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30Critical Care Management of Acute 
Liver Failure

CH. Balasubrahmanyam  and Palepu B. Gopal 

30.1  Introduction

Acute liver failure (ALF) is a severe and complex 
condition that results from acute and massive 
hepatocellular destruction with very poor prog-
nosis, with an approximately 80% mortality rate 
in historical series. ALF is an infrequent condi-
tion, with an incidence of 1–8 cases per million 
inhabitants, and it is responsible for 6% of deaths 
due to liver disease and up to 7–8% of liver trans-
plants [1]. ALF mainly affects young adults, with 
a peak age between 35 and 45  years. Women 
account for approximately 60% of cases [2]. The 
development of cerebral oedema, sepsis and mul-
tiple organ failure are the main causes of mortal-
ity [3].

30.1.1  Definition and Classification

Acute liver failure was first described by Trey C 
and Davidson [4] as “hepatocellular dysfunction 
of such severity that encephalopathy occurs 
within eight weeks of appearance of first symp-
toms in the absence of pre-existing liver dis-

ease.” In 1993, O’Grady et al. [5] based on data 
from King’s College subdivided ALF into 
hyperacute, acute, and sub-acute presentation 
depending on the interval from onset of disease 
to onset of encephalopathy. The most widely 
accepted definition is by American association 
of study of liver disease [6] who in 2005 defined 
ALF as a clinical syndrome characterized by 
evidence of coagulopathy (international normal-
ized ratio [INR] >5) and any degree of altered 
mental status in a patient without pre-existing 
liver disease and duration of illness <26 weeks. 
Hepatic encephalopathy (HE) is usually consid-
ered the hallmark of Hyderabad, Telangana, 
India this disease and differentiates ALF patients 
from those with acute liver injury [7] (Fig. 30.1).

O’Grady’s classification possesses the advan-
tage of having prognostic value [5] (Fig. 30.2). 
Thus, the time between the presentation of jaun-
dice and the onset of HE subdivides patients into 
three categories (hyperacute, acute, and sub- 
acute), which are useful to define the prognosis. 
The hyperacute form has a better prognosis but a 
higher incidence of cerebral oedema. On the 
other hand, acute and sub-acute presentations 
have a worse prognosis, but a lower incidence of 
cerebral oedema [8].

Critical care management of acute liver failure 
can be sub-divided into etiological and organ 
specific management (Table 30.1).

CH. Balasubrahmanyam · P. B. Gopal (*) 
Critical Care Medicine, Citizen’s Hospital, 
Hyderabad, Telangana, India 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 
V. Vohra et al. (eds.), Peri-operative Anesthetic Management in Liver Transplantation, 
https://doi.org/10.1007/978-981-19-6045-1_30

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-6045-1_30&domain=pdf
https://orcid.org/0000-0002-8786-3452
https://orcid.org/0000-0002-5261-1730
https://doi.org/10.1007/978-981-19-6045-1_30#DOI


400

INFLAMMATORY CYTOKINES HYPERAMMONEMIA

COX+
Prostanoids

CEREBRAL EDEMA

TCA inhibition
Compromised oxidative metabolism

High Adenosine levels

Vasodilatation

Small Intestine
GLUTAMINASE/SIBO

NH3

MUSCLE

KIDNEY

Liver failure
ALN/GLN

UREA

Vasodilatation

Increased CBF
Increased CBF

PATHOPHYSIOLOGY

COLON
Microbiota

Swollen mitochondrion

Normal mitochondrion

MPTGlutamine
RNOS

NH4
+

Fig. 30.1 Pathophysiology of acute liver disease
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Fig. 30.2 Classification systems of acute liver failure

Table 30.1 Etiological management of acute liver failure

Category Etiology Common c/f Treatment
Viral hepatitis Hepatitis A virus Hyperacute presentation;

ALF is more common in older 
patients or those with underlying 
liver disease

Supportive

Hepatitis B 
virus ± delta virus

Entecavir (taken on an empty 
stomach) or tenofovir at standard 
renal adjusted
Doses

Hepatitis E virus History of travel to endemic areas 
or those with exposure to porcine 
farm animals; has a higher risk 
during pregnancy, especially in the 
third trimester

Herpes simplex virus Immuno compromised patient Acyclovir: 10 mg/kg IV every 
8 hours (using IBW) adjusted for 
kidney
Function

Varicella zoster virus Manifested by a vesicular rash
Cytomegalovirus Rare and controversial as to the 

potential for causing ALF
Ganciclovir: 5 mg/kg IV every 
12 h (using IBW) adjusted for 
kidney function

Epstein–Barr virus
Human herpesvirus-6
Adenovirus, coxsackie 
B virus, hemorrhagic 
fever virus

Rare causes of ALF
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Table 30.1 (continued)

Category Etiology Common c/f Treatment
Drugs Idiosyncratic reactions Isoniazid, nonsteroidal anti- 

inflammatory drugs, carbamazepine
Dose-dependent 
hepatotoxicity

Acetaminophen, sulfonamides, 
tetracycline

Oral NAC: 140 mg/kg loading 
dose, then 70 mg/kg every 4 h
IV NAC: 150 mg/kg loading dose, 
then 50 mg/kg IV over 4 h, then 
100 mg/kg IV over 16 h as a 
continuous infusion

