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Abstract. In 9 Goettingen minipigs we studied the effect 
of E. coli bacteremia on effective pulmonary capillary 
pressure and the longitudinal distribution of pulmonary 
vascular resistance. Precapillary pressure gradient (dPa) 
was calculated as the difference between mean pulmo- 
nary artery pressure (MPP) and effective pulmonary cap- 
illary pressure (Pc) (dPa = MPP-Pc), postcapillary pres- 
sure gradient (dPv) as the difference between Pc and left 
atrial pressure (dPv = Pc-LAP). The disturbance of pul- 
monary gas exchange was quantified by the AaDO 2 quo- 
tient 1-PaO2/PAO 2. Live E. coli infusion resulted in 
hypodynamic circulatory failure. Cardiac index fell from 
3.7_+0.81.min-i.m -2 to 2.2___0.71"min-l'm -2 after 
bacteremia lasting for 3.5 h. Simultaneously venous pul- 
monary vascular resistance rose from 25% of total pul- 
monary vascular resistance before to 32% after 3.5 h 
bacteremia, thus raising Pc from 1 i mmHg to 16 mmHg. 
The degree of respiratory insufficiency was correlated 
with changes of MPP, dPa and dPv: I-PaO2/PAO2 
= 0.2+0.035.dPv (r = 0.829). Our results show, that the 
longitudinal distribution of pulmonary vascular resis- 
tance changes during septicemia, thus raising Pc. This 
may be an important factor in the genesis of septic pul- 
monary failure. 
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Endotoxemia and bacteremia during septic shock may 
lead to pulmonary failure and pulmonary vasoconstric- 
tion [1-5]. Hemodynamic changes in the precapillary 
vascular system, caused by septicemia, are described in a 
number of investigations. Little is known, however, about 
the pulmonary venous vascular system. Kuida [6] was the 
first who, using isogravimetric methods, reported on pul- 
monary venoconstriction following E. coli endotox- 
inemia. Since Kuida's studies, however, the problem of 

pulmonary venoconstriction in septicemia has received 
little attention, until Holloway [7] recently described a 
simple method to calculate effective pulmonary capillary 
pressure (Pc) in intact organisms. Changes in pulmonary 
capillary pressure are easily determined using the method 
mentioned above [8-13]. The aim of our study was to in- 
vestigate the effect of E. coli bacteremia on effective pul- 
monary capillary pressure, longitudinal distribution of 
pulmonary vascular resistance, and pulmonary function. 

Materials and methods 

The investigation was carried out on 9 healthy Goettingen minipigs 
(mean body weight 20.2+ 3.4 kg). The animals were anesthetized with 
methohexital (3 m g '  kg - / .  h -  I), piritramide (0.3 rag'  kg - 1. h - 1) and re- 
laxed with pancuronium bromide (0.2 m g . k g -  ~' h-~). Artificial venti- 
lation was carried out  in ambient air at constant  volume (EngstrOm ER 
311; tidal volume 13ml/kg) .  The end expiratory CO2-content was 
monitored continuously (Datex Normocap; 4 .0 -5 .5  Vol% CO2). The 
FiO 2 was raised when PaO 2 fell below 70 mmHg.  

Hemodynamic  parameters were obtained by means  of a flowdirected 
7F thermodilution catheter in the pulmonary artery, an arterial catheter 
positioned in the abdominal aorta, and a 3F catheter placed into the left 
a tr ium after minithoracotomy. All animals received 9 + 2 ml.  kg - 1. h - 1 
of  an electrolyte solution containing glucose. 

After a resting phase of  30 min and after raising the left atrial pres- 
sure (LAP) to 8 m m H g  with hydroxyethyl starch weight averaged (mo- 
lecular weight, 450000; 6~ solution), the initial values were deter- 
mined. Subsequently, 6.6 +_ 1.8" 106. k g -  I live E. coli in 50 ml nutrient 
solution supernatant  were infused into a central vein at a rate of  
12 m l . h  -1. Two animals receiving no bacterial infusion served as con- 
trol group. 

