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Akutes Leberversagen

Zusammenfassung. Das akute Leberversagen ist
ein seltenes und lebensbedrohliches Krankheitsbild, wel-
ches infolge einer schweren Leberschadigung bei bisher
gesunden oder asymptomatischen Patienten auftreten
kann. Die hohe Mortalitat der Erkrankung ist vor allem auf
zwei Komplikationen zurtckzufuhren, deren Entstehung
von der zeitlichen Entwicklung der Leberschadigung ab-
héngt. Das hyperakute Leberversagen kann aufgrund er-
hohter arterieller Ammoniakkonzentrationen innerhalb
weniger Tage zur Entwicklung eines Hirnédems und zu
einer oft letalen Hirnstammeinklemmung flhren, welche
durch friihzeitige Lebertransplantation verhindert werden
kann. Bei Patienten, welche das initiale Hirnédem Uberle-
ben, wird haufig eine spontane Regeneration mit vélliger
Gesundung beobachtet. Entwickelt sich eine Leberscha-
digung hingegegen langsamer (akutes oder subakutes
Leberversagen), so kann die zerebrale Osmoregulation
eine Einkemmung meist verhindern. Diese Patienten ha-
ben jedoch eine schlechte Regenerationsfahigkeit und
bendtigen die Lebertransplantation vor dem Auftreten le-
bensbedrohlicher Komplikationen wie Sepsis, Nieren-
versagen oder Multiorganversagen. Einige Zentren ver-
suchen, die Progression der Erkrankung durch den Ein-
satz extrakorporaler Entgiftungsverfahren zu verhindern,
zumal erhéhte Ammoniakkonzentrationen durch Hamo-
dialyse abgesenkt werden kénnen. Pharmakologische In-
terventionen, welche die massive Apoptose in der Leber
reduzieren und die Regeneration unterstiitzen kdnnten,
befinden sich in Entwicklung.

Schliisselworter: Akutes Leberversagen, Ammo-
niak, Enzephalopathie, fulminant, Glutamin, Hirnédem,
Leberunterstitzung, Transplantation.

Summary. Acute liver failure is a rare and life-threat-
ening clinical syndrome following severe hepatic injury.
Depending on the rapidity of its development, two distinct
complications contribute to a high mortality: in hyperacute
liver failure, rapid development of massive hepatic necro-
sis and apoptosis gives rise to severe hyperammonemia,
hepatic encephalopathy and life-threatening cerebral
edema. The high risk of cerebral herniation requires early
listing for emergency liver transplantation. Patients with
hyperacute liver failure surviving the initial episode of
cerebral edema have a substantial potential for hepatic

recovery. If progressive hepatic failure develops more
slowly, astrocytic osmoregulation prevents cerebral herni-
ation in most instances. Unfortunately, these patients
have a small potential of hepatic regeneration and trans-
plantation should be performed before renal failure, sep-
sis or multiorgan failure emerge. Experimental treatment
methods including detoxification by artificial or bioartificial
liver support or by stimulating hepatic regeneration are
currently evaluated. Recognition of ammonia toxicity has
stimulated the search for early ammonia-lowering strate-
gies and strongly renewed the interest in dialytic thera-
pies. Anti-apoptotic interventions are among the most
promising pharmacological options for the near future.

Key words: Acute liver failure, ammonia, bioatrtificial,
cerebral herniation, encephalopathy, fulminant, gluta-
mine, liver support, transplantation.

Introduction

Acute liver failure (ALF) is a life-threatening multi-
system disturbance following severe hepatic injury in the
absence of pre-existing symptomatic liver disease [1].
With an incidence of 1-10/10°, ALF is a rare disease in
western countries but occurs considerably more frequently
in Africa and Asia, due to a higher prevalence of hepato-
tropic viruses [2]. The rapid sequence of jaundice, coma,
multiorgan failure and death is among the most dramatic
events in medicine and has fascinated physicians since
ancient times. Mortality of patients progressing to ad-
vanced (grade III/TV) encephalopathy and cerebral edema
approaches 80% despite intensive care therapy and can be
currently reduced only by timely orthotopic liver trans-
plantation. As hepatic encephalopathy is the most charac-
teristic clinical feature of ALF, its temporal evolution is
used to define different clinical variants of the disease.
Until the recent advent of orthotopic liver transplantation,
therapeutic measures have been largely unsuccessful.
Progress in pathophysiology of cerebral edema has estab-
lished a rationale for various medical and extracorporeal
treatment methods, which are currently investigated in
patients awaiting transplantation.

A multidisciplinary approach to patients with ALF is
important to a) identify patients who need rapid referral to
transplant centers, b) provide specialized intensive care
including the possibility for extracorporeal detoxification,
and c) allow early individual decision for emergency
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transplantation on the basis of prognostic criteria. Due to
increasing shortage of donor organs, many patients may
develop cerebral herniation and progress to irreversible
neurological damage before an organ becomes available.
Thus, alternatives to orthotopic liver transplantation and
specific measures to sustain life by prevention of cerebral
herniation are currently investigated. Nonetheless, lack of
unequivocal clinical benefit of such strategies advocates
maximal physiologic support by dedicated intensive care
medicine, aiming to prevent or delay complications and
facilitate hepatic regeneration.

Definition

Trey and Davison (1970) have defined fulminant he-
patic failure as “a potentially reversible condition, the
consequence of severe liver injury, with an onset of en-
cephalopathy within eight weeks of the appearance of the
first symptoms and in the absence of pre-existing liver
disease” [3]. Bernuau’s subsequent discrimination be-
tween fulminant and subfulminant hepatic failure was
based on the different clinical presentation of patients
according to the latency between jaundice and encepha-
lopathy (0-2 weeks versus >2-10 weeks) [4]. Analyzing
the largest single-center experience at King’s College
Hospital, London, O’Grady et al. further discriminated
hyperacute, acute and subacute liver failure, which is
currently the most frequently used classification (Table 1)
[5].

The obligatory role of hepatic encephalopathy in the
definition of ALF has been criticized [6] and probably
reflects the high incidence of hyperacute liver failure in
the UK. Both coagulopathy and increased intracranial
pressure are reliable prognostic parameters as well. Many
patients with subacute hepatic failure develop encepha-
lopathy only as they progress to septic multiorgan failure
(where transplantation is not feasible anymore) and re-
quire listing for transplantation before fulfillment of
O’Grady criteria. Acknowledging different clinical char-
acteristics of ALF in most parts of the world and difficul-
ties in assessing jaundice in dark-skinned patients, the
International Association for the Study of the Liver
(IASL) has proposed a modified definition differentiating
acute hepatic failure (“encephalopathy occurring within 4
weeks from onset of symptoms™) and subacute hepatic
failure (“encephalopathy or ascites developing between 4

Table 1. Acute liver failure — definition of subtypes according
to O’Grady et al.

Subtype of liver failure Hyperacute Acute Subacute
Encephalopathy yes yes yes
Jaundice to

encephalopathy (days)  0-7 8-28 29-72
Cerebral edema frequent frequent rare
Prothrombin time +++ +++ +
Bilirubin + ++ +++
Prognosis without

transplantation moderate  poor poor
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Fig. 1. Survival rates according to etiology and therapeutic

interventions in patients with acute liver failure at King’s Col-

lege Hospital, 1973 to 1991. Reprinted with permission from
O’Grady [13]

weeks and 6 months from onset of symptoms”). The IASL
also recommended that acute and subacute hepatic failure
be viewed as distinct clinical entities and not as subgroups
of a common syndrome [7].

