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Abstract

Background: Acute liver failure (ALF) models in pigs have
been widely used for evaluating newly developed liver sup-
port systems. But hardly any guidelines are available for the
surgical methods and the clinical management. Methods:
The study validated several standard operating procedures
describing in detail the surgical method and intensive care
monitoring and treatment (control of potassium, glucose
and bicarbonate levels, cardiovascular and intracranial pres-
sure monitoring, etc.). ALF was induced in animals with a
mean of 56 kg. Two surgical methods were compared: liga-
tion of hepatic arteries with either end-to-side portacaval
shunt (ESPS) and bile duct ligation or side-to-side portacaval
shunt (SSPS) without bile duct ligation. Results: During total
portal vein clamping, the animals in the ESPS group devel-
oped severe hypotension, splanchnic congestion and meta-
bolic acidosis. One animal died after approximately 1.5 h.
This model therefore represents a multiorgan failure model
rather than an isolated ALF model. In the SSPS group, none
of these side effects were observed, while clinical, labora-

tory and histopathological signs of ALF were evident. Con-
clusions: A reproducible modelin pigs representing ALF can
be established with the help of the standardized monitoring
and treatment procedures presented.

Copyright © 2010 S. Karger AG, Basel

Introduction

In the last four decades there have been many different
approaches to developing medical devices to support the
failing liver. Artificial as well as bioartificial (cell-based)
liver support systems have been introduced with the aim
of substituting liver functions. The need for an appropri-
ate animal model of acute liver failure (ALF) to test new
liver support systems cannot be overemphasized. It is not
only important to prove the safety and efficacy of such
devices, but also to achieve a better understanding of the
underlying pathophysiology of the clinical syndrome.
However, appropriate large animal models which mimic
the pathophysiological changes seen in humans and al-
low proper testing of new medical devices are still not
convincing. Many investigators have tried to standardize
models by setting criteria [1-5]. ALF in animals has been
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induced by various methods. In the hepatectomy model,
the liver is completely removed and a Y prosthesis used
to connect the free ends of the portal vein and the caudal
vena cava [6]. This model may correspond only to pa-
tients whose liver has been removed and who are awaiting
transplantation. It has only little correlation with the
clinical syndrome of ALF where the liver responds as an
immunological organ and toxic substances are poured
into the blood from the necrotic hepatocytes [7]. In the
toxicity model, substances like carbon tetrachloride,
thioacetamide, acetaminophen or galactosamine are ad-
ministered to the animal at levels toxic to the liver. This
model is only applicable if specific intoxication syn-
dromes are to be investigated. Pigs with nonhomogenous
genetic backgrounds show a wide variety of responses to
these toxins, thus reproducibility is a great concern in
such models [1].

Another method used since the early 1950s is the sur-
gical obstruction of the blood supply (portal and arterial)
to elicit an ischemic injury to the liver [8]. Surgery may be
performed in one or two stages, while cutting the blood
supply may be transient or permanent [9]. If transient, the
ischemia should last for a sufficient time to cause a mor-
tal injury [3]. Traditionally, the bile duct is transected to
add the effects of cholestasis [9]. Occluding the portal
vein necessitates the diversion of blood from the internal
organs to avoid splanchnic congestion. Investigators have
achieved this by establishing a portacaval shunt, which is
mostly an end-to-side portacaval shunt (ESPS) [7, 10, 11]
or rarely a side-to-side portacaval shunt (SSPS) [3, 12, 13].

In most published animal studies, ESPS was used. But
the large increase in ammonia intracranial pressure
(ICP), in addition to the possibility that the splanchnic
congestion during clamping of the portal vein results in
gut ischemia, raised our doubts about the appropriate-
ness of this model. In our quest for an ALF model to test
our new liver support device, we performed a pilot study
in which we tried to elucidate the optimal method for di-
verting splanchnic blood and for clamping the arterial
supply and to investigate the difference between ESPS
and SSPS.

The clinical problems complicating liver failure are
manifold. Nearly any organ can be involved. But current-
ly, no standard for medical treatments in pigs exists re-
garding, for example, fluid management, treatment of
hyperkalemia, acid-base disturbances, respiratory failure
and cardiovascular failure, and for the treatment or pre-
vention of kidney failure. From experience in humans, we
know that fluid management can have a great impact on
survival. Even for the measurement of ICP in pigs, no de-

Ischemic Isolated ALF Model in Pigs

tailed description is available. We therefore performed a
series of pilot studies to establish appropriate medical
management of pigs with ALF.