The following parameters were measured at intervals of  30 min: 
heart  rate (HR), central venous pressure (CVP), left atrial pressure 
(LAP), mean arterial pressure (MAP), mean  pulmonary artery pressure 
(MPP), and cardiac output.  

Blood samples were taken for arterial and mixed venous blood gas 
analysis. Alveolar PO 2 (PAO z) was determined using a Beckmann Oxy- 
gen Analyzer OM11. Changing air pressure (PBARO) was registered 
with the help of a precision barometer. PAO 2 was calculated as 
PAO 2 = FiO 2 (PBARO-47 mmHg)-PaCO2/0.8.  The disturbance of pul- 
monary  gas exchange was then quantified by the AaDO 2 quotient 
1-PaOz/PAO z [14]. Cardiac output  and vascular resistances were relat- 
ed to body surface. 
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Fig. 1. Above: Pressure tracing following sudden occlusion of  the pul- 
monary  artery during bacteremia. The wedge pressure curve was regis- 
tered at a paper speed of 300 m m / m i n .  Below: Graphical analysis of  the 
wedge pressure curve on semilogarithmic paper. Differences between 
several points on the wedge pressure curve and the pulmonary  artery oc- 
clusion pressure are plotted as a function of  time, which reveals two lin- 
ear components.  Extrapolation of  the slow linear component  back to 
the time of arterial occlusion leads to the pressure difference Pc-PAOP 

Pulmonary  capillary pressure was determined graphically as de- 
scribed by Holloway [7] and Cope [10]. The pulmonary  arterial pressure 
curve was registered continuously by a recorder. The wedge pressure 
curve was plotted at a recording speed of  300 or 600 m m / m i n .  Differ- 
ences between single points on the actually registered pressure curve and 
the pulmonary  artery occlusion pressure were then plotted on semi-log- 
arithmic paper as a function of  time. Thus, two different components  
of  the pressure decay curve could be distinguished: a rapid and a slow 
linear component.  The slow linear component  was extrapolated back to 
the time of  arterial occlusion, leading to a pressure intercept, which rep- 

resents the pressure difference between Pc and PAOP (Fig. 1). This 
graphical determination of Pc corresponds to a pressure curve analysis 
on the base of a bi-exponential model [10, 15]. The precapillary pres- 
sure gradient (dPa) was then calculated as d P a =  MPP-Pc, the 
postcapitIary pressure gradient (dPv) as dPv = Pc-LAR Airway pres- 
sure transmission on pulmonary  artery pressure (dPAP) and  pulmonary  
artery occlusion pressure (dPAOP) was determined in order to check the 
correct positioning of the thermodilution catheter and to recognize 
non-zone-III conditions. According to Teboul's recommendation,  non-  
zone-III conditions were assumed when the quotient of  airway pressure 
transmission on pulmonary  artery occlusion pressure and pulmonary  
arterial pressure exceeded 1.5 (dPAOP/dPAP > 1.5) [16]. 

Statistical significance was checked using ANOVA for paired data; 
p < 0.05 was considered significant. The data of  two animals which died 
during bacteremia were excluded from statistical analysis. Regression 
analysis was performed using the least square fitting method.  Statistical 
significance of the regression was checked with F test. 

Results 

Infusion of live E. coli resulted in hypodynamic circulato- 
ry failure with marked pulmonary hypertension and 
acute respiratory insufficiency. The AaDO2 quotient in- 
creased significantly from 0.27 before bacteremia to 0.52 
and 0.61 after 2 h and 3.5 h E. coli infusion, respectively 
(Tables 1, 2). Peripheral vasoconstriction and rising sys- 
temic vascular resistance were able prevent a marked fall 
of arterial pressure (Table 1). After a 1 h E. coli infusion, 
CVP rose above initial readings, falling gradually during 
the remainder of the experiment (Table 1). Hypodynamic 
circulatory failure resulted in a significant decrease of 
cardiac index after 1 and 3.5 h E. coli bacteremia (Table 
1). Oxygen delivery was thereby reduced, whereas oxygen 
consumption increased during bacteremia. Consequently 
mixed venous oxyen saturation decreased after 1 h 
bacteremia and was significantly reduced after 3.5 h E. 
coli infusion. In addition, bacteremia caused a marked 
hemoconcentration, as shown by a rise of hematocrit (Ta- 
ble 2). 

