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Objective
To examine the impact of continuous venovenous hemofiltra-
tion (CVVH) on the course of experimental pancreatitis in pigs.

Summary Background Data
The activation of different mediator cascades is assumed to
trigger multiple organ dysfunction or failure during necrotizing
pancreatitis. CVVH has been suggested to be beneficial in
those instances by eliminating several inflammatory mediators
released in the circulation.

Methods
Pancreatitis was induced by a combined intraductal injec-
tion of sodium taurocholate and enterokinase. Control
group animals received no treatment after induction. A sec-
ond group underwent "therapeutic" CVVH after a 20% de-
cline of mean arterial pressure. In the third group, "prophy-
lactic" CVVH was started simultaneously with the induction
of pancreatitis.
The concentrations of tumor necrosis factor-alpha,

transforming growth factor-beta1, kinin, and phospholipase
A2 were measured at different time points in blood (pre-
and postfilter) and in the hemofiltrate to calculate the re-
spective sieving coefficients that reflect most accurately the
plasma clearance of mediators by CVVH.

Results
Survival time was significantly prolonged both by therapeutic
and prophylactic CVVH; it was more pronounced in the latter.
CVVH did not influence the increase in transforming growth
factor concentrations. However, 6 hours after induction, the
increases of plasma concentrations of tumor necrosis factor,
phospholipase, and kinin were significantly weakened by
CVVH compared with controls. In the treatment groups, the
plasma concentrations of tumor necrosis factor and phospho-
lipase showed a significant negative correlation with the re-
spective sieving coefficients, which decreased in the later
course of the experiments.

Conclusions
Expenmental necrotizing pancreatitis was associated with a tre-
mendous increase of plasma concentrations of tumor necrosis
factor, phospholipase, and kinin. The effective removal of these
mediators by CVVH resulted in significantly improved survival
time. Animals that received prophylactic CVVH had a longer sur-
vival period than those in which CVVH was started after clinical
impairment. The decreasing efficiency of CVVH in eliminating
inflammatory mediators in the later course of the experiments
suggested that the filter membranes were compromised by
long-term application. These findings provide further evidence
that CVVH offers therapeutic options even in the absence of
conventional indications for blood-purifying treatments.

Because appropriate fluid resuscitation has been accepted
for early therapy in acute pancreatitis, hypovolemic shock is
no longer responsible for deaths from this disease. How-
ever, the development of extensive necrosis, resulting in
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multiple organ dysfunction and septic complications, still
remains a devastating event with a poor prognosis. Death
occurs in approximately 20% to 25% of patients with severe
necrotizing pancreatitis.1 The mortality rate increases to
approximately 95% in patients with three or more organ
failures.2

Metabolic waste products and diverse mediators that are
liberated into the circulation are assumed to play a predom-
inant role in the pathophysiology of multiple organ dys-
function or failure in the course of severe pancreatitis.
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Because of the complex interplay between those mediators,
treatments have been suggested with the goal of their non-

selective elimination to prevent devastating systemic com-

plications after the onset of pancreatitis. Clinical and ex-

perimental data suggest that hemofiltration might be of
considerable benefit for treatment of multiple organ dys-
function secondary to sepsis3-7 as well as to severe pancre-

atitis.8'9
The aim of the present study was therefore to evaluate the

effect of continuous venovenous hemofiltration (CVVH) on

the plasma concentrations and activities of inflammatory
mediators in a porcine model of severe necrotizing pancre-

atitis. Moreover, we investigated whether the removal of
pancreatitis-related mediators by CVVH would result in an

improvement of the early multiorgan dysfunction that oc-

curs in the course of the disease.

METHODS

Animal Experiments
The study followed the criteria of German legislation on

the protection of laboratory animals and was approved by
the Animal Care Committee of the University of Hamburg.

