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ABSTRACT
Objectives: Extracorporeal liver support (ELS) may play a role in bridging therapy in patients with acute
liver failure (ALF). The aim of this study was to compare the influence of nonbiological and biological
methods on intracranial pressure (ICP) in an animal model of ALF.
Methods: A surgical devascularization model of ALF in pigs (35-40 kg) was used. Elimination therapy
started after the onset of hypoglycemia. Biochemical parameters (bilirubin, ammonia, lactate, etc.) as
well as ICP and cerebral perfusion pressure (CPP) were monitored for 12 hours. Of the total 31 pigs
with ALF, 14 animals were treated by fractionated plasma separation and absorption (FPSA), 10 were
treated with a bioartificial liver (BAL), and 7 animals were used as a control group.
Results: FPSA and BAL treatment started on average 3 hours 17 minutes and 2 hours 21 minutes,
after devascularization and lasted for 5 hours 54 minutes and 5 hours 43 minutes, respectively. Ammonia levels were lower in the FPSA group, and bilirubin levels differed significantly in both the FPSA
and BAL groups compared with controls. However, ICP values were reduced more effectively in
pigs treated by FPSA: 19.1 vs. 27.0 mm Hg at 9 hours, 22.5 vs. 28.7 mm Hg at 11 hours, and 24.0 vs.
33.0 mm Hg at 12 hours (p<0.05).
Conclusions: The artificial liver support system FPSA reduced ICP values more effectively than the
Performer O. Liver RanD BAL system. Compared with this BAL system, the nonbiological elimination
method of FPSA is a simpler application with the advantage that it can be applied in a more continuous way.
KEY WORDS: Acute liver failure, Bioartificial liver support system, Fractionated plasma separation
and absorption, Intracranial pressure
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INTRODUCTION
Acute liver failure (ALF) is a clinical status defined as a
sudden loss of liver function, followed by hepatic encephalopathy (HE) and coagulopathy in a patient without

previous liver disease (1). The mortality rate of ALF patients
in the pretransplant era reached 80%-85% (2). With the
development of modern intensive care, the overall mortality remains in between 20% and 40%. Approximately
25%-45% of ALF patients are therefore candidates for
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acute liver transplantation (LT) (2, 3). Acute LT is the only
method of improving survival, but is limited by a shortage
of organ donors, therefore some patients die on the waiting
list. Spontaneous liver recovery is achieved in about 40%
of cases (3).
Extracorporeal liver support (ELS) can possibly help to
bridge this life-threatening period. Artificial systems are
based on removing toxins through hemodialysis, hemofiltration, or by absorption of albumin-bound substances.
Bioartificial support systems using living hepatocytes can
possibly combine the synthetic functions with effective
detoxification. Despite intensive development, these methods have not yet been established in clinical practice, and
their benefits, as assessed by biochemical markers as well
as in improving the survival rate of ALF patients, are still
under discussion (4).
Intracranial hypertension and development of HE is one
of the most important negative prognostic factors in ALF.
Therefore, effective ELS should prevent the rapid increase
of intracranial pressure (ICP) (5).
The aim of our study was to compare values of ICP during
bridging therapy by means of nonbiological or biological
support systems in an experimental model of ALF.

METHODS
A surgical model of ALF in pigs weighing 35-40 kg was
used. ALF was induced surgically in 31 animals. A total
of 14 animals were treated with fractionated plasma separation and adsorption (FPSA; Prometheus, Fressenius,
Germany) and 10 animals with a bioartificial liver (BAL; O.
liver Performer, Rand, Italy). The remaining 7 animals were
used as an untreated control group.
The onset of ALF was determined by hypoglycemia (<3.5
mmol/L). The experiment was stopped 12 hours after the
onset of ALF.