Table 1. Hemodynamic  data  before (C), after I h (1), after 2 h (2) and after 3.5 h (3.5) of  E. coli bacteremia 

C 1 2 3.5 

HR (l/rain) 96 +26 99[29 107 +_20 115 _+36 
CI (1 /min 'm 2) 3.7_+0.8 2.3+__0.6** 2.8_+0.6"* 2.2_+0.7** 
CVP (mmHg) 5 +_3 6 _+3 5 _+3 4 _+2 
L A P ( m m H g )  8 +_2 7 +_3ns 7 +-3 ns 5 + 2 n s  
M A P  (mmHg)  94 _+17 78 _+28 91 +-26 84 +31 
M P P ( m m H g )  20 _+2 36 +_6** 35 + 3 * *  39 _+6** 
SVRI ( d y n ' s / c m S ' m  2) 2125 _+679 2969 _+1257 2721 _+740 3104 _+1281 
P V R I ( d y n ' s / c m S ' m  2) 260 _+58 1206 _+434* 1024 _+599 1359 _+588* 
RVSWI ( g . m / m  2) 11 _+3.6 12 +-4.8 12 _+4.9 11 _+4.9 
Pc (mmHg) 11 _+3 14 _+3 ns 15 _+5 ns 16 _+4 ns 
dPa  (mmHg)  8 _+2 22 + 5 * *  20 _+4** 23 -+3** 
dPv (mmHg)  3 _+2 8 _+3 ns 8 _+2 ns 11 _+3** 
d P A O P / d P A P  1.1 _+ 0.2 1.0 + 0.3 0.9 +_ 0.3 0.5 _+ 0.2 

Heart  rate (HR), cardiac index (CI), central venous pressure (CVP), left atrial pressure (LAP),  mean  arterial pressure (MAP),  mean  pulmonary  
artery pressure (MPP), systemic vascular resistance index (SVRI), pulmonary  vascular resistance index (PVRI), right ventricular stroke work index 
(RVSWI), effective pu lmonary  capillary pressure (Pc), precapillary pressure gradient (dPa = MPP-Pc),  postcapillary pressure gradient (dPv = Pc- 
LAP),  quotient of  airway-pressure t ransmission on pulmonary  artery occlusion pressure (dPAOP) and pulmonary  arterial pressure (dPAP) 
d P A O P / d P A P .  
Mean values and standard deviation: see text for clarification. 
* p < 0 . 0 5 ,  **p<0 .01 ,  ns not  significant, compared with C 
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Table 2. Blood gas analysis and pulmonary  function parameters before (C), after 1 h (1), after 2 h  (2) and after 3.5 h (3.5) of  E. coli bacteremia 

C 1 2 3.5 

pH a 7.46 _+ 0.04 7.39 _+ 0.06 7.40 _+ 0.06 7.37 +- 0.07 
PaCO2 (mmHg) 33 _+ 4 35 + 4 35 + 3 34 _+ 2 
PaO2 (mmHg) 99 +_17 115 _+70 119 +52  92 +25 
SvO 2 (%) 70 +-3 53 +__13 61 +_16 49 _+9* 
I-PaOz/PAO2 0.27 _+ 0.06 0,49 -+ 0.10 0.52 +_ 0,06 ** 0,6i _+ 0. ~ 4 ** 
Hct (%) 25 +_4 28 + 4  ns 31 + 4  ns 35 _+6 ns 
DO 2 ( m l / m i n . m  2) 380 _+95 283 _+59 ns 358 _+138 ns 269 _+117 ns 
VO z ( m l / m i n ' m  z) 101 _+20 117 _+31 119 _+30 141 _+38 

pH a, PaCO2, PaO 2, mixed venous oxygen saturation (SvOz), AaDO 2 quotient 1-PaO2/PAO2, hematocri t  (Hct), oxygen delivery (DO 2 and oxygen 
consumpt ion (VO2). 
Mean values and standard deviation: see text for clarification. 
* p < 0 . 0 5 ,  * * p < 0 . 0  !, ns not  significant, compared with C 

