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Abstract. This study assessed the influence of  continuous 
high volume hemofil tration on right ventricular function 
of  pigs with endotoxin induced shock. Eighteen anesthe- 
tized and ventilated pigs were studied for 240 min after 
the start of  infusion of  0.5 m g / k g  endotoxin over 30 min. 
Right ventricular ejection fraction (RVEF) was measured 
by rapid response thermodilution technique. After en- 
dotoxin infusion, the pigs were randomly divided into 3 
groups: group 1 as a control group, receiving endotoxin 
only, group 2 to observe the effects of  zero balance high 
volume veno-venous hemofil tration with removal of  
ultrafiltrate at a rate of  6000 ml/h ,  and group 3 to evalu- 
ate the effect of  the extracorporeal circuit itself on RVEE 
The decline of  RVEF in group 2 was less than in group 
1 (0.04+_0.02 vs 0.21 +0.03 (mean_  SEM); p <  0.001). The 
decline of  RVEF in group 3 (0.24___0.02) was more pro- 
nounced than that in group 1 (p < 0.05). The differences 
in the course of  RVEF between group 1 and group 2 
could not be explained by differences in heart rate, 
preload or afterload. Cardiac output and mean arterial 
pressure were significantly higher in group 2 than in 
group 1 (p < 0.01). It  is concluded that  in this model, high 
volume hemofil trat ion improves RVEF and cardiac per- 
formance by removal of  vasoactive mediators, responsi- 
ble for myocardial depression. 
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The hemodynamic abnormali ty  of  early septic shock 
consists o f  high cardiac output,  hypotension and periph- 
eral vasodilation [1]. Cardiac dysfunction is an early fea- 
ture of  sepsis and septic shock [2]. Left ventricular dys- 
function is well documented in human septic shock [2, 3], 
and experimental shock [4, 5]. Recently, right ventricular 
dysfunction during septic shock has been shown to occur 
as well [6-10] .  Some authors emphasize that  cardiac de- 
pression in sepsis is a biventricular phenomenon,  while 

others suggest that right ventricular dysfunction may oc- 
cur in the absence of  left ventricular dysfunction [6, 11]. 

Although cardiac depression during septic shock is 
well documented, much less is known about  its reversal 
by therapeutic interventions. Besides volume loading and 
inotropic therapy, hemofiltration has been reported to 
improve cardiac performance in the setting of human 
[12], and experimental [4, 13, 14] septic shock. Whether 
hemofil tration does so by binding of  mediators to the fil- 
ter membrane or by removal of  mediators via the ultrafil- 
trate has not been investigated. 

We studied the effect of  high volume hemofil tration 
on the course of  right ventricular ejection fraction, mea- 
sured by the rapid response thermodilution technique, in 
endotoxin induced shock in pigs. To clarify the role of  
binding of mediators to the filter, we included a group 
connected to the extracorporeal circuit, while clamping 
the ultrafiltrate line. 