Etiology and pathogenesis

Etiology of ALF is among the most important deter-
minants of prognosis (Fig. 1) but varies according to
geographic region. Viral infections, intoxications and drug
side effects account for approximately 80% of known
etiologies. Despite a thorough diagnostic evaluation, no
specific cause of hepatic failure can be found in up to 50%
of patients (Table 2).

A detailed review of the pathogenesis of hepatocyte
injury is beyond the scope of this article. Hepatic damage
may occur due to predominating necrosis (such as in
paracetamol intoxication), apoptosis (viral hepatitis, Wil-
son disease), both mechanisms (ischemic hepatitis), viral
cytotoxicity (herpes simplex virus, HBV) or a massive
immune-mediated host response (HAV, HBV, idiosyncrat-
ic drug reaction). Many studies have investigated the role
of pro-and anti-inflammatory cytokines, both in develop-
ment of acute hepatic failure and in regeneration [8].
TNF-o plays a prominent role in apoptosis and its block-
ade prevented development of experimental ALF [9].
Infiltrating mononuclear cells express high amounts of
TNF-o. and hepatocytes overexpress TNF-receptor-1.
TNF-initiated signaling pathways result in a direct apop-
totic response as well as potent activation of proinflamma-
tory gene expression via activation of the transcription
factor nuclear factor-kappa B. Blockade of TNF-o. down-
stream signals by nuclear factor kappa B decoy oligode-
oxynucleotides prevented endotoxin-induced fatal liver
failure in a murine model [9]. In contrast, NF-kappa B
activation in hepatocytes was found to be anti-apoptotic
[10]. Systemic application of caspase 8 small interfering
RNA inhibited hepatic caspase 8 gene expression and
significantly attenuated acute liver damage [11]. It is par-
ticularly interesting that application of caspase 8 small
interfering RNA was also successful in a model resem-
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Table 2. Etiologies of acute liver failure

Viral Hepatitis A virus (HAV)
Hepatitis B (D) virus (HBV, HDV)
Hepeatitis E virus “Non-A-E hepatitis”
Herpes simplex virus-1, human herpesvirus-6
Epstein Barr virus
Cytomegaly virus

Toxic Paracetamol / Paracetamol-alcohol syndrome
Idiosyncratic reaction to drugs (isoniazide,
halothane, antibiotics; antiepileptics, amiodarone,
NSAIDs)
“Ecstasy” (3—4 methylendioxymethamphetamine,
MDMA)
Amanita phalloides
Reye syndrome
Bacterial toxins (bacillus cereus)

Metabolic Wilson’s disease

Various  Ischemic hepatitis

Budd-Chiari Syndrome
Lymphoma

Acute fatty liver of pregnancy
Autoimmune hepatitis
Leptospirosis

bling the multiple pathogenetic mechanisms of fulminant
viral hepatitis, raising the hope for successful clinical
application in human ALF. The inflammatory cytokine
interleukin-6 is a further key factor in liver regeneration
and reversed hepatic injury in IL-6 knockout mice [12].
Certainly it will require further progress to unravel the
complex interplay of pro-and anti-inflammatory cytokines
with cellular signaling and growth factors in order to
develop successful therapeutic interventions in ALF.

Hepatitis viruses

Depending on their variable prevalence in different
geographic regions, the classic hepatitis viruses account
for about 20-40% of infections leading to ALF. Due to the
rapidly changing epidemiology, immunity against hepati-
tis A is steadily declining, leading to increased rates of
severe adult infections, particularly in some northern
European countries. The risk of severe hepatitis increases
after the age of 40 years but most HAV infections still do
not progress to ALF. Mortality was only 0.1% in a large
outbreak involving >300.000 Chinese patients [13]. In a
recent U.S. epidemic involving 580 patients infected by
contaminated spring onions, 3 fatalities were related to
hepatic failure (0.5%). Fatal hepatitis develops more fre-
quently with concurrent use of paracetamol, excessive
host response, low viral load, high bilirubin values, under-
lying chronic liver disease, intravenous drug use, exces-
sive alcohol intake and female sex [14]. Late onset of
encephalopathy predicted poor outcome [15] whereas co-
infection with HBV or HCV plays a comparatively minor
role.

Most cases of fulminant hepatitis B in the western
world occur as primary infection in intravenous drug users
or are transmitted sexually, but fulminant reactivation of

latent infection is a well-documented complication of cy-
totoxic chemotherapy and immunodepression. Acute HBV
infection is diagnosed in the presence of IgM antibody to
hepatitis core antigen (Anti-HBc). Early absence of HBs
antigen has a favorable prognostic value. The role of core-
and precore mutation of the HBV-DNA seems to be etio-
logically less important for development of fulminant hep-
atitis than previously considered. In contrast, fulminant
hepatitis is frequently related to co-infection with delta
agent or other hepatotropic viruses. A nationwide Hepati-
tis B vaccination campaign in Taiwan protected children
from HBV-related ALF [16].

Hepatitis C is virtually absent as a cause of ALF in
western countries, but has been occasionally reported in
Asia. In India, the most common cause of ALF are hepa-
titis B and E, the latter being particularly severe in preg-
nant women. While several putative hepatitis viruses have
been proposed as cause of fulminant non A-E hepatitis,
none has convincingly been demonstrated to cause ALF.
The recently described SEN-virus has no etiological role
in acute liver failure [17]. Herpes simplex virus type 1 and
2, human herpes virus-6, cytomegaly, yellow fever and
parvovirus are the most frequent non-hepatotropic viruses
that are capable of causing ALF. In patients with concom-
itant leucopenia, HSV-1/2 and CMYV should be considered
in differential diagnosis as early antiviral treatment may
prevent liver transplantation [18]. The risk of fulminant
herpes simplex hepatitis is increased in pregnancy, neo-
natal period, and in immunosuppressed individuals. A
high rate of human herpes virus-6 infection was detected
in the liver and serum of patients with ALF of unknown
etiology (Fig. 2) [19].

Toxins/Drugs

While virtually any chemical compound has the po-
tential to cause severe hepatotoxicity, only a small fraction
is intrinsically hepatotoxic. Nonetheless, hepatotoxicity
has to be considered in any patient presenting with ALF
after chronic or acute exposure to chemical agents, drug or
herbal preparations. The use of potentially toxic herbal
supplements has been reported in a significant proportion
of patients with ALF [20]. Whether co-medication with
paracetamol is a relevant risk factor is a matter of discus-
sion. Three epidemiologic studies on drug-related ALF
performed in different populations report an incidence of
5-10 cases per 100.000 patient years, explaining that
hepatotoxicity by agents such as troglitazone, trovafloxa-
cin and several antiretroviral agents [21] was recognized
only by postmarketing surveillance. Increased awareness
of the hepatotoxicity of popular herbal mixtures and alco-
holic or acetonic Kava extracts has recently prompted
retraction of Kava-containing drugs in Germany [22].