After i h E. coli bacteremia mean pulmonary artery 
pressure rose significantly, remaining at this elevated level 
during the whole observation period. The marked in- 
crease of MPP caused a significant rise of precapillary 
pressure gradient during the experiment (Table 1). Pulmo- 
nary capillary pressure tended to increase during E. coli 
infusion and rose from mean 11 mmHg before bacter- 
emia to mean 16 mmHg after 3.5 h, whereas LAP tended 
to fall. The postcapillary pressure gradient, therefore, in- 
creased significantly (Table 1). Venous pulmonary vascu- 
lar resistance accounted for 25~ of total pulmonary vas- 
cular resistance (PVR) before bacteremia and for 32% of 
PVR after 3.5 h bacteremia. The change of the longitudi- 
nal distribution of PVR made the Pc rise (Fig. 2). 

During bacteremia pulmonary venous admixture rose 
above 15% in 7 animals, whereas the other two animals 
did not exceed 6.8% and 5.5%, respectively. The group 
with marked pulmonary dysfunction had a maximum 
AaDO2 quotient of mean 0.67, exceeding the values of 
animals with minor pulmonary disorder, which had 
AaDO2 quotients of 0.51 and 0.53, respectively. In ani- 
mals showing considerable pulmonary disorders during 
bacteremia cardiac index fell to a mean of  88070 the initial 
value, whereas in animals developing only minor pulmo- 
nary dysfunction cardiac index dropped to 62% and 
72%, respectively. 
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Fig. 2. Pulmonary  capillary pressure (Pc) is determined by the ratio be- 
tween precapillary and postcapillary pressure gradients (dPa/dPv) 

Initial, highest, and second highest readings of dPv 
during bacteremia correlated well with the AaDO 2 quo- 
tient, provided the stroke volume index exceeded 
15 ml. m -2 (I-PaO2/PAO2 = 0.2+ 0.0035" dPv; r = 0.829; 
n = 23; p<0.001;  Fig. 3). In addition we found signifi- 
cant corellations between AaDOe quotient and MPP 
(1-PaO2/PAOz = -0 .04+0.016"MPP;  r = 0.808; n = 23; 
p<0.001),  dPa (1-PaO 2 = 0.16+0.018"dPa; r = 0.703; 
n = 23; p<0.001;  Fig. 4) and to a lesser degree between 
AaDOe quotient and Pc (1 -PaO2/PAO2 = 0. i 1 
+0.024.Pc; r = 0.554; n = 23; p < 0 . 0 t ;  Fig. 5). 

Two animals died during the experiment, one after 2 h 
and 10 rain, the other after 2 h and 30 rain. Both animals 
were able to maintain good circulatory conditions at the 
beginning of  bacteremia, thus developing considerable 
pulmonary deterioration. FinaIly, however, these animals 
died due to circulatory insufficiency. 

The relation of airway pressure transmission on 
wedge pressure and pulmonary arterial pressure did not 
increase during bacteremia, dPAOP/dPAP remained be- 
low 1.5, which allows the assumption that zone-III condi- 
tions were given in all Pc-measurements. 
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Fig. 3. Correlation between pulmonary venous pressure gradient dPv 
(dPv = Pc-LAP) and  AaDO 2 quotient 1-PaO2/PAO2, Before bacter- 
emia ( l l) ,  highest dPv values ( o ) ,  and second highest dPv values (A)  
during bacteremia (stroke volume index > 15 m l ' m  -2) 1-PaOa/PAO2 
= 0.2+0.035,dPv;  r = 0.829; n = 23; p<0 .001  
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Fig. 4. Correlation between precapillary pressure gradient dPa 
(dPa = MPP-Pc) and AaDO 2 quotient 1-PaO2/PAO 2 (Same time points 
as Fig. 3.) 1-PaO2/PAO 2=0o16+0.018.dPa; r= 0,703; n =23; 
p< 0.001 

In all animals autopsy was performed after E. coli 
bacteremia, revealing a substantial dilation of  the right 
ventricle and occasionally subendocardial hemorrhage. 
The pericardium was always intact showing especially no 
signs of pericardial hematoma or cardiac tamponade. 