Material and methods 

The protocol was approved by the ethics committee for animal experi- 
ments. Eighteen pathogen free pigs from our own herd were used. The 
average age was 18 weeks and the weight varied from 36-39 kg. They 
were premedicated with 300rag ketamine i.m. After 15 min they re- 
ceived a mixture of 3% halothane, 50o70 oxygen, and 50~ N20 by 
facemask during 3 min. Thereafter they were orally intubated and venti- 
lated (FiO 2 0.40, 12 breath/min), using a blender (SJO 1, Ohio medical 
products, Minneapolis, USA) and a volume-controlled ventilator (Oxy- 
log, Draeger, Luebeck, Germany). After the minute volume was adjust- 
ed to an arterial PCO 2 of 38 -42 mmHg, it was not changed during the 
experiment. Anesthesia was maintained with 6 mg/kg/h phenobarbital 
and 0.1mg/kg/h pancuronium. A 30cm 5F cannula (cavafix, 
417375/9, Braun, Melsungen, Germany) was advanced into the femoral 
artery after cutdown and connected to a pressure transducer (P/N 
966025/07, Baxter, Irvine, USA), positioned to the level of the left atri- 
um. Blood pressure was measured by connecting the transducer to a 
monitor (Hewlett Packard, 78342A). A 7F rapid response thermodilu- 
tion catheter (93A-431H-7, Baxter Healthcare Corp., Irvine, USA) was 
introduced into the superior caval vein via a percutaneous puncture, us- 
ing an introducer sheath (CC-350B-8, Baxter Healthcare Corp., Irvine, 
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USA). The catheter was introduced under pressure monitoring into the 
pulmonary artery, the proximal port was positioned 3 cm above the 
tricuspid valve. This position was checked by pressure tracing before 
each set of cardiac output measurements. The catheter was connected 
to an ejection fraction/cardiac output monitor (REFol, Baxter Health- 
care Corp., Irvine, USA) and to a pressure transducer (P/N 966025-07, 
Baxter Healthcare Corp., Irvine, USA) connected to a Hewlett-Packard 
monitor (78342A). The transducer was positioned to the level of the left 
atrium. Right atrial pressure (RAP) was measured intermittently by 
connecting the transducer to the right atrial port (20 cm from the tip) 
of the TD catheter. The pulmonary and arterial pressures were moni- 
tored continuously; mean arterial pressure (MAP), mean pulmonary ar- 
terial pressure (MPAP) and pulmonary arterial wedge pressure (PAw) 
were measured intermittently and their values calculated electronically 
from the pressure curve. Right ventricular ejection fraction (RVEF) and 
cardiac output were measured by thermodilution technique. The injec- 
rate was cooled using an injectate coil (93-500, Baxter Healthcare Corp., 
Irwine, USA). The injectate temperature was measured online. Each 
measurement was started at the end of a ventilatory cycle. The average 
of 3 measurements was accepted as the value of each period. A double 
lumen catheter (DL6K, Impra. Inc., Tempe, AZ) was introduced into the 
subclavian vein via direct puncture. Each lumen was filled with 500 
units of heparin in 1 ml Ringers lactate to prevent clotting. All pigs re- 
ceived 400ml/h Ringers lactate throughout the experiment, The 
hemofiltration set up consisted of a roller pump, air detector and pres- 
sure limiter (Gamhro AK 10, Lurid, Sweden). A 0.6 m 2 polysulphone 
hollow fiber filter with a cut-off point of 30000 Dalton (Diafilter 30, 
Amicon Corp., Lexington, USA) was used. Prior to the experiment the 
filter was rinsed with 21 Ringers lactate containing 5000 U heparin. Ze- 
ro balance hemofiltration was achieved using a balance (BS I Gambro, 
Sweden). The substitution fluid (HF 21 hemofiltration solution, 
Fresenius, Bad Homburg, Germany) was warmed and infused before 
the filter. All pressures were recorded on a multi channel recorder 
(WS-682G, Nihon Kohden Co., Tokio, Japan). A Contraves 8016 Ana- 
lyzer (Contraves AG, Zurich) was used to determinate leucocyte count 
and hemoglobin concentration. 

After sampling of arterial blood with syringes (Sarstedt, Germany), 
blood gases were measured with an IL-1306 analyzer (Instrumentation 
Laboratories, USA). 

Calculations were made as follows: 

Systemic vascular resistance: 
SVR= ( M A P  - RAP) • 80/CO dynes 'sec 'cm -5 

Right ventricular stroke work: 
RVSW= (MPAP - RAP) x SV x 0.0136gm 

Left ventricular stroke work: 
LVSW= (MAP - PAw) x SV x 0.0136gm 

Stroke volume: 
SV = CO/HR ml. 

Right ventricular enddiastolic volume: 
RVEDV = SV/RVEF ml 
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Experimental protocol 

After instrumentation the pigs were allowed to stabilize for 60 rain. 
From that moment on, hemodynamic measurements (RVEE cardiac 
output, RAP, MPAP, PAw, MAP, heart rate) were performed every 
30 min for 4 h. At the same time an arterial blood sample was drawn 
for blood gas measurement. After baseline measurements were made, 
endotoxin (0.111: B4, Sigma, St. Louis, USA) 0.5 mg/kg was infused 
over 30 min. After 30 rain the pigs were randomized to serve as controls 
(group 1), to receive hemofiltrafion with ultrafiltrate removal (group 2) 
or to receive hemofiltration without ultrafiltrate removal, by clamping 
the ultrafiltrate line (group 3). In groups 2 and 3 the pump flow was set 
at 300ml/min, in group2 the ultrafiltrate flow was limited to 
6000ml/h. From 30rain on, all pigs received heparin 1500U/h. In 
groups 2 and 3 the pump was stopped during cardiac output measure- 
ment. After 240 rain the pigs were sacrificed. 