Only a small proportion of hepatotoxic compounds
shows dose-related (obligatory) hepatotoxicity (paraceta-
mol, carbon tetrachloride, phosphorus, mercaptopurine,
methotrexate, tetracyclines, valproic acid). The majority
of compounds has the potential to cause idiosyncratic or
toxic drug reactions, whose incidence differs widely be-
tween individuals and populations. Idiosyncratic drug re-
actions are dose-independent, occur after re-exposure to a
drug and are frequently caused by the formation of reac-
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Fig. 2. HHV-6 positive mononuclear cells lymphocytes in

hepatocytes of an explanted liver with ALF demonstrated by

immunoperoxidase staining by a monoclonal antibody against

the HHV-6 B subtype (purple red). Reprinted with permission
from Héarmi et al. [19]

tive intermediates, which bind to intracellular epitopes and
induce an immunological attack after re-exposure; involv-
ing humoral and cellular immunity and apoptosis [23].
Toxic drugs reactions are caused by altered drug metabo-
lism, leading to increased intracellular drug concentra-
tions or formation of toxic metabolites. Variations in the
cytochrome P450 enzyme genotype appear to define indi-
vidual susceptibility. Moreover, increased age and female
sex increase the risk for hepatotoxicity. The most frequent
triggers of idiosyncratic drug reactions are antibiotics
(isoniazide, rifampicin, amoxicillin-clavulanic acid, sul-
fonamides, tetracyclines, dapsone), antiepileptics (valpro-
ic acid, phenytoin) and halothane, amiodarone, non-steroi-
dal antiphlogistics, troglitazone, MAO-inhibitors, and
MDMA (Ecstasy).

Paracetamol intoxication: In the UK, most cases of the
cycloxygenase III inhibitor paracetamol (acetaminophen)
toxicity are related to the deliberate suicidal ingestion of
toxic doses (>140mg/kg BW). In contrast, a recent U.S.
multicenter study reports comparatively more cases of se-
vere hepatotoxicity with therapeutic doses [24]. Coagulo-
pathy peaks at 72-96 hours after ingestion, and the maxi-
mum of encephalopathy is observed after further 1-2 days,
requiring early decision for transplantation. A continued
increase in prothrombin time on day 4 after overdose and a
peak prothrombin time of greater than or equal to 180
seconds identified patients with a less than 8% chance of
survival without transplantation [25]. Severity of deliberate
intoxication can be assessed by the Rumack diagram based
on time from ingestion and serum paracetamol levels [26].
Paracetamol levels >300 pg/ml at four hours of ingestion
and a serum half life of > 5.5 hours indicate poor prognosis,
levels < 150 pg/ml are favorable [27]. Individual toxicity is
also determined by a) cytochrome P-450 enzyme activity,
which oxidizes paracetamol to the toxic metabolite NABQI
and b) hepatic glutathion content, representing the main
scavenger of NABQI. Consequently, both increased P-450
activity (chronic alcoholism, use of antiepileptic drugs, cig-

arette smoking [28]) and reduced hepatic glutathion stores
(alcoholism, malnutrition) are risk factors for development
of hepatic necrosis, which may occur with doses of parace-
tamol as small as 2-5 g. Activated charcoal seems the best
choice to reduce paracetamol absorption. The “paraceta-
mol-alcohol syndrome” is clinically characterized by mas-
sive elevation of aspartate-aminotransferase activity and
poor prognosis.

Amanita phalloides (death cap), a member of the
Amanita mushroom family, is responsible for >90% of all
fatal mushroom poisonings. Hepatotoxicity is due to a
family of heat-stable bicyclic octapeptids (o~ and -aman-
itin). Toxins are rapidly absorbed from intestinal lumen
and transported across hepatocytes by the sinusoidal bile-
salt transport system. Following a latency period of 6—12
hours, severe gastroenteritis emerges. Subsequently, inhi-
bition of RNA-polymerase II causes collapse of cellular
protein synthesis, hepatic and renal failure, pancreatitis
and toxic hemolysis. No specific antidote exists to date
and therapy is mainly supportive. Nasogastric suction and
gavage of powdered charcoal have been recommended for
reducing resorption of biliary excreted amanitin. Clinical
efficacy of these interventions is undocumented. Extra-
corporeal detoxification using hemoperfusion, hemofil-
tration or hemodialysis should be restricted to patients
presenting very early (<24 hours after ingestion) with
potentially lethal doses (>50g), since most of the aman-
itin ingested is excreted renally within 48 hours of intox-
ication. A recent review of 2108 cases suggests that the
intravenous application of silibinin (20-50 mg/kg/day)
and N-acetylcysteine appears to be more effective com-
pared to other medical interventions including high-dose
penicillin G [29]. Current mortality rate is 20-30% but
increases up to 50% in children below 10 years of age,
which advocates early listing for transplantation in this
particular group. Considering the usually favorable prog-
nosis in the absence of renal and multiorgan dysfunction,
decision for transplantation should be probably based on
King’s College criteria for paracetamol intoxication (see
below).

Fig. 3. Scattered distribution of necrosis in subacute liver

failure. Histologic evaluation revealed 70% necrotic hepato-

cytes and widespread presence of apoptosis. © Prof. Dr. R.
Steininger, Vienna
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Fulminant hypoxic (ischemic) hepatitis

Fulminant hypoxic (ischemic) hepatitis occurs second-
ary to massive myocardial infarction, pericardial tampon-
ade, pulmonary embolism or Budd-Chiari syndrome (hepat-
ic vein thrombosis) and is defined as acute reversible eleva-
tion in either the serum alanine or aspartate aminotrans-
ferase level of at least 20 times the upper limit of normal.
Pathophysiology is poorly understood. Histologic evalua-
tion typically reveals centrilobular necrosis. Development
of hypoxic hepatitis appears to be linked to pre-existing
cardiac disease but has also been reported in severe hypox-
emia or anemia without cardiovascular complications or
shock. A recent case control study has suggested evidence
of underlying organic heart disease in 100% of patients,
949% of whom had right-sided heart failure [30]. Nonethe-
less, a large hemodynamic investigation concluded that
hepatic injury was primarily associated with hypoxia [31].

Wilson disease

Most cases of fulminant Wilsonian hepatitis are ob-
served in the second decade of life, with females being
predominantly affected. Characteristic findings include a
Coombs-negative hemolytic anemia, marked hyperbiliru-
binemia and comparatively low serum activity of liver
enzymes, in particular alkaline phosphatase. Kayser-Flei-
scher corneal rings are infrequently present. The copper
transporter ceruloplasmin is reduced in serum of most
patients (<20mg/dl), while non-ceruloplasmin- bound
and urinary copper levels are elevated. Both of these
findings are not specific for fulminant Wilson disease.
Chelation therapy is usually insufficient to rescue the
patient; and even prolonged extracorporeal removal of
copper by exchange transfusion, conventional hemodialy-
sis or albumin dialysis was ineffective in preventing the
need for transplantation but seems to delay progression to
multiorgan failure. Since patients with fulminant Wilson
disease have underlying hepatic fibrosis or cirrhosis, indi-
cation for transplantation should be made before multi-
organ failure and irreversible neurological damage ensue.
As transplantation corrects the underlying metabolic dis-
order, long-term prognosis is particularly favorable.