Anesthesia
Premedication with an intramuscular injection of a
mixture comprising 10 mg/kg ketamine (Narkamon;
Leciva, Czech Republic), 0.2 mg atropine (Atropin Biotika;
Hoechst-Biotika, Slovakia), 4 mg/kg azaperone (Stresnil;
Janssen Pharmaceutica, Belgium), and 25 µg/kg medetomidine hydrochloride (Domitor; Pfizer, USA) was given
to the animals 20 minutes before surgery.
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General anesthesia was induced with an intravenous injection of a mixture comprising 4 µg/kg fentanyl (Fentanyl
Torrex; Torrex Chiesi, Austria) and 0.3 mg/kg etomidate
(Hypnomidate; Janssen Pharmaceutica, Belgium); animals
were then intubated, and ventilation was performed with a
Siemens Servo 900 C ventilator (Siemens, Elema, Sweden)
using pressure-controlled ventilation with Fi02 0.4, positive
end-expiratory pressure (PEEP) 4, F16/minute, 6 to 8 ml/kg
tidal volume, and normocapnia was maintained (paCO2
4.6-5.3 kPa). During general anesthesia, inhalation of isoflurane (Forane; Abbott Laboratories, UK) mixed with air and
a continual infusion of a combination of 6-10 µg/kg fentanyl
(Fentanyl Torrex; Torrex Chiesi, Austria) and 1 µg/kg per minute medetomidine hydrochloride (Domitor; Pfizer, USA) was
applied. Animals were also given boluses of 0.02 mg/kg pipecuronium bromide (Arduan; Gedeon Richter, Hungary) during
the surgical operation. Amoxicillin 1.2 g and quamatel 1 amp
were used as antibiotic and stress ulcer prophylaxes. Using
the puncture method, the femoral vein and artery were cannulated, which was necessary to connect the animals into
the ELS device and to provide invasive blood pressure monitoring. The internal jugular vein was detected using surgical
venesection, and a thermodilution pulmonary artery catheter
(7F Arrow, USA) was inserted to monitor hemodynamic parameters.

Devascularization
ALF was induced by surgical devascularization of the liver.
The abdominal cavity was opened through a midline laparotomy, and a self-retaining retractor was inserted. An epicystostomy and gastrostomy were constructed. The portal
vein was dissected, and a portocaval end-to-side anastomosis (PCA) was performed using a continuous pattern of
5/0 Prolene sutures. The common bile duct and hepatic
artery were identified and tied off. When completed, hemostasis was achieved, and the abdomen was closed. This
model was evaluated by authors previously in the shamcontrolled study including the histological confirmation of
liver ischemia (6).

Postsurgical care and monitoring
After surgery, each animal was placed on its right side
and sedated using drugs with an extrahepatic elimination
pathway. An ICP intraparenchymal sensor (Codman; Johnson & Johnson, USA) was inserted into the right cerebral

© 2012 Wichtig Editore - ISSN 0391-3988

Ryska et al

hemisphere to provide ICP monitoring. Cerebral perfusion
pressure (CPP) was calculated from the mean arterial pressure, MAP (CPP = MAP−ICP), which was maintained at a
level higher than 60 mm Hg, by continuously infusing crystalloid and colloidal solutions. When ineffective, a continuous infusion of noradrenaline (Noradrenalin; Leciva, Czech
Republic) was used. Blood glucose levels <3.5 mmol/L were
considered as a clinical sign of ALF and were treated using continuous infusion of 40% glucose solution, to reach a
normal blood glucose concentration (3.5-5.0 mmol/L). The
animal was warmed up with warming pads during the whole
experiment to avoid hypothermia. Blood samples were taken for blood gas analysis, hemoglobin levels, hemocoagulation parameters, and biochemical parameters (liver function tests as well as creatinine, urea, bilirubin, and ammonia
levels).