Statistical analysis 

To compare the profiles of group 1 with the two treatment groups at dif- 
ferent time points, statistical analysis was performed on all variables, 
using the ante-dependence method for repeated measurements, as de- 
scribed by Kenward [15 - 17]. This method can decompose observations 
into independent components. In particular, it is possible to identify the 
first moment at which a new significant difference between profiles oc- 
curs. In addition, this method provides a cumulative overall test to com- 
pare profiles. 

To estimate the effects of treatments, analysis of variance was per- 
formed on variables measured at the start and at the end of the experi- 
ment, after 240 rain, using the pigs as a block. This was done to show 
how much variables actually changed during the experiment. Moreover, 
estimated contrasts using Fisher's LSD is given; being the least differ- 
ence between two effects that is significant and a measure of precision 
of the estimated difference [15, 16]. To analyze changes of variables 
within the groups, Students t-test was used. 

R e s u l t s  

S e v e n t e e n  o f  t h e  18 pigs  s u r v i v e d  t i l l  t h e  e n d  o f  t h e  exper -  
i m e n t ,  o n e  p ig  i n  g r o u p  3 d i e d  a t  130 ra in .  T h e  h e m o d y -  
n a m i c  d a t a  a re  s h o w n  i n  Tab le  1 a n d  d e p i c t e d  i n  
Figs .  1 - 4 .  Tab le  1 a l so  s h o w s  t h e  r e su l t s  o f  t h e  overa l l  
t e s t s  o f  c o m p a r i s o n  b e t w e e n  t h e  p r o f i l e s  o f  t h e  v a r i a b l e s  

o f  g r o u p  2 v e r s u s  g r o u p  1 a n d  g r o u p  3 v e r s u s  g r o u p  1. 
T h e  a s t e r i s k e s  i n  t h e  f i gu re s  s h o w  t h e  t i m e  p o i n t s  a t  
w h i c h  a n e w  d i f f e r e n c e  b e t w e e n  t h e  g r o u p s  o c c u r r e d ,  
p < 0.05 c o n s i d e r e d  s i g n i f i c a n t .  Tab le  2 s h o w s  t h e  e s t i m a t -  
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Fig. 1 a, b. RVEF in group 1 
(n = 6) and group 2 (n = 6) (a), 
and group 1 and group 3 (n = 6; 
one pig died after 130rain) (b), 
after endotoxin infusion. The 
means_+ SEM are shown. The P- 
value results from the overall 
tests of comparison of RVEF 
profiles. * : p<0.05,  using the 
antedependence method 

Fig. 2. MAP after endotoxin in- 
fusion in group 1 (n = 6) and 2 
(n = 6). The means_+ SEM are 
shown. The p-value results from 
the overall tests of comparison 
of MAP profiles. * : p<0.05,  
using the antedependence 
method 
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Fig. 3a, b. Cardiac output in group 1 (n = 6) and group 2 (n = 6) (a), 
and group 1 and group 3 (n = 6; one pig died after 130min) (b), after 
endotoxin infusion. The means_+ SEM are shown. The p-value results 
from the overall tests of  comparison of  cardiac output profiles. *- 
p<0.05 ,  using the antedependence method 

6 0  

5 0  . . . . . .  

4 O  

20 ' ~ ' ' ' ' ~ ' | 
30 60 90 120150180210240 

T~ME (rain.) 
a ~aooP 1 ~,~ouP2 

-o-- - , -  

70 

60 t . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

o il I ....... 
L 

30 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  "~ . . . . . . . . . . . . . . . . . . . . . .  

p <  .05 

i i | i 
20 3106109101201150' 180210240 

TIME ('mitt.) 
b GROUP 1 GROUP3 

,-e-- -u- 

Fig. 4a, b. SV after endotoxin infusion in group 1 (n = 6) and group 2 
(n = 6) (a) and group 1 and group 3 (n = 6; one pig died after 130 rain) 
(b). The means_+SEM are shown. The p-value results from the overall 
tests of  comparison of  SV profiles. *: p<0.05,  using the antedepen- 
dence method 

ed increase or decrease at 240 min compared to baseline 
values, using Fisher's LSD. 