No notable changes were found in hemodynamic data 
or pulmonary gas exchange of the 2 animals serving as 
control group during a 4 h observation period. Post 
mortem examination of  these animals also did not reveal 
any pathological findings. 

Discussion 

In 1983 Holloway described a method to determine effec- 
tive pulmonary capillary pressure in intact organisms 
from a wedge pressure profile [7]. With its help it became 
possible to determine the longitudinal distribution of  
pulmonary vascular resistance under varying conditions. 
Any interpretation of data obtained by the above men- 
tioned method, however, has to be in context of  its me- 
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Fig. 5. Correlation between effective pulmonary capillary pressure (Pc) 
and AaDO 2 quotient 1-PaO2/PAO 2 (Same time points as Fig. 3.) 
1-PaO2/PAO 2 = 0.11 +0.024.Pc; r= 0.554; n = 23; p<0.01 

thodical limits. Experiments on isolated perfused lung 
lobes with pulmonary arterial and venous occlusion sup- 
plied a simple hemodynamic lung model, which is usefutl 
for the interpretation of  pulmonary arterial wedge pres- 
sure curves [17]. This hemodynamic model of the lung 
consists of  three serial resistances, a precapillary up- 
stream resistance, a postcapillary downstream resistance 
and a middle resistance. The latter is closely related to 
maximum vascular compliance and corresponds to the 
capillary vascular system. When Pc is determined using 
the arterial occlusion method, the result corresponds to 
the pressure at the upstream end of the middle resistance. 
Thus, Pc overestimates the average pressure of  the middle 
compartment, which leads to a minor error, when the 
middle compartment 's  resistance is low. An increase of 
the middle resistance, however, may lead to falsely high 
Pc values [15]. 

Hakim [17], looking for changes of the middle com- 
partment's resistance, localized a mere 16% of  pulmo- 
nary vascular resistance in the middle compartment and 
failed to observe any changes of the middle compart- 
ment's pressure gradient during precapillary vasocon- 
striction caused by serotonin or postcapillary vasocon- 
striction caused by histamine infusion. Even a 7 -  10 fold 
increase of  pulmonary blood flow, designed to alter the 
middle compartment 's  resistance, did not lead to appar- 
ent differences between Pc determined by arterial occlu- 
sion and effective filtration pressure determined by 
isofiltration techniques [18]. Correspondingly Dawson 
[15] found no tendency to overestimate the effective fil- 
tration pressure when Pc was determined from the pres- 
sure decay after rapid arterial occlusion, even during pre- 
or postcapillary vasoconstriction. On the contrary he ob- 
served a good correlation between Pc and the effective fil- 
tration pressure determined by simultaneous arterial and 
venous occlusion. 

While the previous studies [15, 17-19] indicate, that 
drug induced changes of  the longitudinal distribution of  
pulmonary vascular resistance have only little effect on 
the middle resistance, these changes nevertheless consti- 
tute an unavoidable source of error in Pc determination. 
A further source of error when analyzing wedge pressure 
curves, is the point of  time during the cardiac cycle at 
which pulmonary arterial occlusion occurs [20]. The in- 
travascular pulmonary volume changes with the different 
phases of  the cardiac cycle, which might influence the 
pressure decay after pulmonary arterial occlusion. Pc val- 
ues, wilI therefore differ according to the point of  time at 
which pulmonary arterial occlusion occurs. In addition, 
poor  pressure transmission due to the length of  the pul- 
monary artery catheter and artefacts during inflation of  
the balloon may lead to an increased variability of  Pc da- 
ta. Despite these imponderables Pc determination from 
wedge pressure curves is a valuable method being accept- 
ed critically by an increasing number of  clinical investiga- 
tors [11, 15, 21]. 