Anesthesia and Surgical Preparation

Thirty-five fasted domestic pigs with a body weight of
37 ± 7 kg were premedicated with ketamine (10 mg/kg),
flunitrazepam (0.1 mg/kg), and atropine (0.06 mg/kg) given
intramuscularly. After endotracheal intubation, the animals
were ventilated mechanically with a mixture of 02 and air to
maintain arterial P02 (PaO2) at 120 to 140 mmHg. The
ventilation rate was 12 breaths/minute, and the respiratory
tidal volume was set to adjust end-expiratory CO2 to 4.5
vol%. Adequate depth of anesthesia and relaxation was

achieved by continuous intravenous application of piritra-
mid (0.8 to 1.0 mg/kg/hr), midazolam (0.3 to 0.5 mg/kg/br),
and pancuronium (0.2 mg/kg/hr). For the duration of the
experiments, all animals received a 0.9% NaCl infusion at a

rate of 5 ml/kg/hr.
A 7F flow-directed thermodilution triple-lumen catheter

was inserted into the pulmonary artery through the right
jugular vein. An arterial catheter (Leader Catheter 115.11,
Vygon Ecouen, France) was advanced into the abdominal
aorta through the right femoral artery. Urine output was

measured using a suprapubic catheter.
After median laparotomy, the duodenum was mobilized

and the pancreatic duct was identified at its duodenal junc-
tion. The pancreatic duct was cannulated with a 5 Ch
umbilical vein catheter (Argyle, Sherwood Medical, Sulz-
bach, Germany). The bladder was catheterized to provide
information about urinary output.

Monitoring

Hemodynamic measurements included continuous mon-

itoring of mean arterial blood pressure (MAP), central ve-

nous pressure, and heart rate. Cardiac output was measured
in triplicate and calculated as the arithmetic mean of at least
three consecutive individual values at baseline and every
full hour after induction of pancreatitis. Because the 02
content in the ventilatory gas mixture had to be increased
during the course of experiments to maintain a PaO2 of 120
to 140 mmHg, pulmonary gas exchange was calculated by
the oxygenation index (ratio PaO2 [mmHg]/inspiratory ox-
ygen fraction [FIG2, %])

Hemofiltration

Zero-balanced CVVH in hemofiltered animals was per-
formed using a roller pump (NFG 05, Dialysetechnik,
Karlsruhe, Germany) and a polysulfone hollow-fiber filter
with a cutoff point of 30 kD (Ultraflux AV 600 S, Fresenius,
Bad Homburg, Germany). Vascular access was obtained by
two Sheldon catheters inserted into each femoral vein in
animals undergoing CVVH. Heparin (8 U/kg/hr) was added
continuously into the "arterial" port (right femoral vein).
Extracorporeal blood flow ranged from 70 to 130 ml/min to
achieve standardized ultrafiltrate volumes of 20 ml/hr/kg.
Ultrafiltrate was replaced by isotonic hemofiltration fluid
(HF 03, Fresenius).

Baseline recordings and blood samples were obtained
from all animals 30 minutes after surgical preparation with
stable hemodynamic conditions. Immediately after the in-
duction of pancreatitis, and every full hour after the induc-
tion, hemodynamics were recorded. Blood samples were
collected before and every 2 hours after the induction of
pancreatitis.

Calculation of the Sieving Coefficient

To provide information about the elimination of pancre-
atitis-related cytokines and mediators (tumor necrosis fac-
tor-alpha [TNF-a], transforming growth factor-betal [TGF-
3I], phospholipase A2, and kinin), the sieving coefficient
(SC) was calculated by:

SC = 2Cf/(Ci + Co)

where Cf, C;, and Co, respectively, represent concentration
in the hemofiltrate, concentration in the "inflow" (prefilter)
line, and concentration in the "outflow" (postfilter) line.

Induction of Pancreatitis and Biometric Design

Before the beginning of the experiments, animals were

randomly allocated to the control or one of two different
treatment groups. Pancreatitis was induced by intraductal
injection of sodium taurocholate (5%, 1 ml/kg; Sigma,
Deisenhofen, Germany) and enterokinase (10 U/kg; Sigma).

In control animals (n = 11; group 1), the spontaneous
course of necrotizing pancreatitis was observed without any
further treatment. Group 2 animals (n = 12) underwent
CVVH after MAP decreased 20% below baseline values
("therapeutic" CVVH). In group 3 (n = 12), "prophylactic"
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CVVH was started simultaneously with the induction of
pancreatitis.

Biochemical Measurements
Serum lipase levels were measured turbidimetrically as

described previouslyl using an assay kit from Sigma (Delta
Test Assay for pancreatic lipase). Hematocrit was measured
using a Coulter Counter (S-Plus IV, Coulter Electronics,
Krefeld, Germany). Total protein concentrations were mea-
sured using an assay kit from Boehringer (SYS 3, Boehr-
inger, Mannheim, Germany). C-reactive protein (CRP)
plasma concentrations were determined using an enzyme
immunoassay, as recently described by Schroedl.11 Intra-
and interassay variations were <9% and <12%, respec-
tively. Normal values of CRP (0 to 6 mgAL) were defined as
mean ± 2 standard deviations of baseline values.