Isolation of hepatocytes, filling and
connection of bioreactor
Two-phase collagenase (Collagenase Cruda activity 1,000)
liver perfusion with stabilization by Krebs-Henseleit medium and subsequent centrifugation at 500 rpm was selected as a method for hepatocyte isolation (7). Whole warm
ischemia did not exceed 55 minutes. By this procedure,
80 g of a cellular suspension was obtained and diluted in
a total volume of 200 mL of Krebs-Henseleit medium. Cell
count was 7×109-10×109, cells and viability was assessed
by methylene blue (85% on average). Next, the suspension of isolated hepatocytes was placed into the bioreactor, which was stored for 4-6 hours before use in a thermo
box at 4°C. The radial flow bioreactor (O. liver cart-A; RanD
S.r.l., Cavezzo, MO, Italy), developed specifically for liver
cells, was used in the study. The plasma diffuses from inside to outside the bioreactor, after passing through the
compartment containing the hepatocytes seeded in the
3-dimensional structure. This radial flow allows direct contact between cells and plasma. The porosity of the polyester membrane (1 µm) allows a broad exchange of solutes
and molecules but not the escape of liver cells into the
circulation.
The bioreactor was connected to the O. liver BAL extracorporeal system (tubing volume 180 mL), which consists of
2 independent circuits. In the first circuit, plasma is separated in the plasma filter and collected in the 2-L reservoir
(at speed of 80-100 ml/min). During the therapy, separated
plasma is pumped from reservoir to the second circuit

which allows circulation through the oxygenator (mixture
composed of 95% O2 and 5% CO2), the cartridge of synthetic resin used for bilirubin and bile acid absorption, and
the bioreactor with hepatocytes (speed of bioreactor circuit was 200-250 ml/min). The viability of the cells seeded
in the bioreactor during the therapy was confirmed by continual measurement of glucose consumption calculated as
the difference in glucose levels at the inlet and outlet of the
bioreactor.
An anticoagulation system with citrate/calcium was used
during the therapy, which was performed for 6 hours.

FPSA system
The blood pump of the Prometheus system conducted
the animal’s whole blood into an AlbuFlow filter where
plasma was separated, including the albumin fraction.
Plasma was then conducted through the secondary
circuit into 2 adsorbers (Prometh1 and Prometh2). The
speed of the plasma circuit pump was always about
60% higher than that of the blood pump, which allowed
more effective plasma purification in the secondary circuit. Subsequently, the whole blood was conducted into
a dialyzer (HiFlux), cleaned, and returned to the animal’s
body through the left femoral vein. The whole tubing volume of the system was 200 mL. During the 6 hours of
FPSA therapy, the citrate/calcium system was used as
an anticoagulant.
At the end of our experiment, animals were sacrificed by a
lethal dose of thiopental and potassium chloride solution.
Necropsies were then performed with abdominal viscera
visualization.

Control group
Seven animals in which the devascularization was performed were included in the control group. These pigs
had identical invasions (pulmonary artery catheter,
femoral artery and vein catheter) and monitoring. After
the onset of hypoglycemia they were treated only with
standard medical therapy for volume therapy and glucose infusion to keep blood glucose levels within the
physiological range (3.5-5.0 mmol/L). The infusion of
noradrenalin was maintained to reach a MAP above
60 mm Hg, when volume therapy only was insufficient,
according to the same protocol used in both interventional groups.
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Statistical analysis
The laboratory parameters were compared within the FPSA,
BAL, and control groups. For the purpose of descriptive statistics, data are presented as median values with appropriate
percentiles or as means ± standard deviation. For statistical
analysis of our data we used MedCalc 11.4.4.0. software.
Bartlett’s test, Student’s t-test, and the Mann-Whitney
U-test were used. Statistical significance was defined as a
p value of less than 0.05.

Declaration
Preoperative treatment, surgical operations, and postoperative care were undertaken according to the protection
against cruelty to animals, law no. 312/2008 Coll., and the
protection, breeding, and the use of experimental animal
decree no. 207/2004 Coll. The experiment protocol was
approved by the expert and ethics committees of the Institute of Clinical and Experimental Medicine in Prague.

