
Central venous pressure was recorded via a float-in-catheter 
(1.0/1.5 ram, 70 cm long, Vygon ~ ) which was inserted from the right 
antecubital vein into the neighbourhood of the right atrium. For the 
measurement of peripheral venous pressure, a vein was punctured 
with a short plastic catheter (Brauniile No. 1) in the distal third of  the 
right lower arm. 23 PB Statham strain gauges served as pressure 
transducers. They were fixed at the hight of  the mamitla. Heart rate 
was determined from the ECG which was recorded together with the 
pressure tracings on an Offner Dynograph (Beckman). Arterial blood 
pressure was measured after Riva-Rocci-Korotkov. The left ante- 
cubital vein was cannulated with a Braun/ile No 2. It was used for 
hemorrhage and transfusion. The sites of  the punctures were 
protected by Nobecutan ~' spray. Quick and constant changes in 
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blood volume were achieved with the help of a Harvard finger pump. 
Hemorrhage was facilitated by use of a Riva-Rocci cuff which was 
inflated on the left upper arm to below systolic pressures. Change of 
blood volume was + 500 ml for all subjects. 

The subject was seated comfortably in an armchair which was 
reclining 70 ~ and which could be lowered into a water bath of thermo- 
neutral temperature. After 20min of quiet sitting plasma volume 
(125I human serum albumine) and hematocrit were determined. 

The experiment was started with an infusion of 500mt 6% 
Dextran-solution (Macrodex'"). Ten minutes were allowed for the 
mixing of the Dextran with the blood of the subject. Then 500 ml of 
blood were withdrawn for later infusions. The now existing blood 
volume was taken as control volume. The mean blood volume of the 
eight subjects was 5059 _+ 422 ml. The volume change of 500 ml was 
close to 10 % (9.9 _+ 0.8 %) of the total blood volume. 

All experiments were conducted according to the following 
regime: 

a) Infusion of 500 ml of the previously withdrawn heparinized 
blood in 2.8 min; 1.5min pause. 

b) Withdrawal of 1000 ml blood in 9.8 min; 1.5 rain pause. 
c) Reinfusion of 500 ml blood in 3.0 rain. 
The average duration of the whole cycle was 18.6 rain. The 

procedure was repeated 3 times under the following conditions: 
1. Subject sitting in air of 28 ~ C (control condition). 
2. Subject sitting and immersed in the water bath of 35 ~ C up to 

the xiphoid. 
3. Subject sitting and immersed up to the neck. 
Water- and room temperatures were thermostat controlled at 

35 ~ C and 28 ~ C respectively. The statistical calculations were carried 
out by the t-test for matched pairs [10]. 

Results 

Central Venous Pressure (CVP) 

Figure  1 shows the behav ior  o f  central  venous  pressure 
o f  8 subjects  dur ing  b l o o d  volume changes o f  + 10 % 
under  three condi t ions .  

a) Unde r  cont ro l  condi t ions  (si t t ing in air) the 
pressure  in the central  veins averages  - 1 , 7 m m  Hg. 
Dur ing  infusion o f  500 ml b lood  in 2.8 min it rises by 
2.4 m m  Hg. 1.5 minutes  later  it has fallen to 0 m m  Hg. 
Af ter  hemor rhage  o f  1000 ml in 9,8 rain CVP falls to - 
3.9 m m H g .  Reinfus ion  in 3 rain br ings it up to - 
1.9 m m  Hg. This  is not  s ignif icantly different  f rom the 
cont ro l  value.  

b) When  immers ing  the subject  to the x iphoid ,  CVP 
rises f rom cont ro l  o f  - 1.7 m m  Hg by 5.9 _+_ 1.1 m m  Hg 
to 4.2 m m  Hg (P  < 0.000l).  Infusion o f  500 ml br ings it 
up  to 7 m m H g .  Dur ing  subsequent  hemor rhage  o f  
1000ml it falls to 0 . 8 m m H g .  Af te r  re infusion o f  
500ml,  CVP rises f rom 1 . 2 -  3.9 m m  Hg, reaching 
a lmost  cont ro l  value. 