Trypsinogen activation peptide (TAP) samples (2 ml
urine) were collected in 20 ,ul ethylenediaminetetraacetic
acid (0.5 M, pH 7.0) and frozen at -20°C until assayed.
Quantification of TAP was performed with a competitive
enzyme-linked immunosorbent assay (ELISA) as previ-
ously described12-14 using the anti-TAP antiserum R18-74.
The concentration of TNF-a in serum and hemofiltrate

was measured using a commercially available specific pig
TNF-a ELISA (Endogen, Inc., Eching, Germany). After
being collected, serum samples were frozen at -70°C until
assayed in triplicate.

TGF-f31 is known to show high homology between the
human and porcine protein.15 Therefore, a human ELISA
(Quantikine, R&D Systems, Wiesbaden, Germany) detect-
ing both human and porcine TGF-,1 was used for quanti-
fication of porcine TGF-,31 in plasma. Cross-reactivity be-
tween human and recombinant porcine TGF-f31 assessed in
preliminary experiments was 92%. After being collected,
serum samples were frozen at -70°C until assayed in
triplicate.

Concentrations of phospholipase A2 were measured using
a photometric method described previously.'6 One unit was
defined as the liberation of 1 ,umol fatty acid per minute.

Kinin concentrations in plasma were determined using a
radioimmunoassay, as described previously.17 All samples
and standards were assayed in duplicate. Minimal kinin
concentrations that caused a reliable signal (defined as 90%
of the radioactivity found in the absence of unlabeled kinin)
were 50 fmol/ml. In hemofiltered animals (groups 2 and 3),
efforts to measure kinin in hemofiltrate were futile; there-
fore, SCs of kinin could not be calculated.

Statistics
Data are reported as mean ± standard deviation. Normal

distribution of data was tested using the Kolmogorov-Smir-
nov test. Survival times were calculated and compared using
Kaplan-Meier analysis (log-rank test). Statistical differ-
ences of baseline values versus changes of parameters after
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Figure 1. Survival times after pancreatitis. Log-rank test of survival
times (Kaplan-Meyer analysis) revealed statistical prolongation of sur-
vival in treatment groups compared with controls (*p < 0.001 group 1
vs. groups 2 and 3). Also, group 3 showed significant prolongation
compared with group 2 (# p < 0.05 group 2 vs. group 3).

pancreatitis were evaluated by one-way analysis of variance
for repeated measures. Differences between the treatment
groups were analyzed by analysis of variance, followed by
the Scheffe test when significant differences were found.
Correlation analysis was performed using the Pearson cor-
relation method. P < 0.05 was considered to be of statistical
significance.

RESULTS

Survival

Compared with control animals, those that received
CVVH had significantly improved survival times. In addi-
tion, early CVVH prolonged survival significantly com-
pared with late CVVH (Fig. 1). The respective mean sur-
vival times were control group (group 1), 7.0 ± 1.2 hours
(p < 0.001 vs. groups 2 and 3); "therapeutic" (late) CVVH
(group 2), 12.3 ± 1.4 hours (p = 0.017 vs. group 3); and
"prophylactic" (early) CVVH (group 3), 14.7 ± 1.3 hours.

Hemodynamic Parameters

Control animals showed a rapid decline of MAP and
cardiac output after induction of pancreatitis. Two hours
after induction, the decrease of MAP was 30% compared
with baseline values. The significant decrease in cardiac
output and MAP was paralleled by a significant increase in
heart rate. Concomitantly, a significant decrease in central
venous pressure occurred (Table 1).

In group 2, a 20% decrease of MAP below baseline
values before the beginning of therapeutic CVVH occurred
a median of 105 minutes (70 to 135 minutes) after the
induction of pancreatitis. Changes in hemodynamic param-
eters 2 hours after induction therefore resembled those in
control animals. After CVVH had been started, the deteri-
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Table 1. HEMODYNAMIC AND
PULMONARY PARAMETERS AFTER