Methods

Animals and Housing

Seven German landrace female pigs (3-4 months old) were
included in the study. To allow accommodation, the animals were
kept at least 4 days in the stall of the Center for Preclinical Re-
search, where the experiments were performed. The experiments
were approved by the ethical committee for animal studies in Ba-
varia, Germany. Housing and all medical and surgical procedures
were in accordance with the national animal protection act (Tier-
schutzgesetz). The animals were fasted the night before the ex-
periment, but with free access to water.

Weight
The study was conducted on large animals with a mean weight
of 56 kg.

Anesthesia and Ventilation

Premedication of the animals was performed intramuscularly
with ketamine (15 mg/kg), azaperone (2 mg/kg) and atropine
(0.5-1 mg/kg). Two venous cannulas were inserted into the lat-
eral ear veins. Propofol (60-100 mg) was injected to facilitate in-
tubation. The pigs were then transferred to the surgery room,
where anesthesia was maintained intravenously with propofol
(8.5 mg/kg/h), fentanyl (0.015 mg/kg/h), pentobarbitone (2 mg/
kg/h) and atracurium (0.6-0.7 mg/kg/h).

The animals were ventilated (Servo Ventilator 900C; Siemens-
Elema, Sweden) by intermittent positive pressure with a mixture
of oxygen (30-60%) and air. The end-tidal CO, was kept between
35 and 45 mm Hg and the ventilation rate between 14 and 20
breaths per minute.

Euthanasia

Surviving animals were sacrificed with a lethal dose of pento-
barbitone and KCl intravenously injected 8 h after induction of
ALF.

Cannulation

The skin was incised anterior to the sternocleidomastoid mus-
cle and the neck vessels were exposed. A 14-french double-lumen
catheter was inserted in the external jugular vein. The internal
jugular vein was cannulated with a 4-lumen catheter through
which fluids like normal saline and glucose were infused. An-
other catheter was inserted to the carotid artery and connected to
a pressure sensor. The femoral artery was catheterized with a
5-french thermistor-tipped catheter (PV 2015L20; Pulsion Medi-
cal Systems AG, Munich, Germany) using the Seldinger tech-
nique. The urine bladder was drained into a urine bag via a surgi-
cally inserted suprapubic catheter.

Surgical Anatomy

The bile duct is the easiest structure to identify in the hepato-
duodenal ligament, usually lying at its right free border anterior
to the portal vein. The liver is supplied with 3 or 4 hepatic arteries
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Fig. 1. Anatomy of the hepatoduodenal lig-
ament in pigs. CVC = Caudal vena cava;
CBD = common bile duct; RHA =right he-
patic artery; MHA = middle hepatic ar-
tery; LHA =left hepatic artery; GDA = gas-
troduodenal artery; CHA = common he-
patic artery.

supported by a rich anastomosis in the region (fig. 1). The left he-
patic artery runs parallel to the lesser curvature of the stomach,
supplying it with 1 or 2 branches (left gastric arteries). One or 2
middle hepatic arteries run between the bile duct and the left he-
patic artery, while the right hepatic artery lies dorsal to the com-
mon bile duct in close approximation to the portal vein. The left
hepatic artery can be followed proximally to the common hepatic
artery. It might be necessary to remove a large lymph node before
this artery can be found. The gastroduodenal artery branches
caudolaterally off from the common hepatic artery and supplies
the duodenum and half of the pancreas. One or more lymph nodes
lie on the upper part of the portal vein and should be removed.
The upper part of the caudal vena cava, which lies dorsolateral to
the portal vein, is usually covered with thin liver tissue, and its
lateral side by the caudate lobe before being completely hidden by
liver. The caudate lobe drains directly into the caudal vena cava
through multiple small hepatic veins. Before birth, the umbilical
vein drains into the liver. If ligation of the arterial supply and the
portal vein is performed, blood pressure within the liver is re-
duced to very low values. Consequently, blood supply to the liver
may come from a reversed flow of an open umbilical vein. In ad-
dition, backflow from the caudal vena cava to the hepatic veins
may occur. Therefore, the round ligament of the liver should be
transected during the operation. The caudate lobe receives its
blood supply from the surrounding structures.

Surgical Procedure

After laparotomy, the liver and the portal tract were exposed.
The anterior layer of the hepatoduodenal ligament was incised
and the hepatic arteries were identified (fig. 1). Vessel loops were
put around the common hepatic artery and all its branches, but
were kept lax until the portacaval shunt was established. In addi-
tion, the portal vein was exposed 5 cm above and below the junc-
tion with the splenic vein. The portacaval shunt can be established
through the layer of liver tissue surrounding the caudal vena cava,
as described by Huguet et al. [14].

In the ESPS group (n = 3), the portal vein was ligated near the
hilus, transected and mobilized toward the caudal vena cava. The
ESPS was established with a 5/0 Prolene® suture (nonresorbable).
The bile duct was also transected between 2 ligatures.

