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 Introduction 

 Acute liver failure is a rare clinical syndrome associ-
ated with mortality rates of up to 70–80%  [1, 2] . A num-
ber of conditions such as viral hepatitis, acetaminophen 
toxicity and idiosyncratic drug reactions, to name but a 
few, can cause sudden severe liver dysfunction, which 
ultimately triggers a multiorgan response. The current 
treatment for acute liver failure is not satisfactory. Al-
though the liver has a high regenerative capacity, ortho-
topic liver transplantation often remains the therapy of 
choice on balance. However, the shortage of donor organs 
means that many of these patients die before receiving a 
liver graft. Fortunately, encouraging results have been re-
ported for recently developed bioartifi cial liver support 
systems, which can temporarily take over the complex 
function of the liver and provide a bridge to transplanta-
tion or spontaneous recovery. 

 Domestic swine are commonly used in experimental 
surgery because of the numerous similarities between 
porcine and human anatomy and physiology  [3] . More-
over, the size match with human organs makes results of 
experimental surgical procedures more relevant as com-
pared to small animal models. The present study exam-
ines the technique of prolonged hepatic ischemia fol-
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  Abstract 
  Background:  Extended hepatectomy is a valid model for 
the study of acute liver failure. Since the porcine liver is 
comparable in size, morphology and anatomy to the hu-
man liver, we describe a technique employing hepatic 
ischemia and extended liver resection to induce acute 
liver failure in a porcine model as a means of studying 
bioartifi cial liver support.  Method:  A subtotal (75–80% 
resection) extended left hepatectomy was performed in 
7 pigs after 60 min warm ischemia of the future remnant 
liver. After resection, the animals were given the best 
supportive care and observed until death.  Results:  All 
animals died within 18–48 h, none as a result of surgical 
complications. Gross appearance of the liver showed se-
vere steatosis of the right lateral lobe, and histology re-
vealed severe coagulative necrosis of the whole lobule. 
 Conclusion:  This technique of extended liver resection 
after hepatic ischemia in the porcine model may be use-
ful for studies of potentially reversible acute liver failure 
and experimental bioartifi cial support. 
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lowed by extended liver resection to induce acute liver 
failure in a porcine model for use in experimental bioar-
tifi cial liver support. 

 Materials and Methods 

 The project was approved by the Austrian Federal Animal In-
vestigation Committee, and animals were handled in accordance 
with the National Institutes of Health guidelines. The study was 
conducted using 7 healthy, 6- to 8-week-old German landrace pigs 
weighing 25–35 kg. 

  Anesthesia.  The animals were fasted overnight but had free ac-
cess to water. They were premedicated with azaperone (4 mg/kg 
intramuscularly) and atropine (0.01 mg/kg intramuscularly) 1 h 
before surgery, and anesthesia was induced with propofol (2–4 mg/
kg intravenously). After orotracheal intubation lungs were venti-
lated in a volume-controlled mode (Evita 4, Dräger, Lübeck, Ger-
many) with a FIO 2  of 0.4 and a tidal volume of 10 ml/kg at 18 
breaths/min. Respiratory rate was then adjusted to achieve a PaCO 2  
between 35 and 40 Torr. Anesthesia was maintained with propo-
fol (6–8 mg/kg/h) and piritramide (30–45 mg). Ringer’s solution 
(6 ml/kg/h) and a 3% gelatine solution (4 ml/kg/h) were adminis-
tered continuously. During parenchymal transsection, blood loss 
was compensated with whole blood from donor pigs (median 
300 ml, range 250–600 ml). The donor pigs were from the same 
brood and a compatibility test (bed-side test) was performed prior 
to transfusion .  Before surgery, the pigs received a single shot of an-
tibiotic prophylaxis with amoxicillin/clavulanic acid (6–8 mg/kg 
intravenously). A standard lead II electrocardiogram was used to 
monitor cardiac rhythm. In addition, oxygen saturation, pulse rate, 
arterial blood pressure and end-tidal carbon dioxide were moni-
tored throughout the procedure. The depth of anesthesia was judged 
from blood pressure and heart rate. If cardiovascular variables in-
dicated a reduced depth of anesthesia, additional propofol and pir-
itramide was given. Body temperature was maintained between 38 
and 39   °   C by means of a heating blanket. A 7-Fr catheter was per-
cutaneously and in some cases surgically placed into the iliac artery 
for blood sampling and blood pressure measurements. Another 7-
Fr catheter was placed in the vena cava superior to measure central 
venous pressure and administer drugs. 

  Intracranial Pressure Measurement.  For intermittent measure-
ment of intracranial pressure during acute liver failure, a hole was 
drilled through the frontal bone and a probe inserted in the epidu-
ral space. The probe was saline-fi lled and connected to a pressure 
transducer after zero adjustment. 