PANCREATITIS

Postinduction

Baseline 2 6 10
Parameter Group (100%) hours hours hours

MAP (mmHg) 1 98 ± 9
2 103 ± 8
3 95±10

COL(Umin) 1 6.1 ± 1.1
2 6.0±0.6
3 5.8±0.7

HR (beats/min) 1 94 ± 7
2 99±6
3 99±5

CVP (mmHg) 1 5.6 ± 1.1
2 5.7 ± 1.2
3 5.6 ± 1.0

PaO2/FIO2 ratio 1 5.2 ± 1.1
2 5.0±0.8
3 5.4 ± 1.0

-30%*
-29%*
-5%t§
-20%t
-19%t
-4%t§
+26%*
+28%t
+6%t§
-44%*
-34%t
-10%t§
-28%t
-25%t
-7%f§

-65%*
-38%*t
-21 %tt§
-66%*
-35%*t
-21 %*t
+81%*
+47%*t
+30%*t
-98%*
-50%*t
-35%*t
-64%*
-32%tt
-30%tt

-70%*
-44%*§

-72%*
-53%*§

+82%*
+68%*

-76%*
-56%*§

-74%*
-66%*

Percentages of decrease of mean arterial pressure (MAP), cardiac output (CO),
central venous pressure (CVP), oxygenation index (PaO2/FI02 ratio), and increase
of heart rate (HR) after pancreatitis referred to baseline values (means ± SD).
Group 1 = controls; group 2 = late CVVH; group 3 = prophylactic CVVH.
* p < 0.01 vs. baseline values.
t p < 0.05 vs. baseline values.
t p < 0.05 vs. the respective difference in controls.
§ p < 0.05 vs. the respective difference in group 2.

oration of systemic hemodynamic parameters was signifi-
cantly weakened compared with controls (see Table 1).
The effectiveness of CVVH was more pronounced in

group 3 (see Table 1). Compared with control animals, early
CVVH resulted in a significant attenuation of hemodynamic
deterioration in all parameters and at all time points. Sig-
nificant differences were also found with regard to group 2.

Gas Exchange

The impairment of hemodynamic parameters was accom-
panied by a progressive fall in PaO2 that had to be coun-
teracted by a gradual increase in FI02 during the experi-
ments (see Table 1). Before induction, FI02 was about 30%
in all groups to maintain a PaO2 of 120 to 140 mmHg.
Pancreatitis resulted in a disturbance of transpulmonary 02
transport, requiring an increase of FH02 Up to 100% at the
end of the experiments. As a result, the PaO2/FIO2 ratio,
which ranged from 5.0 to 5.4 before induction, decreased to
1.3 to 1.6 before death. The deterioration of the PaO2/FIO2
ratio 2 hours after induction was significantly less severe in
group 3 (prophylactic CVVH) than in the control group and
group 2. Six hours after induction, the decrease of the
PaO2/FI02 ratio in both treatment groups was significantly
weakened compared with controls.

Fluid Sequestration
Pancreatitis resulted in a significant increase in hemato-

crit in all groups (Fig. 2). In control animals, pancreatitis led
to a significant increase of hematocrit from 31% (baseline)
to 46% 6 hours after induction (+48%). Compared with
baseline values, this increase was significantly attenuated by
both late (+26%) and early (+ 19%) CVVH. Moreover, the
decrease of total protein concentration in plasma (see Fig. 2)
was distinctly weakened by CVVH. Six hours after induc-
tion, protein loss was 52% in controls versus 33% in group

2 (p < 0.05 vs. group 1) and 14% in group 3 (p < 0.05 vs.

groups 1 and 2).

Biochemical Measurements
The activities of lipase in blood serum ranged from 67 to

95 U/L before the induction of pancreatitis. Pancreatitis
resulted in a progressive rise in lipase activities in all
groups. Slight differences between groups did not reach
statistical significance (Table 2).

Urinary TAP concentrations before the induction of pan-

creatitis were <1 nmol/L in all groups (see Table 2). Pan-
creatitis produced a significant increase of TAP concentra-
tions, up to almost 300 nmol/L. There were no statistically
significant differences between the control and either of the
CVVH-treated groups.

Before the induction of pancreatitis, CRP concentrations
were <10 mgAL. Pancreatitis resulted in an increase of more
than 10-fold. No significant differences between the exper-
imental groups were found (see Table 2).