88 Eur Surg Res 2010;45:86-97

In the SSPS group (n = 4), the portal vein and the caudal vena
cava were partially clamped (occluding two thirds and one third
of the lumen, respectively) and an SSPS was established with a 5/0
Prolene suture (nonresorbable). The bile duct was kept intact.

Afterwards, the common hepatic artery and branches - in-
cluding gastroduodenal and left gastric arterie(s) - in both groups,
as well as the portal vein superior to the shunt in the SSPS group,
were simultaneously ligated (Vicryl, 2/0, resorbable). This her-
alded the start of ALF (TO0).

To ensure the reproducibility of the severity of the ALF, the
whole hepatoduodenal ligament was additionally ligated (except
for the bile duct). Even with these measures, the caudate lobe
might still survive, thus appearing in a color different from the
other ischemic regions. Therefore, it was also gently ligated,
avoiding liver injury (tears) or disturbing the shunt.

Fluid Balance Monitoring and Management

To optimize hemodynamic monitoring and fluid manage-
ment, the PICCO® plus system (Pulsion Medical Systems AG) was
used. This monitoring system provides a number of hemodynam-
ic parameters including the extravascular lung water index
(ELWI) and global end-diastolic volume index (GEDI). Fluid
management was targeted at an ELWT of <12 ml/kg and a GEDI
of 550-750 ml/m?. Fluid substitution was performed with intra-
venous crystalloids. No colloids were administered. The choice of
crystalloids depended on glucose and sodium levels in the blood.
Generally, normal saline (0.9% NaCl) and glucose (5 or 20%) were
given at a total rate of 100-600 ml/h.

Cardiovascular Monitoring and Management

A standard lead II electrocardiogram was used to monitor
cardiac thythm. Respiratory and hemodynamic parameters such
as pulse rate, arterial blood pressure, O, saturation and end-tid-
al volume were monitored using the Compact Critical Care
Monitor (Datex-Ohmeda, Helsinki, Finland). Dobutamine
starting from 5 pg/kg/min was infused only in the ESPS group
and only during surgery to support the failing circulation. No
catecholamines were used to treat hypotension in the SSPS

group.
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Fig. 2. Important anatomical landmarks in pig for the measure-
ment of ICP.

Measurement and Monitoring of ICP

ICP and temperature were monitored using an intraparenchy-
mal transducer (Raumedic AG, Miinchberg, Germany), and reg-
istered by the Raumedic Datalogger MPR2 logO. The transducer
was inserted before starting the major surgery while the animal
was in a prone position. The skin and underlying tissues up to the
skull were incised. The incision should be done 1.5 cm lateral to
the midsagittal line and 1.5 cm above the transverse line that lies
on the level of the supraorbital ridge (fig. 2). The skull was then
drilled and the bolt screwed in. The transducer was inserted 2-
3 cm deep into the parenchyma after the dura mater had been
punctured. Loss of liquor was avoided to ensure correct measure-
ments. The increase in ICP was observed without therapeutic in-
terventions. The position of the sensor was checked later by au-
topsy. No attempts were made to reduce intracranial hyperten-
sion.

Sampling

Blood gas analysis (including glucose measurement) was per-
formed routinely every hour and repeated if necessary (Rapid-
point® 400; Siemens Health Care Diagnostics Inc., Bad Nauheim,
Germany). Blood samples for biochemical analyses (liver en-
zymes, renal function and ammonia) were collected before lapa-
rotomy and after induction of liver failure (every 2 h) and were
sent to the in-house laboratory.

Body Temperature
The body temperature was kept around 38°C with a heating
pad and blankets.

Medications
No antibiotics or diuretics were administered during the ex-
periments.

Ischemic Isolated ALF Model in Pigs

Glucose Infusions

Glucose was closely monitored with the aim of keeping it
around 120 mg/dl; 5-50% glucose solutions were given to adjust
the rates according to fluid status of the animals. Due to the short
course of the experiments, no further parenteral nutrition was
given.

Treatment of Hyperkalemia

Treatment was started as early as the potassium values were
>4.8 mmol/l by adjusting glucose infusions and insulin injections
(5-101U), repeated if necessary, with close monitoring of the glu-
cose level to avoid hypoglycemia.

Treatment of Metabolic Acidosis
Sodium bicarbonate was given in boli of 1 ml/kg of an 8.4%
solution to avoid acidosis and hyperkalemia.

Treatment of Respiratory Acidosis

If respiratory acidosis developed, improvement of the acid-
base status by increasing tidal volume or respiratory rate was at-
tempted. The aim was to keep the blood pH >7.2. Bicarbonate was
only given in case the plasma values were reduced and the pH
sank to <7.2 to avoid further decreases in intracellular pH.