  Experimental Liver Resection.  The pig was placed in a supine 
position and the abdomen opened through a complete midline lap-
arotomy. A urinary catheter was inserted through a small cystoto-
my, blocked and fi xed with a 4-0 vicryl purse-string suture to con-
trol diuresis. Dissection started with a transverse incision of the 
peritoneum at the liver hilum to expose the left hepatic duct, drain-
ing both the left medial and left lateral lobes. The cystic duct and 
the right anterior duct, draining the right medial segments, were 
isolated and divided without narrowing the lumen of the right pos-
terior duct, draining the right lateral and caudate lobes. Then, the 
arterial branches for the left and both median lobes crossing the 
portal vein anteriorly were dissected, divided and ligated with 4-0 
vicryl. After isolation of the portal branches, the hilar structures of 

the future remnant right lateral segments and caudate lobe were 
clamped for 60 min to induce warm ischemia. Completeness of 
infl ow occlusion was confi rmed by Doppler ultrasound. After re-
leasing the clamp, portal branches to the right median segment and 
left lobe were severed and both ends closed with a running 5-0 
monofi lament suture to prevent narrowing of the right lateral por-
tal branch. Once dissection of the liver hilum was completed, dis-
coloration identifi ed the resection line between the right lateral and 
right medial lobe. The translucent falciform ligament was cut down 
to the infradiaphragmatic vena cava and hepatic veins were identi-
fi ed. Subsequently, the left triangular ligament and the lesser omen-
tum were divided so as to completely mobilize the left liver lobes. 
Thereafter, a clamp was placed on the fi ssure between right medial 
and right lateral lobe. After resection of the right median and the 
left lobes the clamp was secured with a running 2-0 vicryl mattress 
suture. Care was taken not to compromise the caval or hepatic veins 
draining the right lateral segments. Parenchymal transsection was 
usually completed within 15 min. During this phase, one to three 
units of blood, harvested from donor pigs, were given. Residual 
bleeding from the thin parenchymal layer covering the vena cava 
was controlled with 5-0 sutures. Bile leaks were suture-ligated. Mi-
nor oozing was fi nally controlled with fi brin sealing (Tissucol ® , Bax-
ter, The Netherlands and Glubran ® , Comesa, Austria) and collagen 
fl eece (Tachokomb ® , Nykomed, Austria). After placing one silicone 
drain the abdomen was closed in layers with running sutures. 

 Following surgery, the animals were turned onto their right side 
and observed under optimal anesthesiological conditions including 
exact monitoring of hemodynamic parameters, liver function, di-
uresis and intracranial pressure until their spontaneous death. After 
death, the animals were carefully examined to identify surgical 
complications, and tissue samples from the remnant liver were ex-
cised for histological examination. 

 Results 

 The described technique proved to be simple and re-
producible. None of the animals died because of technical 
failure, but died from presumed liver failure within 18 
and 48 hours of resection and hepatic ischemia. The gross 
appearance of the liver showed severe fatty degeneration 
with histological diffuse coagulative necrosis of the entire 
lobules with a large number of infi ltrating polymorpho-
nuclear leukocytes in the sinuses ( fi g. 1 ). 

 The preoperative and serial postoperative measure-
ments of blood bilirubin, prothrombin time (Quick) and 
aspartate transaminase (AST) are given in  fi gures 2–4 . 
The bilirubin was elevated immediately postoperatively 
and reached the highest levels between 25 and 30 h after 
resection. A slow decrease was seen again in two animals 
dying 45 and 48 h after operation. The mean prothrom-
bin time showed a signifi cantly decrease in the fi rst 5 h 
after surgery and remained low during the observation 
time, underlining liver failure. The aspartate transami-
nase increased signifi cantly in the fi rst 12 h after resection 
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  Fig. 1.  Light microscopy using trichrome staining. Severe, diffuse 
necrosis of the hepatic lobule with a large number of infi ltrating poly-
morphonuclear leukocytes and venous and sinusoidal congestion. 
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  Fig. 2.  Average bilirubin postoperatively. Values are given as 
means  8  SD. 
  Fig. 3.  Average prothrombin time (Quick). Values are given as 
means  8  SD. 
  Fig. 4.  Average aspartate transaminase. Values are given as 
means  8  SD. 
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compared with the pre-operative measurements and 
higher levels persisted throughout the entire observation 
period. Nevertheless, neither aspartate, alanine transam-
inase, �-glutamyl transferase nor alkaline phosphatase 
showed levels as expected in acute liver insuffi ciency. A 
possible reason is the lack of viable liver tissue after ex-
tended liver resection. Ammonia levels on the other hand 
increased continuously and reached the highest levels at 
the time of death (median 151, range 67–553 pmol/l). 
Similarly, renal function deteriorated in the postopera-
tive period from median 1.24 mg/dl (range 0.97–1.76 mg/
dl) immediately after hepatic ischemia and resection to 
1.46 mg/dl (range 1.09–2.17 mg/dl) 12 h later. In the 2 
animals that died after 45 and 48 h creatinine levels in-
creased to 1.31 and 2.55 mg/dl, respectively. 