RESULTS
in A total of 38 animals were included in experimental study.
FPSA therapy was performed in a group of 17 animals, 3
pigs were excluded from the study: 1 due to technical problems during the extracorporeal perfusion (system clotting)
and 2 animals because of intracranial bleeding after ICP
sensor placement. The BAL system was applied to 14 animals. Four pigs were excluded from the study: 1 because of
severe bleeding as a complication of surgical procedure, 2
due to primary constrictive pericarditis (verified by autopsy)
followed by cardiopulmonary failure during the experiment,
and 1 animal because of protocol deviation by hydrocortisone administration.
The onset of hypoglycemia was observed after 3 hours
and 17 minutes (range 2:15-4:20) after devascularization
in the FPSA group. FPSA therapy was administered for
5 hours and 54 minutes (range 5:45-6:00) on average. In
the BAL group, hypoglycemia occurred after 2 hours and
21 minutes (range 1:00-3:45), and therapy took place
for 5 hours and 43 minutes (range 3:25-8:10) on average.
There was no significant difference in the time of hypoglycemia onset among the FPSA, BAL, and control groups,
where it took 2 hours and 55 minutes (range 1:45-3:20)
(p>0.05).
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Fig. 1 - Intracranial pressure (ICP; mm Hg) values during the experiment. *p<0.05, significant decrease in fractionated plasma separation and adsorption (FPSA) group vs. bioartificial liver (BAL) and
control groups.

The ICPs measured from the third hour of the experiment
is summarized in Figure 1.
Significantly lower ICP levels were observed at hour 9 (19.1
± 4.1 mm Hg vs. 27.0 ± 8.0 mm Hg; p = 0.004), 11 (22.5 ±
4.0 mm Hg vs. 28.7 ± 10.2 mm Hg; p = 0.04), and 12 (24.0
± 4.7 mm Hg vs. 33.0 ± 11.7 mm Hg; p = 0.02) in the FPSA
group, in comparison with the BAL group. The ICP from the
ninth hour in the control group was significantly higher compared with that of the FPSA group: hour 9 (19.1 ± 4.1 mm Hg
vs. 24.1 ± 2.8 mm Hg; p = 0.0095), 10 (21.9 ± 3.6 mm Hg
vs. 25.1 ± 2.1 mm Hg; p = 0.04), 11 (22.5 ± 4.0 mm Hg vs.
26.3 ± 3.5 mm Hg; p = 0.04), and 12 (24.0 ± 4.7 mm Hg vs.
29.8 ± 5.8 mm Hg; p = 0,02). The absolute increase of ICP
between the third and 12th hour was also higher in the BAL
group compared with the FPSA group (15.0 mm Hg vs. 18.9
mm Hg; p = 0.04).
A significant difference in CPP values was also observed in
the FPSA group compared with the control group (Fig. 2).
Furthermore, a significantly (p<0.05) lower level in ammonia was seen in the last 3 hours of the experiment after
FPSA therapy compared with the untreated control group.
Differences in this parameter between the FPSA and BAL
groups were not significant (Tab. I).
Bilirubin levels were significantly lower in both the FPSA
and BAL groups (p<0.05) in comparison with the control
group after the sixth hour of the study (Tab. II).
There were no significant differences between all groups
observed for other biochemical markers (urea, creatinine,
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aspartate transaminase, alanine transaminase, Gammaglutamyl transpherase, alkaline phosphatase, lactate, or
blood gas analysis).

DISCUSSION

Fig. 2 - Cerebral perfusion pressure (CPP; mm Hg) values during
the experiment. *p<0.05, significant increase in fractionated plasma
separation and adsorption (FPSA) group vs. bioartificial liver (BAL)
and control groups.

The liver plays a central role not only in detoxification but
also in synthetic pathways, and contributes to more than
500 different metabolic processes (3). Potentially effective
elimination methods must therefore be able to eliminate
circulating toxins and also to replace the synthetic liver
functions and prevent the development of infection (8).
ELS has been the topic of continued experimental and
clinical evaluation for the last 40 years. The BAL systems
containing hepatocytes have the theoretical advantage of

TABLE I - VALUES OF AMMONIA (µMOL/L) DURING COURSE OF EXPERIMENT
Group

Time (hours)

FPSA (n = 14)

BAL (n = 10)

Control (n = 7)

0

3

6

9

12

Mean (SD)

59.3 (38.3)

249.6 (73.8)

258.2 (62.7)