Autopsy
An autopsy and postmortem collection of the liver was con-
ducted.

Statistics

The graphics were depicted by PASW® for Windows version
17.0.2. Data are presented as means £ SEM for the SSPS group,
and as individual values for the ESPS group. Student’s paired t test
was used to statistically assess changes in quantitative data be-
tween T0 and T8 in the SSPS group. p < 0.05 was considered sig-
nificant. To retain a maximum power in consideration of the lim-
ited sample sizes, no correction of p values for multiple testing was
performed. However, an informal adjustment for multiple com-
parisons may be conducted by the reader based on the results
(particularly the number of statistical tests) which are thorough-
ly provided in the text.

Results

ESPS Group

The total clamping time of the portal vein was 15-25
min. A serious complication that we encountered after
total clamping of the portal vein in the ESPS group was
severe hypotension (fig. 3) accompanied by dark blue dis-
coloration (cyanosis) of intestinal loops (fig. 4). The mean
arterial pressure was reduced to below 45 mm Hg despite
the concomitant infusion of 2 liters of fluid. Severe meta-
bolic acidosis developed, as was evident from blood gas
analysis (pH <7.3; [HCO;3] <22 mmol/l), as well as hyper-
lactatemia at TO. After declamping, the blood pressure of
2 animals in the ESPS group gradually improved to pre-
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Fig. 3. Mean arterial pressure during sur-
gical procedure. Animals in the ESPS
group had a severe drop in blood pressure
(interrupted lines) after portal vein clamp-
ing (PVC), while in the SSPS group (unin-
terrupted lines; means * SEM), the blood 20
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pressure was preserved during the surgical
procedure. Arrows: start of catecholamine
administration. T = Death of 1 animal in
the ESPS group.
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Time relative to induction of liver failure (h)

Fig. 4. Venous congestion of intestinal loops during total clamp-
ing of the portal vein.

clamping levels. However, damage to vital organs during
this period could not be excluded. One animal did not
recover and died approximately 1.5 h after declamping
the portal vein despite resuscitation measures. In this
group, ammonia reached levels as high as 1,500 pg/dl

920 Eur Surg Res 2010;45:86-97

Color version available online

(fig. 5). The rise of ammonia was reflected in the increase
in ICP (fig. 6). Other biochemical and hemodynamic ab-
normalities are shown in table 1.

After having performed the ESPS in 3 animals, we de-
cided that this method did not achieve the desired goal of
pure liver ischemia and therefore established the porta-
caval shunt by SSPS in the remaining 4 animals.

SSPS Group

Surgery. No severe drop in blood pressure was ob-
served in the SSPS group despite a narrowing of the por-
tal vein of up to 50% during partial portal clamping. In
addition, no intestinal cyanosis or metabolic acidosis
took place. The main biochemical and hemodynamic pa-
rameters of the SSPS group are shown in table 1.

Hemodynamics. The total infused fluids in the SSPS
group was not constant during the experiments (fig. 7).
Larger amounts were needed in the first 2 h according to
PiCCO-directed therapy. Nevertheless, a fall in mean
blood pressure (106 * 11 mm Hgat T0 to 43 £ 6 mm Hg
at T8; p = 0.012) could not be prevented as the fluid re-
placement had to be reduced due to increased lung water,
i.e. elevation of the ELWI (from 8 = 1 ml/kg at TO to 10
*+ 1 ml/kgat T8; p = 0.125), despite the gradual reduction
in GEDI (from 619 * 41 ml/m? at TO to 508 * 26 ml/m?

Al-Chalabi et al.
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Fig. 5. Ammonia metabolism seems to be more disturbed in ani-
mals with ESPS (interrupted lines) than in those with SSPS (un-
interrupted line; means £ SEM).

at T8; p = 0.054). The fall in blood pressure was also ac-
companied by a significant fall in peripheral vascular re-
sistance from 1,559 * 321 dyn-s*m?cm™ at TO to 762 *
65 dyn-s-m?cm~ at T8; p = 0.036. Due to the fall in blood
pressure there was hardly any elevation of ICP (7.6 * 1.1
mm Hgat TO to 11.8 = 1.1 mm Hg at T8; p = 0.019), but
the cerebral perfusion pressure (the difference between
mean arterial pressure and ICP) fell from 92 * 9t0 30 *
7 mm Hg within 8 h (p = 0.009). Compared to the other
changes to the cardiovascular system, the changes in
heart rate and cardiac index were only moderate and not
significant.