 Measurement of intracranial pressure ( fi g. 5 ) showed 
an initial constant increase of intracranial pressure in the 
fi rst 18 h, becoming more rapid thereafter with mean lev-
els between 56.7 and 47.7 mm Hg in the last hours before 
death. 

 Discussion 

 To study acute liver failure and to evaluate the effi -
cacy and safety of artifi cial and bioartifi cial liver support 
systems, several different animal models have been de-
scribed, achieving hepatic failure through intoxication, 
infection, ischemia, or resection of the liver  [4] . In con-

trast to methods using hepatic toxins, initiation of liver 
damage in surgical models is precisely defi ned and is not 
associated with tissue injury or infl ammation  [5, 6] . On 
the other hand, in ischemia models of complete or graded 
devascularization liver failure can be complicated by tox-
ic liver syndrome with strong individual differences in 
tolerance to ischemia. In such models reproducibility is 
also diffi cult to achieve. Several investigators have there-
fore used models of total hepatectomy, representing the 
loss of all functional liver tissue  [7] . From the surgical 
point of view, hepatectomy is technically more easily to 
perform than hepatic resection, but the major disadvan-
tage of the model is the lack of spontaneous liver regen-
eration. Models of subtotal hepatic resection require high 
surgical skills and animal-specifi c anatomical knowledge, 
allowing spontaneous tissue regeneration with the advan-
tage of potential reversibility of hepatic failure. 

 The pig is a useful experimental model for such inves-
tigation of liver surgery techniques because of its simi-
larities to the human liver in terms of size, morphology 
and physiology. Furthermore, the segmental anatomy has 
proved to be similar to that of the human, as described 
by Couinaud  [3, 8] . In addition, the lobular nature of the 
porcine liver makes anatomical resection easier. There 
are, however, certain anatomical differences that infl u-
ence surgical technique. The intraparenchymal position 
of the inferior vena cava within the caudate lobe renders 
resection of the right lobe, which is next to the caudate 
lobe, technically demanding. If the right lateral lobe, as 
in our study, is to remain intact, attention has to be paid 
to the right posterior bile duct, which crosses behind the 
left portal branch and can be easily damaged during dis-
section and ligature of the left portal vein or the hepatic 
ducts draining all lobes that are to be resected  [3] . More-
over, the hepatic veins, supplying the left lateral, the left 
medial, the right medial and the right lateral lobes with 
four main branches, and the vein draining segment I di-
rectly into the inferior vena cava are extremely thin-
walled and fragile. Finally, there is a marked difference 
in the relative volume of the segments as compared with 
those in humans  [9, 10] , with the right lateral segment 
comprising about 20–25% of the total liver volume. 

 In further experiments  [11] , we studied hemodynamic 
and liver regeneration after resection of an average of 75% 
of liver volume. The regeneration rate of the remaining 
right lateral segment and segment I was 3.2 after the fi rst 
postoperative week. The pigs tolerated extended hepatic 
resection well, thus the reason why in the herein described 
study a part from reduction of liver tissue by a 75% hep-
atectomy liver failure was induced by 60 min warm isch-
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  Fig. 5.  Mean values of intracranial pressure. 
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emia of the remnant liver, allowing potentially reversibil-
ity of hepatic failure while using liver support systems. 

 Nevertheless the pig liver is remarkably tolerant to 
normothermic ischemia, a fi nding reported previously by 
Nordlinger et al.  [12] , who found no signifi cant increase 
in hepatic enzyme release in pig livers after 90 min of 
ischemia and subsequent reperfusion. Furthermore, hu-
man livers can survive ischemia periods of more than 
60 minutes, although this is associated with signifi cant 
morbidity  [12, 13] . However, most animal studies on vas-
cular occlusion of the liver have not included liver resec-
tion and studies on extended liver resection were not as-
sociated with hepatic ischemia  [14] . 

 The most important effect of temporary vascular oc-
clusion of the right lateral lobe consisted of ischemia and 
reperfusion injury during clamping and recirculation af-
ter declamping. During reperfusion, additional liver in-
jury is added to damage already sustained during isch-
emia and further aggravated in our study by subsequent 

extended liver resection. Since, as with other animals  [15, 
16] , the pig will not tolerate total clamping of the portal 
vein, after dissection of the arterial supply to the left he-
miliver and right medial lobe, the main and the left portal 
trunk were left open to prevent splanchnic congestion 
during hilus occlusion of the right lateral lobe. As a con-
sequence, a portocaval shunt recommended by others 
during prolonged hepatic pedicle clamping  [17, 18]  was 
not necessary. After releasing the clamp, the portal vein 
structures for the left and right medial lobes were dis-
sected and ligated and the lobes (75–80% resection) rap-
idly resected. Thus, all remaining liver tissue was made 
ischemic and then reperfused. 

 In conclusion, the described technique of extended 
liver resection with 60 min clamping of the future rem-
nant liver segments in the pig represents a well-reproduc-
ible and reliable model of acute liver failure in a large 
animal model allowing reversibility, that can be applied 
to test the safety and effi cacy of liver support systems. 
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