E. coli bacteremia and endotoxinemia have been used 
in a number of  experiments to imitate acute pulmonary 
failure [1, 2, 6, 8, 9]. Correspondingly in our experiment 
E. coli bacteremia led to hypodynamic circulatory failure 
and acute respiratory insufficiency. Circulatory failure 
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was mainly caused by an acute increase of right ventricu- 
lar afterload and consecutive right ventricular insuffi- 
ciency. Massive pulmonary hypertension during 
bacteremia, right ventricular dilation observed at post 
mortem examination and the inability of the animals to 
increase their right ventricular stroke work during 
bacteremia support our point of view. In part, right ven- 
tricular insufficiency may be related to relative 
hypovolemia. During our investigation we observed 
pathophysiologic changes without therapeutical interfer- 
ences. Consequently the animals received no volume re- 
suscitation during bacteremia, which led to a decrease of 
LAP. The tendency of CVP to rise after 1 h bacteremia, 
therefore, would not be a sign of normovolemia but of 
the right ventricle's attempt to compensate for pulmo- 
nary hypertension. Impairment of left ventricular func- 
tion caused by right ventricular dilation and ventricular 
interdependence seems likely. Therefore peripheral 
vasoconstriction has to be interpreted as an attempt to 
maintain normal perfusion pressure at reduced flow 
rates. Reduced systemic blood flow decreased oxygen 
supply and caused a significant decrease of mixed venous 
oxygen saturation after 3.5 h bacteremia, thus indicating 
insufficient periphereal oxygenation. 

As observed earlier by Borg [1], impairment of pul- 
monary function was most pronounced in animals with 
well preserved circulatory function, whereas animals with 
marked circulatory failure revealed only little impairment 
of gas exchange. In Borg's spontaneously breathing ani- 
mals and in our experiment, where PEEP was not applied 
during mechanical ventilation, functional residual capac- 
ity of the lung may have dropped considerably during 
bacteremia, causing regional hypoventilation and atelec- 
tasis. Animals with normal or relatively high cardiac out- 
put therefore revealed high intrapulmonary shunt values, 
whereas animals with low cardiac output showed only mi- 
nor pulmonary deterioration [1]. Mortality during E. coli 
endotoxinemia, however, was not related to the degree of 
pulmonary shunting, but significantly related to the de- 
gree of pulmonary vasoconstriction [1], which indicates, 
that the increase in pulmonary vascular resistance is the 
major pathophysiologic factor in acute respiratory failure 
[3, 22]. 

Data on the longitudinal distribution of total pulmo- 
nary vascular resistance vary greatly in the literature 
[6-13, 23], dPv accounting for 22-44% of total pulmo- 
nary vascular resistance, respectively. The wide variety 
may be due to the different methods applied in determin- 
ing Pc and/or to physiological differences of the various 
species used in the experiments. In our investigation, 
25~ of pulmonary vascular resistance is located in the 
postcapillary vascular bed. These data match well with 
D'Orio's [8] and Cope's [10] results, who found 22% and 
34% of the pulmonary vascular resistance located in the 
postcapillary vascular system. 

The simultaneous decrease of cardiac index and in- 
crease of dPv during bacteremia indicates elevated 
postcapillary pulmonary vascular resistance caused by ei- 
ther active venoconstriction [6, 8] and/or by passive 
venocompression due to perivascular edema. As effective 
pulmonary capillary pressure is determined by the ratio 

between pre- and postcapillary resistance, the increase in 
postcapillary pulmonary vascular resistance causes a rise 
of Pc (Fig. 2), which again enhances transvascular fluid 
filtration [7, 21]. According to Grimbert [21], during 
acute lung injury the transvascular fluid filtration rate is 
multiplied eightfold, if pulmonary capillary pressure in- 
creases by only 3 mmHg. The increase of hematocrit ob- 
served during bacteremia indicates a loss of intravascular 
fluid, which in the lungs most likely led to interstitial pul- 
monary edema. This in turn reduces the compliance of 
the interstitial space, thereby worsening alveolar ventila- 
tion [24]. An increase of extravascular lung water, there- 
fore, may contribute to ventilation perfusion distur- 
bances which are suspected to be the major cause of 
acute respiratory failure in human sepsis [25] and during 
E. coli endotoxinemia [1]. Thus, changes in the longitudi- 
nal distribution of pulmonary vascular resistance which 
raise pulmonary capillary pressure may play a role at least 
in the early phase of septic pulmonary disorders. 
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