Baseline concentrations of TNF-a were in all experimen-
tal groups < 15 pg/ml. The induction of pancreatitis resulted
in a tremendous increase; however, it was significantly
delayed by CVVH (Table 3). In the early phase of the
experiments, CVVH resulted in TNF-a concentrations in
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Figure 2. Increase in hematocrit and decrease in total protein concen-
tration 6 hours after pancreatitis induction. The changes are illustrated
as percentages of baseline values (0%). Means ± standard deviation.
* p < 0.05 vs. baseline values; # p < 0.01 vs. baseline values; § p <
0.05 vs. corresponding values in controls; $ p < 0.05 vs. group 2 (late
CVVH).
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Table 2. CHANGES IN TAP, LIPASE, AND CRP AFTER PANCREATITIS

Postinduction

Parameter Group Baseline 2 hours 6 hours 10 hours

TAP (nmoVL) 1 0.6 ± 0.4 192 ± 46* 280 ± 92t
2 0.9 ± 0.7 246 ± 75* 276 ± 87t 292 ± 65t
3 0.7 ±0.3 228±64* 298±75* 254 ± 58*

lipase (U/LQ 1 72 ± 21 570 ± 212t 1180 ± 210t
2 67 ± 17 520 ± 98t 845 ± 160t 1340 ± 380t
3 75 ± 22 580 ± 258t 1060 ± 325t 1540 ± 371t

CRP (mg/I) 1 5.6 ± 4.6 10.4 ± 6.7 45.0 ± 12.5t
2 6.2 ± 5.7 12.5 ± 7.1 51.3 ± 17.7t 77.2 ± 19.6t
3 6.8 ± 3.0 13.8 ± 7.4 53.3 ± 14.8t 66.8 ± 23.8t

Concentrations of trypsinogen activation peptides (TAP) in urine, C-reactive protein (CRP) in plasma, and activity of lipase in serum. Means ± SD.
Group 1 = controls; group 2 = late CVVH; group 3 = prophylactic CVVH.
* p < 0.05 vs. baseline values.
t p < 0.01 vs. baseline values.

hemofiltrate that were greater than those measured in the crease in TGF-/31 concentrations. Before induction, they
postfilter (outflow) line. This evident efficiency ofCVVH in were <100 pg/ml (controls, 75 ± 36 pg/ml; group 2, 99 ±
eliminating TNF-a was also indicated by the considerable 41 pg/ml; group 3, 57 ± 41 pg/ml). Six hours after induc-
gradient of pre- and postfilter concentrations of TNF-a (see tion, they were 430 ± 162 pg/ml in controls, 392 ± 141
Table 3). The decrease of SCs of TNF-a in the later course pg/ml in group 2, and 381 ± 146 pg/ml in group 3. CVVH
of the experiments was paralleled by increasing plasma did not influence TGF-P1 concentrations. The SCs of TGF-
(prefilter) concentrations (Table 3, Fig. 3). Pearson's corre- ,1, in contrast to those of TNF-a, decreased only slightly
lation analysis revealed a significant negative association of during CVVH.
SCs with the effective circulating plasma concentrations of The induction of pancreatitis resulted in a significant
TNF-a (R = -0.81, p = 0.009; see Fig. 3). increase in phospholipase A2 concentrations (Table 4). The
The induction of pancreatitis lead to an enormous in- significant attenuation of this increase 2 and 6 hours after

Table 3. CONCENTRATION OF TNF-ot IN PLASMA AND HEMOFILTRATE (pg/ml)

Plasma

Group Hours After Induction Prefilterfl Posffilte,1l Hemofiltrate SC

2
3
1
2(a)$
2(b)1
3
1
2
3
2
3

Baseline
Baseline
Baseline

2
2
2
2
6
6
6
10
10

6.8 ± 5.1
11.2 t 6.7
13.3 ± 5.2
410 t 167*
352 ± 181*
219 ± 103*
151 ± 92*tt

1210 ± 491*
418 ± 148*t
385 ± 104*t
962 ± 332*
1177 ± 287*

141 ± 66
78 ± 43

167 ± 98
207 ± 54
731 ±211
845 ± 213

161 ±44
93 ± 38

210 ± 81
163 ± 79
296 ± 97
283 ± 97

0.87 ± 0.23
0.82 ± 0.29

0.72 ± 0.14
0.55 ± 0.24
0.35 ± 0.16§
0.28 ± 0.11§

Concentration of TNF-a in plasma (pre- and postfilter) and hemofiltrate. Group 1 = controls; group 2 = therapeutic CVVH; group 3 = prophylactic CVVH; SC = sieving
coefficient.
* p < 0.001 vs. baseline.
t p <0.01 vs. group 1.
t p < 0.05 vs. group 2.
§ p < 0.05 vs. the respective SC 2 hours postinduction.
In hemofiltered animals.