Group 2 versus group 1 

At the end of  endotoxin infusion RVEF had decreased in 
both groups (Fig. I a). In group 2 RVEF returned to its 
baseline value after 60 min of  hemofiltration, whereas 
only a partial restoration o f  RVEF in group 1 was ob- 
served during this period. After 90 rain, RVEF fell fur- 
ther in group 1 than in group 2, resulting in a markedly 
higher RVEF in group 2 at the end of  the experiment. 
From 90 to 240 min RVEF in group 1 declined from 
0.44_+0.03 to 0.31_+0.02 (p<0.05), while no significant 
changes in RVEDV, MPAP or HR occurred in this peri- 

Table 2. Fisher's LSD-test 240 versus 0 min; p < 0 . 0 5  

Group 2-1 Group 3-1 LSD 2-1 LSD 3-1 

MAP 36.0* - 9 . 5  16.30 17.10 
MPAP 5.6 1 t .5"  7.85 8.23 
Wedge - 1.84 2.53 5.11 5.36 
HR - 34.6 * - 28.7 * 23.27 24.41 

R A  0.34 0.57 2.31 2.42 
CO 1.19" - 1.91 * 1.17 1.23 
SVR 234 184 266.8 279.9 
RVSW 13,34" 3.07 4.56 4.78 
LVSW 47.7 * 1.8 22.03 23.10 
EF 0.190" - 0.035 0.0893 0.0880 
EDV 8.6 - 14.0 28.34 29.72 
SV 22.5 * - 4.1 10.68 11.20 
PO 2 62.0 * 5.0 57.27 60.07 
WBC - 0.48 - 0.19 1.845 1.935 
Hb 0.107 0.32 1.572 1.649 

* Indicates p <  0.05; LSD, least significant difference 

od. MPAP and RVEDV, important determinants of  
RVEF, did not differ between the two groups. At 240 rnin, 
HR was lower in group 2 than in group 1, but no overall 
difference was seen between the two groups. MAP drop- 
ped in both groups after endotoxin infusion was complet- 
ed. The drop, however, was less severe at 60min in 
group 2 than in group 1. From 150 min on, partial resto- 
ration of  MAP was observed in group 2, while it re- 
mained low in group 1 (Fig. 2). This difference in the 
course of  MAP was caused by differences in cardiac out- 
put (Fig. 3 a), as no differences in the course of  SVR oc- 
curred. SV, the course of  which is shown in Figure 4 a, de- 
creased in both groups at the end of  endotoxin infusion. 
After this initial decrease, SV dropped further in 
Group 1, while it returned to baseline value in group 2 af- 
ter 60 rain of hemofiltration. After 60 rain, SV in group 2 
remained higher than baseline in group 1. No differences 
in the course of RAP between the two groups were seen. 
Arterial PO 2 in group 2 was higher than that in group 1. 

Group 3 versus group 1 

Figure 1 b shows the course of  RVEF after the start of  en- 
dotoxin infusion. At 240 rain, MPAP in group 3 was 
higher than that in group 1, but no overall differences 
were seen. No differences in the courses of  RVEDV, HR, 
MAP and SVR were seen. As can be seen from Figs. 3 b 
and 4b, cardiac output and SV, respectively, decreased 
further in group 3 than those in group 1. One pig in 
group 3 died of  respiratory failure 130 rain after the en- 
dotoxin infusion. Data of  this pig was included in the sta- 
tistical analysis. 

Discussion 

Left ventricular dysfunction is a well documented phe- 
nomenon in sepsis and septic shock [2, 9]. Parker et al. 
found decreased left ventricular ejection fraction (LVEF) 
in survivors of  septic shock, associated with a dilated left 
ventricle [18]. Natanson et al. found substantial decreases 
in LVEF in dogs after implantation of  an infected clot in- 
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to the peritoneum [19]; following adequate volume load- 
ing the dogs manifested left ventricular dilation. Al- 
though some of these studies show that endotoxin can re- 
duce LVEF, it was recently demonstrated that depressed 
LVEF can occur in the absence of endotoxemia as well 
[20]. 

Right ventricular function in septic shock has not 
been studied as well as left ventricular function. Kimchi 
et al. reported right ventricular dysfunction, character- 
ised by depressed RVEF, in patients with septic shock [6]. 
Importantly, several of these patients demonstrated a sig- 
nificant depression of RVEF while left ventricular func- 
tion remained normal. Recently, Parker et al. demonstrat- 
ed right ventricular dysfunction in septic shock patients, 
similar to left ventricular dysfunction [11]. 

Data on right ventricular dysfunction in animal mod- 
els of septic shock is scarce. Schneider et al. found de- 
pressed right ventricular performance in E. coli shock in 
pigs [4]. 