Various causes

Acute fatty liver of pregnancy is characterized by
microvesicular steatosis, lactic acidosis, and hyperam-
monemia with encephalopathy developing in the last tri-
menon of pregnancy. Pre-ecclampsia is present in up to
70% of patients. A retrospective study yielded compara-
tively favorable maternal and perinatal outcomes [32]. The
HELLP Syndrome (hemolysis, elevated liver enzymes,
low platelets) presents as gestosis with microangiopathy,
hemolysis and thrombocytopenia in the last trimenon and
usually takes a favorable course after termination of preg-
nancy. Further causes of ALF comprise lymphoma, graft-
versus-host-disease after bone marrow transplantation,
physical causes including heat stroke, bacterial toxins (ba-
cillus cereus, leptospirosis) or Reye syndrome. Acute liver
failure induced by autoimmune hepatitis is characterized
by predominance of female sex, increased serum concen-
tration of IgG globulins and presence of serum antinuclear
antibodies (ANA). Early corticosteroid therapy (predniso-

lone, 1mg/kg/d) may halt progression in patients with
marked inflammatory activity but is less successful if
fibrosis or ascites are already present.

Risk factors

The risk of ALF is increased by 40% in diabetic
patients even after exclusion of those with chronic hepatic
disease or virus infections. In a large UK study, however,
risk for ALF was restricted to patients taking antidiabetic
drugs. Given beneficial effects of intensive insulin treat-
ment in critically ill patients [33] and a possible associa-
tion of high glucose (> 12 mmol/L) with high ICP values
[34], normoglycemia should be meticulously maintained
in patients with ALF. Hyperthyroidism greatly increases
the risk and severity of halothane hepatitis. As indicated
above, constitutional or induced activity of P450 is a risk
factor for development of hepatotoxicity. A number of
polymorphisms in the human DNA are known to modulate
individual metabolism and may be evaluated for their
prognostic role if c-DNA microarray technology becomes
routinely available [35].

Clinical diagnosis of acute liver failure
Patient history

Clinical diagnosis is based on history, clinical symp-
toms (jaundice, small liver size, encephalopathy) and typ-
ical laboratory characteristics. Initial symptoms of disease
are usually unspecific and include diarrhea, anorexia, fe-
ver or exanthema, which may indicate a viral etiology. A
systematic history should assess prognostic details (first
occurrence of jaundice, encephalopathy) but also include a
full medical history including past and current medication,
history of injection drug consumption, transfusions, oper-
ations, recent travels, ingestion of self-collected mush-
rooms or recent change of sexual partners. A family histo-
ry of fatal liver diseases in young adults is suggestive of
Wilson’s disease.

Physical examination

Jaundice is usually the first specific symptom and is
clinically recognized at serum bilirubin values of 2.5-4 mg/
dl. Its magnitude correlates mainly with duration of dis-
ease. A long interval between occurrence of jaundice and
first episode of hepatic encephalopathy is only infrequently
associated with cerebral edema but indicates poor progno-
sis due to lack of spontaneous regeneration. The liver can
be enlarged in initial stages, giving rise to upper abdominal
discomfort. Liver volume is also increased in lymphoma,
diffuse metastatic disease, Budd-Chiari-syndrome or vein-
occlusive disease. Reduction of liver size can be quantified
using CT volumetry and indicates poor regenerative capac-
ity and limited prognosis without transplantation [36]. In-
creasing disturbance of hepatic architecture in patients with
acute or subacute liver failure may promote development of
ascites and hepatorenal syndrome.

Laboratory characteristics

Severity of hepatic damage can be assessed by activ-
ity of serum transaminases, which correlate to necro-
inflammatory activity but are not suitable as prognostic
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factor. Viral etiologies are characterized by higher activity
of the cytosolic, liver-specific alanine-aminotransferase
(ALT); toxic and ischemic etiologies are associated with
higher initial activity of mitochondrial aspartate-ami-
notransferase (AST); with values >2000 U/L strongly sug-
gestive for paracetamol intoxication or hypoxic hepatitis.
High serum transaminase activity suggests recent onset of
disease and intact regenerative potential. Increased sys-
temic ammonia concentrations reflects a mismatch of in-
creased splanchnic ammonia release and reduced hepatic
capability to incorporate ammonia to urea and glutamine.
As glutamine synthesis takes also place in skeletal muscle
and astrocytes, ammonia concentrations are usually lower
in venous compared to arterial blood. The failure to me-
tabolize lactate is common in hepatic failure. Lactate lev-
els were useful as early prognostic marker in paracetamol
intoxication [37]. Lactic acidosis indicates microcirculato-
ry failure and/or mitochondrial dysfunction with poor
prognosis. Reduced indocyanine green clearance has been
used to characterize early graft dysfunction but is not
established to quantify hepatic dysfunction in ALF. Syn-
thetic capacity is the most important prognostic factor and
best assessed using coagulation tests (prothrombin time
INR, factor V levels).

Transjugular biopsy

Quantitative assessment of hepatic necrosis by trans-
jugular biopsy has been used to decide transplantation
(with >70% necrotic cells indicating poor prognosis) [38].
The method is prone to sampling error and requires se-
dation and intubation in encephalopathic or agitated pa-
tients. Figure 3 demonstrates the scattered distribution of
necrotic and apparently normal liver tissue in an explanted
organ.

Hepatic imaging

Due to rapid availability at the bed-side, sonography
is suitable for providing initial information on liver size
and structure, and detection of small amounts of ascites.
Doppler sonography of the hepatic artery provides addi-
tional information (increased resistive index in severe
disease, perpendicular flow in hepatic vein thrombosis).
Computed tomography has been used for volumetric ex-
amination (< 1000 ml indicating poor prognosis), but may
be also helpful in the diagnosis of Budd-Chiari-syn-
drome, steatosis, diffuse metastatic disease or cerebral
edema.

Acute hepatic encephalopathy and cerebral
edema

Acute hepatic encephalopathy is the most characteris-
tic complication of ALF. Development of severe encepha-
lopathy (grades III/IV) and cerebral edema is associated
with a dramatic impairment of prognosis. Cerebral hernia-
tion is responsible for most deaths in patients with hyper-
acute liver failure and requires early initiation of specific
therapy and listing for transplantation. The clinical stages
of acute hepatic encephalopathy are represented in Table 3.
Severity of HE may be impossible to determine in sedated
and mechanically ventilated patients, whose therapy
should be guided by intracranial pressure measurements.

Table 3. Stages of hepatic encephalopathy (HE) in acute
liver failure

Grade of HE Clinical characteristics

I Mod disturbance, mild confusion, slurred
speech, disturbance of biorhythm, flapping
tremor (Asterixis), mood disturbance, mild con-
fusion, slurred speech, disturbance of bio-
rhythm, flapping tremor (Asterixis)

II Lethargy or agitation, aggressive mood, moder-
ate confusion, marked flapping tremor

111 Severe confusion or somnolence, arousable on
verbal stimuli

v Coma, initially arousable on painful stimuli
(IVa), not arousable in later stages (IVb), slug-
gish reaction to light, myoclonus, epileptic fits
or other signs of intracranial hypertension (IVc)

Transcranial duplex sonography of the middle cerebral ar-
tery may detect episodes of cerebral hyperperfusion prior
to development of intracranial hypertension but requires a
skillful investigator and is not routinely available.