11 2(a): All group 2 animals (n = 12), including both hemofiltered (n = 7) and nonhemofiltered animals (n = 5) at that time point; 2(b): subgroup consisting only of those
animals treated by CVVH already 2 hours postinduction (n = 7).
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Figure 3. Correlation analysis between the circulating plasma ("prefil-
ter") concentration and the SC of TNF-a. The SC was calculated by
relating the concentrations in hemofiltrate to those in prefilter and post-
filter blood. Filled triangles, group 2 animals; open circles, group 3
animals. Because no significant difference between group 2 and 3
animals was seen concerning the correlation of SCs with the corre-

sponding plasma TNF-a concentration, the entire population of hemo-
filtered animals (n = 24) was entered into the analysis.

induction by CVVH was accompanied by considerable
amounts of phospholipase A2 in hemofiltrate. Consistent
with the results obtained from the TNF-a measurements, the
circulating (prefilter) plasma concentrations of phospho-
lipase A2 in hemofiltered animals showed a significant neg-

ative correlation with the SCs (R = -0.79, p = 0.016). Ten
hours after induction, concentrations of phospholipase A2 in
both treatment groups reached values comparable with
those obtained 6 hours after induction in controls.
The kinin concentrations in controls peaked 2 and 6 hours

after induction (Table 5). In hemofiltered animals, the kinin
response was significantly attenuated at these time points.
Moreover, 2 and 6 hours after induction, there was a sig-
nificant difference between prefilter and postfilter concen-

trations of kinin in treatment groups, although no kinin was
detectable in hemofiltrate. Ten hours after induction, the
kinin concentrations in group 2 and 3 animals were com-

parable to those detected 6 hours after induction in controls.

DISCUSSION
Soon after the introduction of hemofiltration for the treat-

ment of acute renal failure, several clinical and experimental
studies were presented suggesting that patients with severe

septic diseases might benefit from blood purification, in
particular hemofiltration. Several mechanisms were dis-
cussed that might explain this hypothetical benefit, such as

the removal of sepsis mediators by convective filtration
through the filters or by adsorption of mediators to the filter
membrane.

Hemofiltration is assumed to improve the clinical course

of sepsis and multiple organ failure.3'4"8 In a 1995 clinical
study, hemofiltration was reported to improve survival sig-
nificantly, even in devastating sepsis-related diseases.5

Table 4. CONCENTRATION OF PHOSPHOLIPASE A2 IN PLASMA
AND HEMOFILTRATE (U/L)

Plasma

Group Hours After Induction Prefilterl Postfilterfl Hemofiltrate SC

1

2
3
1
2(a)l1
2(b)$
3
1
2
3
2
3

Baseline
Baseline
Baseline

2
2
2
2
6
6
6
10
10

8 ± 6
7.6 ± 11
14 ± 10

144 ± 42*
129 ± 33*
107 ± 38*
86 ± 21*tt

201 ± 64*
135 ± 68*t
138 ± 23*t
186 ± 61*
200 ± 73*

108 ± 31
82 ± 22

127 ± 58
85 ± 41
174 ± 66
192 ± 79

84 42
63 38

99 ± 42
75 _ 30
81 47
92 + 51

0.78 ± 0.14
0.75 ± 0.19

0.76 ± 0.21
0.67 ± 0.24
0.45 ± 0.19§
0.47 ± 0.20§

Concentration of phospholipase in plasma (pre- and postfilter) and hemofiltrate. Group 1 = controls; group 2 = therapeutic CVVH; group 3 = prophylactic CVVH; SC =

sieving coefficient.
* p < 0.001 vs. baseline.
t p < 0.05 vs. group 1.
t p < 0.05 vs. group 2.
§ p < 0.05 vs. the respective SC 2 hours postinduction.
11 In hemofiltered animals.
11 2(a): all group 2 animals (n = 12), including both hemofiltered (n = 7) and nonhemofiltered animals (n = 5) at that time point; 2(b): subgroup consisting only of those
animals treated by CVVH already 2 hours postinduction (n = 7).
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Table 5. CONCENTRATION OF KININ IN
PLASMA (fmol/ml)

Hours Plasma
After

Group Induction Prefilter§ Postfilter§

2
3
1
2(a)II
2(b)I
3
1
2
3
2
3

Baseline
Baseline
Baseline

2
2
2
2
6
6
6
10
10

55 ± 14
67 ± 28
57 ± 16

244 ± 72*
229 ± 83*
113 ± 38*t
117 ± 41*t
238 ± 56*
155 ± 41*t
144 ± 39*t
198 ± 60*
244 ± 83*