c) When  the water  level is b rough t  up  to the neck (C 
7), CVP rises f rom 4 . 2 m m H g  by 12.1 to 1 6 . 3 m m H g  
(P  < 0.0001). In fus ion  o f  500 ml raises CVP to 
1 9 . 3 m m H g .  Hemor rhage  o f  1000ml reduces it to 
11.0 m m  Hg. Dur ing  the shor t  pause it rises sl ightly and  
reinfusion o f  500 ml br ings  it up f rom 12.4 to 
16.6 m m  Hg. 
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Fig. 1. Changes of central venous pressure under control conditions, 
immersion to the diaphragm and to the neck during a change of blood 
volume of +_ 500 ml, The experiments began with infusion. The 
sequence of events is indicated by the arrows. The whole cycle was 
completed within 18.6 min 

Al l  p ressure-volume curves show hysteresis.  U n d e r  
immers ion  the loops  are steeper and  wider  than  under  
cont ro l  condi t ions .  

F igure  2 presents  the mean values as well as the 
s t a n d a r d  devia t ion  o f  the mean  o f  CVP dur ing  infusion 
and hemor rhage .  Dur ing  immers ion  to the x ipho id  the 
s teepness o f  the  vo lume-pres su re  curve increases  slight- 
ly. I t  becomes  more  p r o n o u n c e d  dur ing  immers ion  
to the neck. U n d e r  con t ro l  condi t ions  (Fig. 2 below) a 
vo lume change  o f  1000 ml induces a pressure  difference 
o f  4 . 2 m m H g .  F r o m  these values the effective com- 
pl iance o f  the si t t ing subjects  can be calculated.  I t  is 
3 . 3 m l / ( m m  Hg x kg BW). Dur ing  immers ion  to the 
x ipho id  the pressure  change for  a vo lume change  o f  
1000ml is 5 . 8 m m H g  and  the effective compl iance  
2 . 4 m l / ( m m  Hg x kg BW). Dur ing  neck immers ion  the 
pressure  change for  the same volume change  is 
7 . 4 m m H g  and  the ca lcula ted  effective compl iance  
1.9 m l / ( m m  Hg x kg BW). 

Peripheral Venous Pressure (Arm Vein) 

The pressure  in the a rm vein is not  inf luenced by 
immers ion  up  to the xiphoid.  Only  when the water  level 
reaches the neck, the per iphera l  veins are  coupled  to the 
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Fig. 2. Mean effective compliance (change of blood volume/change of 
CVP) in subjects under control conditions and immersion. The 
diagrams on the left side [5] indicate the distribution of blood volume 
in the low pressure system, Note the rise in CVP and the decrease of 
compliance with increasing depth of immersion 

central vascular bed and the pressure in the arm vein 
rises from 12.8 _+ 3.3 to 19.3 • 2 .7mmHg (P < 0.05). 
During infusion and hemorrhage of 500 ml the pe- 
ripheral venous pressure rises and falls in parallel with 
the CVP, with blood loss in excess of 500ml the 
peripheral venous pressure remains unchanged. It may 
even rise a little. 

Heart Rate 

Under control conditions the heart rate of the sitting 
subject was 74.4 +_ 9.2 beats/min. During immersion to 
the xiphoid it falls to 67.2 _+ 8.5 beats/min (P < 0.02). 
With further immersion to the neck it rises again to 73.4 
_+ 8.7 (P < 0.005). Infusion of 500 ml under control 
conditions accelerates the heart by 11.4 beats/min (P < 
0.001). During immersion to the xiphoid the same 
hemorrhage raises the heart rate by 3.7 beats/min (P < 
0.05). When 500ml of blood are taken during neck 
immersion heart rate showed a slight insignificant 
decrease. 

Arterial Blood Pressure 

During immersion average arterial blood pressure rises 
from 116 _+ 15/63 _+ 11mmHg (control) to 123 _+ 

12/67 + 13mmHg (xiphoid) and 124 _+ 14/70 + 
9 m m H g  (neck). The differences are not significant 
with exception of the systolic pressure rises effected by 
control/neck immersion (P < 0.05). 