In our study, endotoxin infusion induced a decrease in 
RVEF, while no change in EDV was seen. Although the 
initial decrease in RVEF is at least partially explained by 
the increase in MPAP, no change in MPAP was seen from 
90-240 min while in the same period a significant de- 
crease in RVEF occurred. This suggests deterioration of 
intrinsic right ventricular function. 

Acidosis, subendocardial ischemia and decreased cor- 
onary blood flow have all been incremented as possible 
causes for the ventricular dysfunction in sepsis [21]. Sev- 
era/recent studies, however, have documented depressed 
left ventricular function in the absence of decreased coro- 
nary flow and myocardial ischemia, rendering their role 
in cardiac dysfunction in sepsis questionable [21, 22]. 

Recently, attention has been focused on circulating, 
filtrable myocardial depressant substances that might be 
responsible for the myocardial depression in sepsis [24, 
251. 

In another study, myocardial edema was found to oc- 
cur in a rat model of multiple organ failure [26]. The au- 
thors felt that this myocardial edema might be the cause 
of the myocardial dysfunction in septic shock. Moreover, 
the authors emphasize the analogy between the mierovas- 
cular changes, seen in the heart and in all other organs 
studied [26, 27]. These changes were suggested to be the 
effect of liberation of vasoactive mediators during sepsis, 
that potentionally could be removed by hemofiltration 
[12, 26, 27]. 

In contrast to many data available on cardiac dysfunc- 
tion in sepsis, very few data are available on the efficacy 
of therapeutic interventions aiming at its reversal. Low 
volume hemofiltration (0.61/h ultrafiltrate) has been 
shown to improve left ventricular contraction velocity in 
a dog model of septic shock, but failed to improve stroke 
volume or systemic blood pressure [4]. In another study 
low volume hemofiltration (0.61/h ultrafiltrate) margin- 
ally improved cardiac output in a porcine endotoxic 
shock model [14]. 

The more pronounced effect of hemofiltration on car- 
diac function and blood pressure in our study compared 
to the others is probably explained by the much higher 
ultrafiltrate volumes we achieved. 

More importantly, our study is the first study to as- 
sess the effect of high volume hemofiltration on RVEE 
Our results show that the drop in RVEF after endotoxin 
infusion can almost completely be reversed by high vol- 
ume hemofiltration. The extracorporeal circuit not only 
failed to reverse the drop in RVEF but even induced an 
additional decrease in RVEE Therefore, the possibility of 
a beneficial effect of the extracorporeal circuit, caused by 
binding of vasoactive mediators to the filter, can be ex- 
cluded. 

From 30-90rain RVEF increased further in the 
hemofiltered group than in the control group. In the same 
period, no differences occurred in MPAP, heart rate, 
MAP or RVEDV. Deductively, the increase in RVEF is 
probably explained by an increase of right ventricular 
contractility. Whether this is caused by the removal of 
filtrable myocardial depressant substances, as has been 
shown to occur during hemofiltration [28], or by the re- 
moval of vasoactive mediators that are responsible for 
myocardial edema [26], cannot be concluded from our 
data. In the latter case, however, a concomitant increase 
of SVR and cardiac function would be expected to occur 
in our study. In contrast, our results indicate that hemo- 
filtration improves cardiac function but does not reverse 
peripheral vasodilation after endotoxin infusion, suggest- 
ing different etiologies of the cardiac dysfunction and the 
drop in SVR by endotoxin. 

LVSW in group 2 was higher than that in group 1. As 
no differences in PAwP occurred between these two 
groups, this indicates that hemofiltration improves left as 
well as right ventricular function, possibly by the removal 
of substances, responsible for the biventricular failure de- 
scribed in other studies [11]. 

As long as no data are available on the efficacy of in- 
otropic drugs in the reversal of sepsis induced right ven- 
tricular dysfunction, no conclusion can be made concern- 
ing the potential clinical relevance of our findings. 
Hemofiltration, however, might well be a more useful 
therapy than inotropic therapy, as it removes the cause of 
the cardiac dysfunction. Septic shock involves much 
more than hypotension and depressed cardiac function. 
Hemofiltration has the potential to remove many of the 
mediators, known to play a role in sepsis and septic 
shock. This study shows that high volume hemofiltration 
can partially reverse one of the most striking, albeit not 
necessarily the most important, features of septic shock 
i.e. cardiac dysfunction. 

Therefore, further research is justified to assess the 
potential of high volume hemofiltration as part of the 
treatment of septic shock. 
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