Biochemical Investigations. Liver function tests con-
tirmed the presence of liver failure. There was a signifi-
cant elevation of glutamic oxaloacetic transaminase, al-
kaline phosphatase, bilirubin and ammonia (table 1). The
quick value was reduced by >50% within 8 h (117 * 1% at
TOvs. 50 + 5% at T8; p <0.001). There was also a nonsig-
nificant reduction in total serum proteins. The deteriora-
tion in urine production (from 160 * 54 ml/hto 15 £ 9
ml/h within 8 h) was accompanied by an increase in se-
rum creatinine (1.5 £ 0.1 mg/dl at TO to 2.3 £ 0.1 mg/dl
at T8; p = 0.009) and serum lactate (2.0 = 0.2 mmol/l at
TO0 to 2.8 £ 0.9 mmol/l at T8; p = 0.417). Interestingly,
vitamin B;, concentrations had increased to >15 times the
initial values (78 £ 5 pg/ml at TO vs. 1,406 * 169 pg/ml
at T8; p = 0.004), while vitamin A significantly decreased
(17.3 £ 2.6 pg/dlat TOvs. 6.3 £ 0.7 wg/dlat T8; p=0.031).

Ischemic Isolated ALF Model in Pigs

Fig. 6. Elevation of ICP in animals with ESPS (interrupted lines)
and SSPS (uninterrupted line; means + SEM).

Medical Management. Hyperkalemia occurred in 2
distinct time periods:

(1)3-4 h after induction of liver ischemia, when large
amounts of potassium were probably released from the
necrotic hepatocytes; this was successfully treated
with insulin injections;

(2)later in the course of the experiments (after 6-7 h) as
the conditions of the animals deteriorated and acido-
sis and renal failure developed; this type of hyperkale-
mia was rather resistant to even high doses of insulin.
Inboth cases, cardiac depression developed with a fur-

ther decrease in hypotension, which necessitated therapy.

The glucose infusion rates had to be constantly increased

to keep the glucose levels on the desired level (fig. 8); 100-

500 ml of sodium bicarbonate (1 mol/l) had to be admin-

istered to treat acidosis.

Autopsy. At autopsy, the liver showed massive centri-
lobular necrosis (fig. 9). Only a thin rim of surviving
hepatocytes around the hepatic lobules could be seen.
Whereas the extent of central necrosis was similar in the
2 groups, the animals in the ESPS group (where the bile
duct was ligated) additionally showed bile duct infarcts
in a subset of portal tracts, a feature never observed in
the SSPS group (where no bile duct ligation was per-
formed). The abdominal cavity was filled with large
amounts of serosanguinous fluid. The portacaval shunts
were patent.

Eur Surg Res 2010;45:86-97 91
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Fig. 7. Total infused fluids during liver failure in the SSPS group.

Whiskers: SEM.
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Table 1. Main biochemical and hemodynamic parameters in animals of ESPS group and in animals of SSPS group