Discussion 

Since the pressure transducers were fixed relative to the 
body, the changes of CVP at various degrees of 
immersion need no correction. They are comparable 
with the results of previous measurements [3, 9]. During 
neck immersion CVP rises to 16.3 mm Hg as compared 
to 16 mm Hg [1] and 15.2 mm Hg [3]. The control values 
show relatively greater scatter: - 1 .7mmHg versus 
3.4mm Hg [3]. During immersion to the xiphoid the 
CVP is 4.2 mm Hg. 

The changes in CVP mirror the changes of blood 
volume distribution induced by postural changes and 
immersion. The suggestion [5] that immersion of the 
upright subjects to the hydrostatic indifference point, 
that is the xiphoid, would lead to a bloott volume 
distribution which is very similar to that in the supine 
posture has been confirmed [9]. The present investi- 
gation shows that the effective compliance in the 
upright sitting subject immersed to the xiphoid (2.4 ml/ 
(ram Hg x kg BW) is identical with that of the supine 
man [2,9,11]. When the external support of the 
capacitance vessel's of the lower extremities by the hy- 
drostatic pressure of the bath is eliminated and the sub- 
ject is sitting in air, blood is drained from the intra- 
thoracic compartment. Heart volume is reduced and the 
pulmonary vascular bed, particularly in the apical re- 
gion~, is partially emptied [9]. We may therefore expect 
a considerable increase in distensibility of the intratho- 
racic circulation. If this increase is not compensated by 
a simultaneous decrease in distensibility of the de- 
pendent circulatory bed, the effective compliance of the 
circulation of man must rise when he assumes the 
upright posture. This is probably the explanation for 
the observation that the effective compliance in the 
upright posture is by 50 ~ greater than in the supine 
posture (3.3 versus 2.4 units). 

When curtailing volume and distensibility of the 
extrathoracic circulation by immersing the subject to 
the neck, the effective compliance falls to 
1.9 ml/(mm Hg x kg BW). The greater portion of this 
compliance can be attributed to the compliance of the 
introthoracic vascular bed. It constitutes about half 
that of the upright sitting subject. 

The existence of a well defined effective compliance 
shows that the combined responses to moderate blood 
volume changes of venous tone and the mechanisms 
regulating fluid shift between intra- and extravascular 
compartments are not alert enough to homeostatically 
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regulate CVP. Although it must be admitted that the 
present experiments allowed little time for such cor- 
rections, previous experiments [6] have demonstrated 
that extension of  the observation period to 50 min does 
not principally change the picture. Even if vascular tone 
is affected in some vascular beds, the response does not 
suffice to bring central venous pressure back to normal. 
A moderate change in blood volume leads to a change 
of the filling pressure of the heart and this in turn seems 
to constitute the adequate stimulus for measures cor- 
recting blood volume. Whether this correction occurs 
through a change in cardiac output [8] or a volume 
control reflex [4] or both is irrelevant. 

The decrease in heart rate when immersing an 
upright sitting subject up to the xiphoid is comparable 
to the change when assuming the supine posture in air. 
The increase in heart rate when bleeding 500ml de- 
pends on the size of the central blood volume. If we take 
heart rate as a sign of sympathetic drive, we find a 
significant moderate increase when the initial filling of 
the heart is smallest (sitting in air). When by immersion 
to the xiphoid central volume is increased to that of a ,  
supine subject, we observed only a slight tendency 
towards an increase. When the central compartments 
are "overfilled" during neck immersion, blood loss 
induces a slight reduction in heart rate. These obser- 
vations can be taken as an illustration of the well known 
fact tl 1] that the immediate defences against low output 
failure are much stronger than those preventing hyper- 
activity of the circulation. 

We are indebted to Mr. H. Dannenberg who constructed the 
immersion equipment and to Mrs. L. Schepeler for editorial help. 
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