274.9 (91.8)*

391.4 (92.9)*

(95% CI)

(39.2-79.3)

(210.9-288.3)

(225.3-291)

(226.8-323)

(340.9-441.9)

Mean (SD)

49.6 (21.1)

212.2 (97.1)

288.0 (93.5)

390.0 (213)

480.6 (206.4)

(95% CI)

(36.5-62.7)

(152.1-272.4)

(226.9-349.2)

(258-522)

(299.6-661.5)

Mean (SD)

39.2 (14.8)

212.4 (93.2)

305.9 (121.8)

414.3 (246.4)

592.1 (387.5)

(95% CI)

(28.9-49.4)

(147.9-277)

(221.5-390.3)

(243.5-585)

(323.6-860.7)

BAL = bioartificial liver; CI = confidence interval; FPSA = fractionated plasma separation and adsorption.
*p<0.05, vs. controls.

TABLE II - LEVELS OF BILIRUBIN (µMOL/L) DURING COURSE OF EXPERIMENT
Group

Time (hours)

FPSA (n = 14)

BAL (n = 10)

Control (n = 7)

0

3

6

9

12

Mean (SD)

5.4 (3.7)

15.4 (7.4)

12.8 (6.5)*

11.9 (4.1)*

13.9 (6.3)*

(95% CI)

(3.5-7.4)

(11.5-19.3)

(9.4-16.2)

(9.8-14.1)

(10.4-17.3)

4 (1.4)

16.4 (6.8)

10.6 (3.2)*

11.8 (4.4)*

12.9 (4.6)*

(95% CI)

(3.2-4.9)

(12.2-20.6)

(8.5-12.7)

(9-14.5)

(8.9-16.9)

Mean (SD)

5.7 (4.4)

22.7 (11.1)

29.8 (10)

30 (12.4)

26.1 (12.2)

(95% CI)

(2.6-8.8)

(15-30.4)

(22.9-36.8)

(21.4-38.5)

(17.6-34.6)

Mean (SD)