Before laparotomy TO T2

ESPS SSPS ESPS SSPS ESES SSPS
Heart rate, bpm 80, 68, 82 827 193,111, 185 78%5 73,85 88%6
ICP, mm Hg 8.0,7.5,9.3 7.6%1.1 9.0,9.9,11.2 7.3%1.0 12.0,9.7 9.1%x0.9
Mean arterial pressure, mm Hg 102,103, 104 100x8 43,51, 60 106 £11 81,63 678
Cerebral perfusion pressure, mm Hg 94, 96, 95 92+£9 34, 41, 49 99+12 69, 53 589
CI, /min/m? 4.25,5.42,5.70 5.05%0.21 5.98,3.35,3.71 4.6610.24 6.14,4.92 4.97x0.16
ELWI, ml/kg 6,9,9 7%x0 13,8,6 8*1 13,9 9%1
GEDI, ml/m? 598,727,706 573%17 954, 462, 596 619 £41 863, 558 563 %35
SVRI, dyn-s-mz-cm’s 1,550, 1,554, 1,448 1,358 £108 1,105, 1,268, 2,031 1,559 £321 878, 1,501 1,188*91
pH 7.40,7.42,7.47 7.46 £0.02 7.32,7.29,7.32 7.42%0.02 7.46,7.37 7.41%0.03
pCO,, mm Hg 47,41, 41 40£1 34,47, 34 45%2 45, 56 47 £4
HCO3, mmol/l 29,27,29 28*1 20, 23, 20 29*1 32,32 29£0.4
Base excess, mmol/l 4,2,5 4+1 -5,-3,-5 4+1 8,6 4+0.3
Hematocrit, % 27,29, 37 29*1 28, 30, 24 29*1 29,27 30x2
Na*, mmol/l 141, 137, 137 140x1 148, 138, 137 136 %1 149, 137 135*1
K*, mmol/l 42,3.8,39 3.8%0.1 4.0,4.3,4.0 44%0.1 43,49 4.5%0.2
Cl7, mmol/l 107, 106, 103 1061 107, 107, 108 103 x2 106, 103 103x2
Anion gap, mmol/l 9,8,9 10+0.4 25,12,13 9+1 15,7 9+1
Glucose, mg/dl 108, 66, 97 76 £10 133, 105, 76 110x5 140, 92 112x12
Creatinine, mg/dl 1.7,1.2,1.4 1.5%0.04 1.6,14,14 1.5%0.1 1.6,1.4 1.5%0.1
Blood urea nitrogen, mg/dl 17,15, 10 9*1 13,15,11 9*1 12,14 9+1
Alkaline phosphatase, U/l 149, 149, 149 13418 163, 173, 147 137x17 189, 208 171x14
Total bilirubin, mg/dl 0.1,0.2,0.2 0.2%0.03 0.4,0.3,0.2 0.2%0.03 0.3,0.8 0.35%0.1
GOT, U/l 23,28, 20 23%2 40, 67,78 26%2 186, 325 463 £352
Lactate, mmol/l 2.6,2.1,0.7 1.8%x0.8 5.6,5.5,3.2 2.0x0.2 3.6,3.9 2.3%0.2
Ammonia, pg/dl 43,37, 64 53+4 292, 694, 177 166 £19 461, 756 417 %71
Total protein, g/dl 5.30, 5.00, 5.20 5.60%0.20 4.50, 5.00, 4.10 5.55%0.22 4.30, 5.00 5.55%0.22
Quick value, % 104, 114, 104 110x2 114, 120, 104 117%1 105, 113 1123
Fibrinogen, mg/dl 386, 621, 341 540 %70 386, 595, 265 550%77 335,488 548 £81
INR 1.0,0.9, 1.0 0.9%0.02 0.9,0.9,1.0 0.9%0.03 1.0,0.9 0.9%0.03
Vitamin A, pg/dl 17.3+2.6
Vitamin By, pg/ml 785
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In the ESPS columns, figures denote individual values for ESPS 1, ESPS 2 and ESPS 3, respectively. Animal ESPS 3 died approximately 1.5 h after
portal vein declamping. Values for the SSPS group denote means £ SEM. CI = Cardiac index; SVRI = systemic vascular resistance index; GOT = glu-
tamic oxaloacetic transaminase; INR = international normalized ratio.
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Fig. 8. Treatment of hyperkalemia with insulin-glucose therapy 0 ' ' ' ' ' 40
in 1 experiment. Glucose infusion (interrupted line) and insulin T Ti 2 16 8
.. R K ime after induction of liver failure (h)
injections (bars) successfully corrected the potassium level (unin-
terrupted line).
T4 T6 T8 p (TOvs. T8
for SSPS group)
ESPS SSPS ESPS SSPS ESPS SSPS
99,79 83+4 161,78 81%5 205,73 74%6 0.716
14.0, 12.6 8.8+0.6 19.0,16.7 9.8%0.5 17.0,20.0 11.8*1.1 0.019
73,55 55%2 68, 47 45%2 51,39 43*6 0.012
59, 42 46+3 49, 30 35%2 34,19 30x7 0.009
7.22,5.47 4.38+0.37 7.06, 5.04 4.631+0.26 2.92,4.87 4.11%0.19 0.255
15,9 9%f1 12,9 101 12,10 101 0.058
766, 578 409£120 619, 558 538 +24 451, 580 508 26 0.054
731, 823 98555 632, 704 800+36 589, 671 76265 0.036
7.47,7.34 7.39£0.04 7.52,7.34 7.38£0.03 7.47,7.35 7.37£0.04 0.069
44, 62 473 38, 66 51%2 42,63 54+%3 0.002
33,33 28+1 32,35 30%2 31, 34 30*1 0.388
9,6 3+2 9,8 4+2 7,7 4+1 0.927
30, 24 29*1 31,23 28%2 31,22 26%1.2 0.151
147,136 137 %2 148, 135 138 %2 155,132 134*1 0.004
4.1,4.8 4.7%0.5 4.1,45 5%0.7 4.9,5.0 49%04 0.285
106, 106 106 £2 108, 104 107x2 100, 103 103 £2 0.391
12,2 9*1 12,0 8=*1 29,1 61 0.011
76,123 99*+14 62,133 103x18 74,134 165%*61 0.392
1.7,1.5 1.6 £0.1 1.8,1.7 1.9%0.1 22,22 2.3%0.1 0.009
12,13 9*1 11,13 9*1 18,13 101 0.339
208, 238 214*9 266, 273 241%10 360, 298 287 %15 <0.001
04,1.1 0.7£0.1 0.7, 1.0 0.7%0.1 0.8,1.2 0.8%0.1 0.018
2,441, 666 1,543 £955 4,861, 808 1,964 +834 5,266, 893 2,417 £831 0.05
1.9,2.1 2.0%*0.3 1.8,2.2 2.0%0.12 42,23 2.8%0.9 0.417
516, 1,249 477 £59 851, 1,544 583 +60 1,326, 1,864 698 £43 <0.001
4.60, 5.10 5.27 £0.09 4.90, 4.80 5.17%0.19 4.60, 4.10 4.70£0.54 0.245
61,77 81*11 53, 60 58*3 37,60 50%5 <0.001
259, 440 466 £63 241, 391 40971 224, 348 404 £63 0.054
1.3,1.2 1.1£0.1 1.5,1.4 1.4%0.1 2.0,1.4 1.6 £0.2 0.018
10.5*+1.7 6.3%0.7 0.031
567 125 1,406 £169 0.004
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Table 2. Surgical large animal models used to test liver support systems