Ammonia-glutamine hypothesis

Arterial ammonia levels >200 pmol/L predicted cere-
bral herniation within 24 hours after development of grade
III/TV HE (Fig. 4) and should be used for early individual
risk stratification [39].

There is a direct correlation between arterial ammonia
concentrations and cerebral ammonia uptake (Fig. 5) [40].
Due to ammonia uptake in brain and muscle tissue, venous
ammonia levels are usually lower and less suitable for
assessing cerebral risk. Glutamine is released from skele-
tal muscle, which occurs not only as a result of ammonia
removal but also due to a net catabolic state in ALF [41].
Stimulation of skeletal muscle ammonia metabolism ap-
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Fig. 4. High arterial ammonia values are associated with in-

creased cerebral ammonia uptake (arterial-internal jugular

venous NHj concentration difference, n=13). Reproduced with
permission from Ott and Larsen [103]
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Fig. 5. Arterial plasma ammonia concentration in 30 patients
with ALF who did not develop cerebral herniation (No CH) and
14 patients who died from cerebral herniation (CH). Left side:
open circles indicate patients who underwent liver transplanta-
tion; full circles indicate patients who died from other reasons.
Reproduced with permission from Clemmessen et al. [39]

pears to be a promising target for the treatment of patients
with acute liver failure.

Ammonia exerts neurotoxicity mainly via accumula-
tion of glutamine in astrocytes (Fig. 6). Moreover, the
rapid astrocytic increase of osmolarity triggers cerebral
vasodilatation and potentially deleterious cerebral hypere-
mia by unknown mechanisms [42]. In contrast, a gradual
increase of astrocytic glutamine concentration can be
compensated by a reduced levels of myo-inositol and other
intracellular osmolytes. The higher incidence of cerebral
herniation in hyperacute liver failure reflects the imbal-
ance between rapid glutamine accumulation and osmoreg-
ulatory compensation. There are preliminary data to sug-
gest that a deficit in brain glucose metabolism could be an
additional cause of cerebral complications [43].

Modifying factors and implications for treatment

A sudden decrease in plasma osmolarity caused by
infusion of hypotonic fluids or hemodialysis using low
dialysate osmolarity may exacerbate glutamine-induced
glial swelling [44]. The role of cerebral glutamine trans-
porters in the pathogenesis of cerebral edema is currently
unclear [45]. Metabolic alkalosis raises partial pressure of
ammonia (pNHj3), increasing the driving force for ammo-
nia diffusion into the brain [46]. The cyclooxygenase
inhibitor indomethacin prevented cerebral vasodilatation,
decreased refractory cerebral hypertension in rats [47],
and reversed intractable intracranial pressure (ICP) surges
in a patient with ALF, suggesting involvement of pros-

taglandins in vasodilatation [48]. Increased extracellular
glutamate concentrations may promote neuronal hyper-
excitation, leading to overt or subclinical seizure activity
[49]. Up-regulation of aquaporin-4 may also contribute to
development of cerebral edema by increasing water per-
meability [50]. Vasopressin infusion accelerated edema
formation in experimental ALF due to development of
cerebral hyperperfusion [51]. The contribution of neuro-
toxins related to encephalopathy in chronic liver failure,
such as aromatic amino acids, benzodiazepines, free fatty
acids, octopamine, mercaptane, or oxindole to the devel-
opment of cerebral edema in FHF is currently unclear.
Serum concentrations of proinflammatory cytokines
and endotoxin are increased in the circulation of patients
with ALF and may contribute to the systemic inflammato-
ry response syndrome (SIRS), a predictor of poor progno-
sis [52]. Inflammatory cytokines apparently also contrib-
ute to development of cerebral edema, increased vascular
permeability and impaired hepatic regeneration. Nearly
half of the patients in the recent U.S. Acute Liver Failure
Study Group acquired a culture-positive infection and
there was a clear relationship between early infection and
progression to more severe encephalopathy [24]. Com-
bined infusion of endotoxin and amanita toxin exacer-
bated liver damage, cerebral edema and significantly in-
creased mortality compared to either compound alone
[53]. It is also conceivable that inflammatory and anti-
regenerative stimuli derive from the necrotic liver [54].
While total hepatectomy has been anecdotally used to
treat intracranial hypertension in FHF [55], the reported
effects on ICP seem to be better explained by the concom-
itant application of hypothermia, which decreased ICP in
patients with uncontrolled intracranial hypertension [56,
57]. Of note, normothermic hepatectomy worsened brain
edema in an animal model [58] and total hepatectomy is
currently not recommended to treat patients with FHF.
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Fig. 6. Astrocytic incorporation of ammonium into L-gluta-
mine as first step for development of cell swelling, cerebral
edema and hyperemia
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Extrahepatic complications of ALF
Circulatory failure

Hemodynamic abnormalities in ALF resemble those
observed in septic shock and decompensated cirrhosis (hy-
perdynamic circulation, peripheral vasodilatation). Patients
admitted with encephalopathy or coma usually have some
degree of hypovolemia. Volume expansion by isotonic sa-
line increased renal ammonia excretion in cirrhotic patients
[59] and may be beneficial in ALF. Noradrenaline is the
standard vasopressor in patients with ALF. No study has
investigated the use of vasopressin analogues such as terli-
pressin, which are increasingly used in cirrhotic patients
with the hepatorenal syndrome. Vasopressin worsened ce-
rebral hyperemia in experimental ammonia-induced brain
edema and should be probably avoided [51]. While evi-
dence has accumulated for a major role of increased vascu-
lar production of nitric oxide as the primary cause of arteri-
al vasodilation, pharmacologic inhibition of nitric oxide
synthesis produced detrimental clinical effects. Adrenal
insufficiency (defined as pathologic synacthen test) con-
tributed to circulatory failure in a significant proportion of
patients and was associated with worse prognosis [60]. In a
small retrospective study, supraphysiologic doses of corti-
costeroids reduced noradrenaline requirement but did not
appear to change the course of disease [61].

Acute renal failure

Acute renal failure is present in 30% of all patients
with ALF and occurs most frequently in patients with
paracetamol and amanita intoxication due to toxic tubular
necrosis. Early high-volume veno-venous hemofiltration
may prevent deterioration of cerebral edema by removing
ammonia, minimizing osmolarity shifts and improving
hemodynamics. Initial metabolic acidosis in paracetamol
intoxication indicates hypovolemia and should be treated
by volume expansion, as correction of acidosis using bi-
carbonate may increase ammonia toxicity by raising its
partial pressure (pNH3) [46]. In paracetamol intoxication,
severe metabolic acidosis carries a grave prognosis despite
transplantation [62].

Hepatorenal failure

According to the current definition, diagnosis of
hepatorenal failure should be confined to patients with
evidence or strong suspicion of portal hypertension, which
may develop in patients with subacute hepatic failure.
Comparing patients with acute liver failure and cirrhosis,
Ring-Larsen et al. reported similar incidence, relative fre-
quency, and prognosis of hepatorenal failure and acute
tubular necrosis [63]. No study has investigated the effects
of vasoconstrictor therapy for the hepatorenal syndrome in
patients with ALF.