82 ± 38t
62 ± 34t

99 ± 58t
125 ± 42
173 ± 65
249 ± 70

Concentration of kinin in plasma (pre- and postfilter) and hemofiltrate. Group 1 =

controls; group 2 = therapeutic CVVH; group 3 = prophylactic CVVH; SC =

sieving coefficient.
* p < 0.001 vs. baseline.
tp< 0.05 vs. group 1.
t p < 0.05 vs. the respective prefilter value.
§ In hemofiltered animals.
11 2(a): all group 2 animals (n = 12) including both hemofiltered (n = 7) and
nonhemofiltered animals (n = 5) at that time point; 2(b): subgroup consisting only
of those animals treated by CVVH already 2 hours postinduction (n = 7).

Nearly three quarters of the patients who had an APACHE
II score >30-usually associated with a mortality rate
>95%19-survived. Others suggested that CVVH would
result in stabilizing hemodynamic and metabolic parameters
and pulmonary gas exchange during sepsis or cardiogenic
shock.4'7'20-22 Storck et al,23 in a discussion about the better
results of pump-driven hemofiltration compared with spon-
taneous arteriovenous hemofiltration, reported a direct cor-

relation between the cumulative volume of ultrafiltrate and
the survival rate in patients with acute renal failure. The
observation that high-volume hemofiltration was of greater
benefit than a low turnover of plasma, which was consistent
with other experimental studies,2024 may be ascribed to
better control of uremia, more effective removal of septic
mediators, or both.

Mediators considered able to be filtered, or those that
indeed have been assessed in hemofiltrate, are for example
cytokines, 5,8,24,25 activated factors of the complement sys-

tem,4'5,8 arachidonic acid metabolites,4'5'26 platelet-activat-
ing factor,5'27 myocardial depressant factor,7 kinins,3'5 and
phospholipase A2.8

In our study, CVVH was performed in a "zero-balanced"
fashion to rule out additional benefit of fluid replacement.
The hemofilter used permitted the removal of all plasma
solutes up to a molecular weight of approximately 30 kD.
The prefilter concentrations of TNF-a, TGF-431, kinin, and
phospholipase A2 were measured to obtain information
about the effectiveness of CVVH in decreasing the circu-
lating plasma concentrations of inflammatory mediators. By

relating the prefilter to postfilter and hemofiltrate concen-
trations, the SCs were assessed. SCs were calculated several
times after animals had been connected to CVVH. This
provided information about changes in the integrity of the
membrane surface in terms of decreasing efficiency in elim-
inating inflammatory mediators.

Major hemodynamic parameters and survival times dif-
fered considerably between the experimental groups. Al-
though neither early nor late CVVH succeeded in prevent-
ing eventual death from pancreatitis, there was a
considerable delay of hemodynamic impairment in treated
animals compared with controls, resulting in significantly
prolonged survival times. The attenuation of hemodynamic
deterioration was most pronounced in prophylactically he-
mofiltered animals, in which CVVH was started simulta-
neously with the induction of pancreatitis. In therapeutically
hemofiltered animals, CVVH was started after hemody-
namic impairment (defined as a 20% decrease in MAP
below baseline values); this was the case approximately 2
hours after induction.

The dramatic decline of the oxygenation index (PaO2/
FiO2 ratio) in control animals, indicating progressive respi-
ratory failure, was significantly improved by CVVH. This
finding might have diverse causes: both in control and
treated animals, the decrease in protein concentrations in
plasma was paralleled by a concomitant fall in central
venous pressure, indicating a fluid shift to the extravascular
compartment. Protein and fluid extravasation by capillary
leakage was possibly the reason for progressive edema of
the pulmonary parenchyma, finally resulting in respiratory
insufficiency. Other mechanisms that might have contrib-
uted to progressive respiratory dysfunction are the damag-
ing effects of pancreatitis-derived mediators (e.g., phospho-
lipase A2); this has been suggested to play an important role
in pancreatogenic disturbance of gas exchange by hydroly-
sis of lecithin of pulmonary surfactant.2832 These results
were consistent with previous studies suggesting an im-
provement in pulmonary gas exchange during sepsis or
cardiogenic shock with the use of CVVH.7'22-23