Investigators Year Animals ~ Weight, kg Animal model Liver support
systems tested

Ash etal. [15] 1993 dogs not mentioned two-stage total ischemic liver failure (ESPS) Biologic-DT

by authors

Rozga et al. [16] 1994 dogs 15-20 two-stage total ischemic liver failure (ESPS) BAL

Flendrig et al. [17] 1999 pigs 35 one-stage total ischemic liver failure (ESPS) AMC-BAL

Kamohara et al. [18] 2000 pigs 20 total ischemic liver failure BAL

Desille et al. [19] 2001 pigs 20-30 one-stage total ischemic liver failure (ESPS) BAL

Khalili et al. [20] 2001 pigs 40-60 two-stage total ischemic liver failure (ESPS) BAL

Gerlach et al. [21] 2001 pigs 70 hepatectomy BAL

Desille et al. [22] 2002 pigs 20-30 one-stage total ischemic liver failure (ESPS) BAL

Sosef et al. [23] 2002 pigs 37-57 hepatectomy AMC-BAL

Abrahamse et al. [24] 2002 pigs 40-60 hepatectomy BAL

Chen et al. [25] 2003 dogs 10-15 ESPS + bile duct ligation BAL

Frithauf et al. [26] 2004 pigs 20-25 hepatectomy BAL

Gao et al. [27] 2005 pigs 15-20 two-stage total ischemic liver failure (ESPS) BAL

Sen et al. [28] 2006 pigs 23-30 one-stage total ischemic liver failure (ESPS) MARS®

Rozga et al. [29] 2006 pigs 40-60 two-stage total ischemic liver failure (ESPS) SEPET™

Ryska et al. [30] 2009 pigs 35-40 one-stage total ischemic liver failure (ESPS) Prometheus®

BAL: bioartificial liver.

Fig. 9. Liver histopathology in an animal with ALF in the SSPS
group. A thin rim of surviving hepatocytes around hepatic lob-
ules can be identified.
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Table 3. Total clamping time of the portal vein as reported by dif-

ferent investigators

Investigators Year Ischemia time, min
Huguet et al. [14] 1972 12 (range: 6-19)
Ytrebo et al. [10] 2002 11-15
Frithauf et al. [7] 2004 18 £4!
Nieuwoudt et al. [5] 2006 18

! Mean =+ SD.

Table 4. Advantages of SSPS over ESPS

Reproducibility

Avoidance of nonhepatic complications like

Injury to intestine

Severe hypotension during total clamping of portal vein

Multiorgan failure
Larger therapeutic window

Al-Chalabi et al.
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Discussion

The devascularization model of ALF is one of the most
common animal models used to test new liver support
systems (table 2). However, during total clamping of the
portal vein to prepare for ESPS, the blood pressure sinks
to levels which could damage other organs (the procedure
deprives the heart of a large amount of venous return). In
addition, the intestine becomes dark blue due to venous
congestion, jeopardizing intestinal wall integrity. This
may last for 10-25 min depending on the size of the ani-
mal (table 3). Severe metabolic acidosis also quickly de-
velops. Therefore, establishing an ESPS in the model of
ALF results in a mixture of liver failure, hypotensive
shock and disturbance of the blood supply of the gut,
which increases toxins like ammonia. All these factors,
we assume, may explain the very high levels of ammonia
accompanying ESPS compared to the less elevated levels
in SSPS. As a result, the ICP - as would be expected from
the role of ammonia in the development of cerebral ede-
ma - increased to higher levels. Despite the small sample
size and the need for larger studies to support our conclu-
sions, we decided after only three experiments to aban-
don the ESPS model as our results were in line with those
in the literature [12, 13]. By avoiding ESPS-induced non-
hepatic complications, the animal model with SSPS rep-
resents a far more pure liver ischemia (table 4) and has
longer survival periods. A therapeutic window is created
that enhances the testing of liver support systems or oth-
er treatments. In addition, no catecholamines should be
used to support the circulation during portal vein clamp-
ing. Keeping the bile duct intact excludes the effects of
cholestasis and allows some blood supply to the liver
through the cystic artery, which probably results in the
prolongation of survival [3].