BAL = bioartificial liver; CI = confidence interval; FPSA = fractionated plasma separation and adsorption.
*p<0.05, vs. controls.
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replacing both detoxification and synthetic liver functions
(protein synthesis and gluconeogenesis). Experimental
studies evaluating BAL, performed at the beginning of the
century, brought very promising results. Flendrig et al confirmed in an experimental study, the survival benefit of BAL
using fresh porcine hepatocytes by pigs with ALF induced
by devascularization (9). Also a minor effect on intracranial
hypertension was observed in a survival study in a porcine
ischemic ALF model including 18 animals, which was published in 2001 (10). Another study from Japan compared
artificial support therapy presented by continuous hemodiafiltration and plasma exchange with BAL equipped by
a hollow fiber bioreactor seeded by porcine hepatocytes.
This study concluded that both methods prolonged survival, but the artificial methods had major effects on toxin
elimination (bilirubin and ammonia detoxification). ICP was
unfortunately not evaluated (11).
However, these results have been difficult to repeat in clinical trials later. Five manufactured devices similar to that
used in the present study have been clinically tested (HepatAssist, ELAD, MELS, BLSS, and AMC-BAL), but only
2 were evaluated in randomized trials. The largest study
performed on the HepatAssist included 171 patients with
ALF. Although there was a positive effect on ammonia and
bilirubin levels, 30-day survival remained unchanged (12).
Of different examined types of artificial systems, the molecular absorbent recycling system (MARS) (13) and FPSA
have been used most commonly in previous studies (14).
Prospective randomized evaluation has been performed
with both systems on patients with ALF. A significant
effect of MARS was demonstrated on several biochemical markers (bilirubin, ammonia, etc.), but the survival
rate did not increase (15). During the largest promising
randomized trial with FPSA (HELIOS), 145 patients were
randomized to groups treated with standard medical
therapy (SMT) and SMT + Prometheus. FPSA therapy
did not significantly influence overall mortality (at 28 and
90 days) (16). However, comparative studies have shown
a higher efficiency of FPSA in eliminating low-molecularweight and albumin-bound substances in comparison
with MARS (17).
A recent meta-analysis summarized the results of 8 randomized trials evaluating biological and nonbiological
liver support (197 patients with ALF and 157 patients with
acute-on-chronic liver failure) and concluded that ELS
systems may improve survival in ALF. There is no evidence
that they improve survival in acute-on-chronic failure (18).
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Some studies support the theory that the discontinuation
of elimination, which will again lead to a deterioration
of laboratory markers and the patient’s condition, may
compromise the overall results (19). Regarding this fact, a
survival study should not be performed unless ELS is used
continuously, which is nearly impossible in an experimental
study. The aim of our study was to evaluate the effect of
only 1 treatment cycle with FPSA or BAL therapy under
standardized conditions using a relevant surgical model of
ALF (20, 21).
HE is one of the most important prognostic factors in ALF.
It is defined as a number of reversible neurological and
psychological defects accompanying loss of liver function
(22). The “multiple-hit hypothesis” explains the higher permeability of the blood–brain barrier because of astrocyte
swelling caused by increased ammonia level. This leads to
an influx of proinflammatory endotoxins which deteriorate
cerebral hemodynamics and increase the ICP (23). Even
if intensive care is maintained, malignant intracranial hypertension may begin and progress to death (5). ELS can
prevent the development of HE; first, due to an active reduction of serum ammonia, and second by reducing levels of proinflammatory cytokines which have already been
shown in previous studies with FPSA (24).
In the group treated by FPSA in our study, the ammonia
level was stabilized during the first third of therapy, followed by stabilization of ICP. Mean ICP in animals treated with FPSA was significantly lower than in the control
group after 9 hours and did not reach a critical level (over
25 mm Hg), when irreversible changes in the cerebral parenchyma can be caused (25). On the other hand, in the
group treated by BAL, the increase in ICP progressed until
the last third of therapy. As a logical consequence, the CPP
was significantly higher during and after FPSA therapy and
did not drop below 50 mm Hg (limit of hypoperfusion causing irreversible changes) (26) in contrast to the BAL and
control groups. The initial ICP levels were a little bit higher
in the BAL group as a consequence of short-term hemodynamic instability caused by faster onset of hypoglycemia
in the BAL group, but the difference was not significant
(p = 0.095).
The bilirubin levels were significantly lower in both interventional groups after the sixth hour of the experiment.
The real outcome of normobilirubinemia is controversial. Bilirubin at higher levels is cytotoxic especially for
neurons and cerebral endothelial cells. That is why the
decrease of its level is desirable during ALF therapy. On the
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other hand, the potential antiapoptotic effect of bilirubin on
hepatocytes has been described, which means that hyperbilirubinemia may have a protective role in liver disease (27).
The overall failure of BAL therapy can be explained by several factors. One of these is the absence of a source of a
sufficient number of vital liver cells, which would present a
specific liver function. A study of major liver resection has
suggested that 30% of the liver parenchyma is adequate,
which corresponds to approximately 450 g of living hepatocytes (28). The commercially available bioreactor used
in our study did not have such a capacity. Moreover, the
6 hours of BAL therapy used in our study led to extreme
stress to the hepatocytes in plasma with high concentration
of toxins, e.g., ammonia, lactate, or aromatic amino acids.
This fact caused a rapid decline in hepatocyte viability (29).

ABBREVIATIONS

CONCLUSIONS

Financial Support: Financial support was received from the Research
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Ministry of Health (nos. NT 11463 and S8120).

We can conclude that an artificial liver support system is
significantly more efficient than a bioartificial one. Results
of our experimental study have proven the effectiveness
of the artificial liver support system. The improvement of
intracranial pressure as well as in the decrease of ammonia
levels was found to be significantly higher compared with
the bioartificial method. Both support systems effectively
reduced bilirubin levels. Bioartificial systems continue to
face a number of unsolved issues such as bioreactor capacity. Nonbiological methods are, however, very simple,
affordable, and offer the theoretical possibility of continuous therapy.
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