Urinary TAP concentrations were assayed as a parameter
for pancreatic necrosis. Several studies have demonstrated
that elevated TAP concentrations are a sensitive and specific
marker for pancreatic necrosis formation and therefore are
helpful in predicting the severity of acute pancreatitis.'2"13
The presence of TAP in a sample indicates that trypsinogens
are being activated. The tremendous increase in urinary
TAP concentrations immediately after the induction of
acute necrotizing pancreatitis in the present study demon-
strates the substantial trypsinogen "burn" that accompanies
this disease. The absence of any significant difference in
urinary TAP concentrations between the untreated control
group and either of the treated groups therefore shows that
CVVH treatment did not affect the rate of ongoing TAP
activation in the pancreas. Therefore, the prolongation of
survival by CVVH most likely resulted from the elimina-
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tion of toxic metabolites released as a consequence of the
acute disease process.

In accord with these results, CVVH had no impact on
lipase activities in serum, measured as a parameter of pan-
creatic enzyme release into the bloodstream, nor was the
elevation of CRP concentrations in plasma suppressed after
the onset of the disease. This indicated that CVVH in this
setting attenuated a systemic inflammatory response not
reflected by the increase in CRP.

Protein loss, with subsequent fluid shift to the extravas-
cular compartment and hemoconcentration, occurred in all
groups. These changes, indicating capillary leakage, have
been ascribed in several studies to vasoactive inflammatory
mediators (e.g., kinins). In agreement with our results,
Griesbacher et al33 reported a considerable decrease in
blood volume (28%) resulting from a loss in plasma volume
(48%), with concomitant hemoconcentration, in experimen-
tal pancreatitis.
The analysis of TNF-a, TGF-,1, kinin, and phospho-

lipase A2 concentrations in plasma and hemofiltrate strongly
suggested that CVVH was able, at least partly, to remove
some inflammatory mediators released in the course of the
disease. CVVH resulted in a significant delay in the in-
crease of plasma concentrations of TNF-a, phospholipase
A2, and kinin. In contrast, CVVH did not influence the
tremendous increase in TGF-f31 concentrations. The SCs of
TNF-a and phospholipase A2, calculated as a parameter of
CVVH-induced plasma clearance, showed a significant
negative correlation with the circulating plasma (prefilter)
concentrations. The longer CVVH lasted, the more ineffec-
tive it became in removing TNF-a and phospholipase A2.
This was indicated by decreasing SCs associated with in-
creasing plasma concentrations of TNF-a and phospho-
lipase A2 in the course of the experiments. CVVH in
treatment groups resulted also in an attenuated plasma kinin
response compared with control animals. Moreover, CVVH
resulted in a considerable gradient of prefilter to postfilter
concentrations of kinin. Attempts to detect kinin in hemo-
filtrate were unsuccessful. We assume that during the pas-
sage through the filter, free bradykinin was transformed to
des-Arg-bradykinin, undetectable in the kinin radioimmu-
noassay used in this study.

In contrast to the close relation between the SCs and the
circulating plasma concentrations of TNF-a and phospho-
lipase A2, CVVH did not influence the increase of TGF-f31
when treatment groups were compared with control ani-
mals. Although TGF-f31 was detected in considerable con-
centrations in hemofiltrate, CVVH did not produce a de-
crease in circulating plasma concentrations. In agreement
with these findings, the SCs of TGF-,31 were considerably
lower than those of TNF-a and phospholipase A2.
The concentrations of TNF-a, phospholipase A2, and

kinin, measured 10 hours after induction in treatment
groups, resembled those obtained 6 hours after pancreatitis
induction in controls. This finding may have resulted from
the fact that albumin or other plasma solutes progressively

fouled the membrane sites of the filters. No studies have
been performed to date investigating the question of
whether SCs may be compromised by long-term application
of the same hemofilter, with gradual saturation of convec-
tive and adsorptive capacities. If so, this might be a conclu-
sive rationale for our finding that CVVH in this experimen-
tal setting was able to provide only transient, but not
definitive, plasma clearance of TNF-a, phospholipase A2,
and kinin. In this regard, Ronco et a127 hypothesized that
there may be a need for more frequent changes of hemofil-
ters to prevent a progressive loss of efficiency of CVVH,
but further studies are needed in this area.

In summary, we conclude that interventional blood-puri-
fying treatments such as CVVH represent promising ther-
apeutic options if applied early in acute pancreatitis. Further
experimental efforts are required to investigate whether
hemofiltration might have a major impact on the survival
rate, as well as the survival time, in patients with severe
pancreatitis
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