Infection

Dysfunction of Kupffer cells, neutrophils and comple-
ment system predisposes patients with ALF to bacterial
and fungal infections. A large retrospective study has
identified microbiologically confirmed infections in 38%
of patients with ALF before and during initiation of anti-
biotic prophylaxis [64]. Gram-positive bacteria predomi-

nated, with streptococcal, staphylococcal, coagulase-nega-
tive staphylococcal and enterococcal infections emerging
within eight days. Escherichia coli infections occurred
earlier than those due to klebsiella and enterobacter. In-
creased levels of inflammatory cytokines are associated
with higher incidence of encephalopathy, multiorgan fail-
ure and poor prognosis [52]. The most frequent infections
at King’s College Hospital were pneumonia, urinary tract
infections, septicemia and catheter-related infections. Fe-
ver may advance progression to hyperammonemia and
cerebral edema as temperatures >38.5 °C were identified
as independent risk factor for cerebral herniation and
death [65].

Hemorrhage

Hepatic coagulopathy has a comparatively low risk of
hemorrhage. Since any improvement in hepatic function is
quickly reflected by coagulopathy, prophylactic correction
is not recommended unless required for bleeding episodes
or placement of an intracranial pressure measurement de-
vice. Clinical bleeding is frequently related to develop-
ment of disseminated intravascular coagulation, thromb-
ocytopenia and disturbance of platelet aggregation. Infu-
sion of coagulation factor concentrates may also promote
intravascular coagulation, which may be less pronounced
with the use of fresh frozen plasma. The risk of stress
ulcer bleeding advocates prophylaxis using proton pump
inhibitors.

Prognosis and criteria for transplantation

The advent of liver transplantation has dramatically
improved the outcome of ALF. Based on early assessment
of individual prognosis, transplantation should be per-
formed before irreversible complications emerge, while
unnecessary transplantation should be avoided. Wide geo-
graphic variations in etiology would theoretically advo-
cate the use of regional prognostic criteria, which is im-
possible due to the low incidence of ALF. A set of static
and dynamic variables identified at King’s College Hospi-
tal, London, (Table 4) has been proposed for deciding
transplantation and has been validated by several groups
in Europe and U.S. [66, 67] In paracetamol intoxication,
arterial lactate concentrations >3.5 mmol/l at 4 hours of
admission and > 3.0 mmol/l after 12 hours of fluid therapy
were equally accurate but fulfilled earlier compared to
original criteria [68]. Similarly, hyperphosphatemia (se-
rum levels > 1.2 mmol/L at 48 to 96 hours after ingestion)
had a higher sensitivity and prognostic accuracy com-
pared to the King’s College criteria in severe paracetamol
intoxication and allowed earlier identification of patients
with poor prognosis [69]. Combination of hyperphos-
phatemia and King’s College criteria improved sensitivity
to 94%.

The French or “Clichy” criteria were proposed for
patients with fulminant viral hepatitis and predict poor
prognosis in patients with coma or confusion and factor V
levels of <20% in patients below 30 years of age and
<30% in older patients [70]. Further criteria for predicting
mortality were higher Acute Physiology and Chronic
Health Evaluation (APACHE) scores [71], absence of cor-
tical sensory evoked potentials [72], serum Gc protein
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[73] and development of a systemic inflammatory re-
sponse syndrome [52]. Indicators of poor prognosis in
viral hepatitis of a tropical population were encephalopa-
thy grade III/IV, cerebral edema, high levels of bilirubin,
higher age and a long interval between first occurrence of
jaundice and encephalopathy [74]. A recent study has
demonstrated a tendency toward greater circulating neu-
ron-specific enolase levels in patients with FHF who sub-
sequently developed cerebral herniation [75].

Treatment guidelines

Intensive care unit (ICU) and transplantation
center referral

Patients with severe reduction of synthetic liver func-
tion (INR >2, spontaneous hypoglycemia), extrahepatic
organ failure, impairment of consciousness or massive
hyperammonemia should be immediately referred to an
ICU. Main therapeutic goals of ICU management are
monitoring and stabilizing vital functions to support he-
patic regeneration and to prevent or delay life-threatening
complications. Patients progressing to advanced hepatic or
renal failure and hepatic encephalopathy grade >1 should
be referred to a transplant center for interdisciplinary
evaluation. Early referral is essential as transportation of
encephalopathic patients usually requires intubation and
sedation, which hampers assessment of encephalopathy.
Non-invasive ventilation is insufficient in agitated or ob-
tunded encephalopathic patients and carries the risk of
aspiration pneumonia.

Table 4. Criteria used for consideration of liver transplantation
in acute liver failure (“King’s College Criteria”, including pro-
posed modifications by Bernal et al. [68], Schmidt et al. [69]

Paracetamol pH <7.3 irrespective of encephalopathy
intoxication severity!
or

Arterial lactate concentrations >3.5mmol/l
following early fluid substitution?

or

Serum phosphate levels = 1.2 mmol/l at 48 to
96 hours after ingestion

or

Encephalopathy III/IV and

Prothrombin time >100s (INR>6.5) and
Creatinine > 300 umol/l (3.4 mg/dl) within a
24 hour period

Prothrombin time > 100 seconds (INR >6.5)

or at least 3 of the following criteria

Other etiologies

Age <10 or >40 years

Etiology hepatitis non A-E, halothane hepati-
tis, idiosyncratic drug reaction

Jaundice to encephalopathy time >7 days
Prothrombin time >50s (INR>3.5)

Serum bilirubin >300 umol/l (>17.4 mg/dl)

!>24 hours after admission to hospital and fluid resuscitation;
2 alternatively >3 mmol/l after at least 12 hours of fluid resus-
citation.

Fig. 7. Effects of early extracorporeal detoxification (FPSA-
Prometheus®) in a patient with ecstasy/cocaine induced ALF
and refractory cerebral edema. Transplantation was declined
due to active injection drug abuse. Comparison of cranial com-
puted tomography scans obtained before (arterial ammonia,
318 umol/L, left) and after 4 days of continuous treatment
(arterial ammonia, <50umol/L) demonstrates restoration of
gray-white differentiation and normalization of sulci and ven-
tricles width. Note ischemic infarcts of left internal capsule and
occipital cortex and metallic artifact of epidural transducer.
Reproduced with permission from Kramer et al. [77]

Monitoring and therapy of increased intracranial
pressure

Symptoms of raised ICP (increased muscular tonus,
myocloni, sluggish pupillary reaction to light, bradycar-
dia, arterial hypertension) frequently develop only at ICP
values >30 mm Hg. Early intervention guided by extradu-
ral ICP monitoring can prolong survival and gain time for
transplantation [76]. Consequently, ICP monitoring devic-
es should be inserted in patients with grade III or IV
encephalopathy who are candidates for transplantation.
They may be inserted in patients with hyperacute liver
failure and grade IV encephalopathy who are not eligible
for transplantation but might benefit from extracorporeal
detoxification [77]. Due to their lower complication rate,
epidural transducers are preferred [78]. Cerebral perfusion
pressure (mean arterial blood pressure — mean ICP) should
be kept at least >50 mmHg to safely prevent cerebral
ischemia, although a full neurologic recovery has been
reported in patients with lower values. Therapeutic hyper-
ventilation is important for the treatment of ICP surges
refractory to osmotherapy but may worsen cerebral hy-
poperfusion, which is a frequent finding in early hepatic
encephalopathy [79]. Semirecumbent body position facil-
itates venous return, lowers brain volume and prevents
aspiration pneumonia in ventilated patients.