The method of first establishing an SSPS followed by
ligation of the portal vein and hepatic artery in one-stage
surgery was described by other investigators [12, 13].
They performed SSPS with the explicit intention of avoid-
ing splanchnic congestion and maintaining portal ve-
nous flow. However, in both studies, the bile duct was
ligated and the animals regained consciousness after sur-
gery.

For the definition of best medical management, we
used the best applicable standards for the treatment of
ALF in man [31] and wrote standard operating proce-
dures, which was very important for the standardiza-
tion of treatment. This is necessary to get a reproducible
model.

Ischemic Isolated ALF Model in Pigs

The elevation of liver enzyme values and the accumu-
lation of surrogate markers like bilirubin and ammonia
accompanied by coagulation abnormalities (interna-
tional normalized ratio >1.5) confirmed the ischemia-
induced hepatic necrosis. Interestingly, in addition to
the periportal area, the outmost layers of the hepatic lob-
ules consisting of pericentral hepatocytes were spared
from ischemic necrosis. These are probably supported
by the backflow of blood from the caudal vena cava to
the hepatic veins [32, 33], also allowing a washout of cel-
lular components like vitamin B,,. The very high con-
centrations of vitamin Bj, associated with hepatocyte
necrosis have previously been described clinically and in
animal models [34-36]. Low levels of plasma vitamin A,
on the other hand, can be attributed to a diminished re-
lease of binding proteins, i.e. failure of mobilization
from the liver by retinol-binding protein, which has a
very short half-life (approx. 10 h) [37, 38]. Not only the
impaired synthesis of proteins but also the disruption of
capillary membranes (capillary leak) contributed to the
reduction in serum levels of coagulation factors and fi-
brinogen, which may have ‘disappeared’ in the extracel-
lular fluid compartment, therefore complicating the pic-
ture of coagulopathy. This allows two conclusions: (1)
the capillary leak may greatly contribute to the imbal-
ance in coagulation factors, and, as a consequence, (2)
diminishing the capillary leak would also contribute to
a better control of coagulation factors in patients with
ALF.

It is therefore essential to use invasive monitoring
methods (like the PICCO system) as only by these meth-
ods, the shift of fluids from one compartment to the oth-
er can be evaluated. Infusion of large amounts of crystal-
loids supports the circulatory system and prevents renal
failure for as long as possible. However, the animal may
quickly develop pulmonary edema. A goal-directed fluid
therapy with the PiCCO is therefore advantageous, and
the administration of fixed amounts of fluids should not
be an option in models of liver failure.

The maintenance of optimal blood glucose concentra-
tions was only possible by frequent monitoring (every
0.5-1 h), especially as these animals needed increasing
amounts of glucose in the course of the experiments to
compensate for impaired glycogen catabolism. Glucose
monitoring also enabled the correction of potassium lev-
els when insulin had to be administered. Other alterna-
tive methods that can be used to treat hyperkalemia in-
clude alkalinization of blood with sodium bicarbonate or
the intravenous injection of terbutaline (Bricanyl®). The
latter can be complicated by cardiac arrhythmias and
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myocardial depression. The values for blood pH, pCO,
and base excess measured before induction of liver failure
were higher than those considered normal in man. This
is important when adjustment of ventilator settings and
administration of bicarbonate to treat acidosis are con-
sidered.

In the animal model with SSPS, we noticed neither a
hyperdynamic circulation nor any large elevations of ICP.
The cardiac index was relatively constant and the heart
rate did not show any significant changes. The systemic
vascular resistance index, however, showed a continuous
reduction, and this can been associated with the falls in
blood pressure and cerebral perfusion pressure. It is
therefore more likely that death would result from car-
diac failure and deficient blood supply to the brain rather

the accumulation of protein-bound toxins. An opportu-
nity is provided to predict the optimal detoxification dos-
es of liver support systems, and to evaluate their efficacy
in terms of improvement of survival and multiorgan sys-
tem failure.
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than from a cerebral herniation.

The complete devascularization model actually pro-

duces a hyper-ALF. A subacute model that lasts for 2-4

weeks would be a more suitable model as it would allow
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