Therapy of hepatic encephalopathy and cerebral ede-
ma should address the underlying pathophysiology. It is
essential to recognize a delay of 12-24 hours between
emergence of massive hyperammonemia and cerebral her-
niation, which opens the opportunity for early therapeutic
interventions (Fig. 7). Unfortunately, no specific therapy
of cerebral ammonia/glutamine toxicity is available. Man-
nitol is the mainstay of medical therapy (Table 5). The use
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Table 5. Current treatment of intracranial hypertension in acute liver failure

Treatment

Commentary

Mannitol (0.5 g’lkg BW)

Moderate hyperventilation
(paCO, 30-35 mmHg)

Propofol (30-90 pg/kg/min)
Indomethacin (25 mg bolus)

Moderate hypothermia
(core temperature, 31-34°C)

N-Acetylcysteine

High-volume hemofiltration/
hemodialysis

High-volume plasmapheresis

(Bio-)artificial liver support

Mainstay of pharmacotherapy. IV infusion of 10-20% mannitol over 15-20 minutes, serum
osmolarity check after 3 applications, discontinue if >320 mOsm/1

Restores cerebral autoregulation, recommended as temporal measure for refractory ICP surges

More favorable mode of action and faster return to wakefulness compared to barbiturates [101]
Reversal of cerebral vasodilatation, anecdotally effective in refractory intracranial hypertension

Promotes cerebral vasoconstriction, reduces cerebral ammonia uptake, energy metabolism and
splanchnic ammoniagenesis [56]. More effective than hemofiltration in neonatal hyperammone-
mic coma [102]

Anti-oxidant, beneficial action in cerebral edema due to paracetamol overdose and ischemic brain
injury

Provides renal support, fluid and osmolarity management. Ammonia clearance equates that of
urea and depends on dialyzer size, blood and dialysate flow. May reverse hyperammonemia and

prevent astrocytic swelling. Increased dialysate sodium may prevent osmotic brain swelling in
high-flux hemodialysis

Improvement of cranial perfusion pressure by increasing systemic vascular resistance. Increases
cerebral blood flow and cerebral metabolic rate, lowers ammonia levels but not ICP. Fresh frozen
plasma may activate complement system causing lung injury

Detoxification increasingly recognized as most important mode of action. Clinical application

should be restricted to scientific trials

of L-ornithine-L-aspartate aims to enhance extrahepatic
ammonia metabolism but has not been evaluated prospec-
tively in ALF. Based on beneficial effects on cerebral
edema in paracetamol intoxication [80] and ischemic
brain damage [81], N-acetylcysteine might improve cere-
bral edema also in non-paracetamol ALF. The effects of
lactulose or non-absorbable antibiotics on cerebral edema
are essentially unknown. The benzodiazepine antagonists
flumazenil is ineffective treatment for cerebral edema but
may reverse prolonged effects of exogenous benzodiaz-
epines.

Specific medical treatment
Antibiotic prophylaxis

Given the considerably poorer outcome of infected
patients, antibiotic prophylaxis should be administered to
all patients with hepatic encephalopathy or evidence of
additional extrahepatic organ injury. A recent multicenter
US study reported infections and/or the resulting systemic
inflammatory response contributing to worsening of en-
cephalopathy, at least in patients with paracetamol intoxi-
cation, who displayed a clear temporal association be-
tween acquisition of infection and subsequent worsening
of encephalopathy [82]. As a general rule, gram-positive
organisms are the major cause of infections, particularly
during the first week of hospital admission; while gram-
negative and multi-resistant organisms predominate in
patients with prolonged or worsening organ failure. Anti-
biotic prophylaxis and therapy should be selected accord-
ing to locally established hospital guidelines. While
parenteral antibiotics were effective in reducing the risk of

infection in patients with ALF, enteral decontamination
provided no additional benefit [83].

Nutritional therapy

Resting energy expenditure is increased by 20-30%
in ALF, suggesting nutritional supply of at least 30 kcal/
kg/day. Since malnutrition favors bacterial translocation,
early enteral nutrition, aiming to preserve both integrity of
the intestinal barrier and bowel motility, seems to be a key
factor in the prevention of SIRS and multiorgan dysfunc-
tion. There is no evidence for beneficial effects of immu-
nonutrition or branched chain amino acid supplementation
in ALF; and standard enteral nutrition is currently pre-
ferred by many intensivists. Impairment of gluconeogene-
sis increases the risk for hypoglycemia-induced dysfunc-
tion of brain, hematopoietic system or renal medulla,
requiring close metabolic monitoring and immediate ex-
clusion of hypoglycemia in any neurological deteriora-
tion. Giving normal or increased protein requirements and
a questionable effect on hyperammonemia, protein restric-
tion is no longer recommended in ALF. Nutritional substi-
tution of ammoniagenic amino acids such as glutamine
should probably be avoided as hyperammonemia may be
precipitated. Orogastric feeding tubes may be used in
ventilated patients with severe coagulopathy, thrombocy-
topenia and a high risk for nasopharyngeal bleeding.

N-Acetylcysteine (NAC)

N-Acetylcysteine (NAC) acts as radical scavenger and
glutathione donor in paracetamol intoxication and addi-
tional causes of toxic and hypoxic liver failure. NAC is
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administered as initial bolus of 150 mg/kg to be continued
by 50mg/kg over 4 hours and 100 mg/kg over 16 hours.
Indication for NAC in patients with non-paracetamol ALF
has been questioned. Administration of NAC resulted in
decreased nuclear factor-kappa B activation in patients
with sepsis, representing an additional mechanism for
hepatoprotection [84]. Preliminary data also support a role
of prolonged NAC infusion (50-150 mg/kg/day) for im-
provement of microcirculation including renal medullar
vasodilatation in hepatorenal syndrome.

Antiviral therapy

Lamivudine (100-150 mg/day) appears to be safe and
effective in patients with fulminant HBV infection but has
not yet been studied in a randomized trial [85].

Sedatives

Patients with encephalopathy grades II and III fre-
quently develop severe agitation and may benefit from low
doses of sedatives and noise reduction, which may be
difficult to provide in busy ICUs. It is essential to rule out
hypoxia in all agitated patients. Agitation usually indicates
progression of encephalopathy, requiring intubation and
ventilatory support. If intubated, patients may be managed
with bolus doses of sedatives instead of continuous infu-
sions. Opioids such as fentanyl have a favorable risk/
benefit profile and may be entirely sufficient for encepha-
lopathic or comatose patients on the ventilator. Mida-
zolam should be probably avoided as its metabolism de-
pends on hepatic P-450 systems, causing prolonged seda-
tion. Patients with increased intracranial pressure should
be managed using either barbiturates (thiopentone, meth-
ohexital) or propofol (Table 5). The hypothesis of sub-
clinical fitting and its possible amelioration with phenyto-
in would require anti-epileptic prophylaxis and electro-
encephalographic monitoring [49]; but this has not been
confirmed by other investigators. Since fitting events in
ALF usually indicate presence of intracranial hyperten-
sion, osmotherapy (and possibly intracranial pressure
monitoring) should be commenced at first hand.

Liver transplantation

Introduction of emergency liver transplantation was
the most effective therapeutic step in ALF and reduced
mortality from 60-85% to 40-50%. The Eurotransplant
registry lists 3702 patients who have been transplanted
between 1988 and 2002 due to ALF, with 90% classified as
fulminant hepatic failure. Due to infectious and neurologic
complications in the perioperative phase, the one-year sur-
vival rate of approximately 60% is substantially lower
compared to elective liver transplantation [86]. As early
listing of appropriate candidates is mandatory, the increas-
ing shortage of donor organs poses an additional threat to
patients with ALF, in whom a delay of few hours can be
associated with emergence of irreversible neurologic dam-
age or death. Auxiliary transplantation and living-related
donor transplantation have been proposed as potential al-
ternatives to orthotopic transplantation: Auxiliary trans-
plantation allows cessation of immunosuppression after
regeneration of the native liver in 65% of patients at the
cost of a slightly higher perioperative complication rate

[87]. Organization of a living-related donor transplantation
is usually too time-consuming for patients with hyperacute
liver failure but can be an option for patients with acute
and subacute liver failure [88]. Sensory evoked potentials
may help to identify a subgroup of patients with severe
brain dysfunction who should undergo early liver trans-
plantation even though not fulfilling King’s College crite-
ria, whereas loss of cortical sensory evoked potentials in
the presence of preserved spinal potentials indicates irre-
versible cortical damage and should obviate transplanta-
tion [72]. Further contraindications to transplantation are
septic multiorgan failure and uncontrolled infection, lack
of cerebral perfusion as demonstrated by angiography or
transcranial Doppler sonography, AIDS, and ALF due to
lymphoma and metastatic disease, where improvement by
cytotoxic chemotherapy has been occasionally reported.

A role for artificial and bioartificial liver
support in ALF?

Advances in the pathophysiology of cerebral edema
have challenged some of the traditional assumptions on
which most blood detoxification systems were based [89].
These advances should be integrated in the overall treat-
ment of FHF, which inevitably affects extracorporeal
treatment. Potential consequences of mild therapeutic hy-
pothermia appear to have the greatest impact on therapy of
HE, at least during the bridging period to transplantation.
Effects of mild hypothermia should be considered as alter-
native explanation of the ICP reductions reported to occur
following artificial [90] and bioartificial liver treatment
[91]. Future liver support systems should ideally combine
mild hypothermia with detoxification. Among the poten-
tial side effects of hypothermia, inhibition of hepatic re-
generation and increased risk of infection appear to be
most relevant [92].

Given the importance of arterial ammonia levels in
FHF and cerebral edema, they need to be reported in all
studies of extracorporeal treatment. Ammonia and
glutamine can be removed by hemodialysis or hemofiltra-
tion at a rate dependent of dialyzer surface, blood flow
and dialysate flow, which all do not match a healthy liver
[93]. Mass transfer rates are even more reduced in plasma
separation systems. High extracorporeal blood flow rates
require extreme caution since they increase the risk for
rapid osmolarity shifts, which potentially aggravate cere-
bral edema and may cause hypotensive episodes. Anti-
coagulation and shear-stress induced platelet dysfunction
may further increase the risk of intracranial hemorrhage
with ICP monitors. Alternative ways of ammonia removal
such as acidifying enemas [94], or L-ornithine-L-aspar-
tate, which improves ammonia utilization in muscle [95]
may be an option. Removal of yet unidentified vasodilat-
ing factors by albumin dialysis (MARS system) may rep-
resent an additional mode of action [96].

The role of biologic liver support in the treatment of
FHF should be investigated in the light of current patho-
physiologic knowledge. Potential beneficial factors pro-
duced by hepatocytes that cannot be replaced by infusion
of blood products need to be identified. This seems partic-
ularly important as the role of heterologous proteins in the
human body is unclear. Moreover, induction of xenoreac-
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tive antibodies has been demonstrated following bioarti-
ficial liver support using porcine cells [97]. Given consid-
erable limitations in flow rates and cell mass, current
strategies of biologic liver support appear to be severely
limited in performing the complex metabolic tasks of
healthy liver. While hepatocyte suspensions and monolay-
ers are characterized by short function periods and mini-
mal biologic activity, carrier-bound hepatocytes may sur-
vive for longer periods but are subjected to considerable
limitations in mass transfer rate. Immortalized hepatoma
cell lines perform metabolically poorly compared to nor-
mal hepatocytes [98] and may expose patients to potential
biologic risks [99]. Thus, sufficient rates of detoxification
cannot be expected by extracorporeal cell perfusion and
might be rather provided by measures such as hemodialy-
sis, hemofiltration, plasma exchange or possibly extracor-
poreal whole-liver perfusion [100].

Future aspects

Available strategies of artificial and bioartificial liver
support in FHF are still insufficient to replace the multiple
hepatic functions required for prevention or reversal of
hepatic encephalopathy, cerebral edema, infection and
progressive hepatic failure. In particular, specific effects
of biologic liver support systems on hepatic regeneration
still remain to be demonstrated. Current pathophysiologic
knowledge would therefore suggest to employ efficient
extracorporeal detoxification preferably in patients with
hyperacute ALF and severe hyperammonemia before they
progress to coma and cerebral edema; possibly in combi-
nation with mild hypothermia. Future pharmacological
developments may prevent cerebral hyperperfusion and
increase of brain water at a cellular level by specific
interaction with vasopressin receptors [58], aquaporins
[50], glutamine synthetase or other pathways. Positron
emission tomography, high-field magnetic resonance
spectroscopy and c-DNA microarray technology provide
powerful tools to identify the metabolic and gene expres-
sion abnormalities contributing to development of cerebral
edema in ALF, which may have therapeutic implications.

Expanding knowledge on the regulation of hepatic
regeneration, and particularly on the prominent role of
apoptosis in evolution of FHF may lead to therapeutic
interventions that modulate inflammatory and apoptotic
pathways and stimulate regeneration. Experimental evi-
dence of significantly attenuated acute liver damage by
caspase-8 small interfering RNA, infliximab or other anti-
apoptotic agents may pave the way for clinical studies in
human ALF. The preventive effects of widespread hepati-
tis B vaccination are already well-documented and appear
to be cost-effective. Antiviral therapeutics including lami-
vudine or acyclovir seem to reduce the extent of hepatic
damage and could possibly reduce the need for transplan-
tation in certain viral causes of ALF. In addition to antibi-
otic prophylaxis, the critical role of gut-derived endotoxin
in activation of inflammatory cytokines and apoptosis
would suggest to study the effects of probiotic agents, in
addition to early enteral nutrition. For those patients still
requiring transplantation, improved availability and tech-
nical success of living-related OLT may partially amelio-
rate the increasing dilemma of donor organ shortage.
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