Herbal supplements Patients’ families must be asked 
about treatment history

Vascular 
diseases

Right heart failure
Sinusoidal obstruction 
syndrome

Most common following systemic 
chemotherapy in preparation for 
bone marrow transplantation

Budd-Chiari 
syndrome

TIPS/anticoagulation/liver 
transplantation

Ischemic hepatitis 
(shock liver)

Toxins Amanita phalloides 
toxin

Acute gastroenteritis; renal failure 
and pancreatitis

Charcoal: via NGT every 4 h 
alternating with silymarin
Penicillin G: 1 g/kg/day IV and 
NAC (Dosing as for 
acetaminophen overdose)
Silymarin: 300 mg PO/NGT every 
12 h
Legalon-SIL: 5 mg/kg/day IV 
(given in 4 divided doses) or 5 mg/
kg IV
Loading dose followed by 20 mg/
kg/day via continuous infusion

Bacillus cereus toxin Fried rice syndrome
Carbon tetrachloride
Yellow phosphorus

Metabolic 
diseases

Wilson disease Younger patients; Coombs negative 
hemolytic anemia, hypouricemia, 
and a low alkaline phosphatase 
level with a high bilirubin level

Reye syndrome Occurs in young children with viral 
syndrome and salicylate ingestion

Acute fatty liver of 
pregnancy

Associated with defects in fetal and 
maternal mitochondrial long-chain
3-hydroxyacyl coenzyme A 
dehydrogenase

Delivery of fetus

Malignant 
infiltration

Metastatic breast 
cancer

The most common solid organ 
metastasis to cause liver failure

Lymphoma
Autoimmune 
diseases

Autoimmune hepatitis Methylprednisolone: 60 mg/day 
IV
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30.2  Intracranial Hypertension 
(ICH), Hepatic 
Encephalopathy in ALF 
and Management

The most lethal complication associated with 
ALF is the development of Hepatic encephalopa-
thy (HE) and cerebral edema. (CE) As a conse-
quence of cerebral edema and increased 
intracranial pressure (ICP), CNS complications 
may range from ischemic and hypoxic injury to 
uncal herniation and death. ICH accounts for 
20–35% of the mortality in ALF [9]. The pres-
ence of severe HE is associated with a high fre-
quency of ICH (25–35% in grade III and up to 
75% in grade IV) [8]. ICH (defined as an ICP 
above 20–25 mmHg for >15 min) is one of the 
most severe complications of ALF and is associ-
ated with a poor prognosis [10]. Additional fac-
tors that may worsen the neurological outcome 
are the coexistence of infection or presence of 
inflammation without sepsis alongside the pres-
ence of other organ failure [10–12].The risk of 
developing intracranial hypertension (ICH) is 
higher in female and younger patients with severe 
liver failure (MELD >32), presenting in acute or 
hyperacute state [5] with renal failure, ionotropic 
therapy, and ammonium concentrations above 
200 mmol/L [11, 13, 14].

30.2.1  ICP Monitoring

The rationale for ICP measurement is based on 
retrospective trials that showed a prevalence of 
over 50% of ICH in ALF patients and an associa-
tion with elevated mortality risk [15]. Nonetheless, 
there is no randomized data available to evaluate 
the benefit of ICP monitoring [15–17].

30.2.2  Methods of ICP Monitoring

Direct and Invasive:-Invasive ICP monitoring can 
be obtained through two different approaches: 
intraparenchymal microtransducers and direct 

catheters (intraventricular, subdural or epidural). 
Epidural transducers are a relatively safe method 
[17]. However, it has a less-than-optimal degree 
of precision compared with other methods due to 
the damping effect of the surrounding dura mater. 
ICP evaluated by an intraparenchymal catheter 
has a good correlation with values obtained with 
intraventricular catheters [18]. The rates of infec-
tion from intraparenchymal catheters are mini-
mal but are associated with a bleeding rate of 7% 
and bleeding-related deaths of approximately 3% 
[15], but there was no 21-day mortality benefit in 
acetaminophen-related ALF and a worse progno-
sis in the non-acetaminophen group [15]. 
Therefore, placement of ICP devices remains a 
matter of intense debate, with their use reserved 
for patients at high risk of ICH, and in centers 
with large neurosurgical experience in ALF man-
agement [19–21].

All Indirect and Non-invasive techniques are 
complex and demonstrate considerable “inter 
and intra-assay” variability. Changes in CBF 
reflecting ischemia and vasodilation of the cere-
bral circulation and resistance to flow, with 
increased ICP, can be assessed using MCA 
Doppler [22]. An increase in CBF usually pre-
cedes the rise of ICP. Indirect data can be obtained 
by monitoring reverse jugular vein oxygen satu-
ration; values over 80% usually indicate hyper-
emia and under 55% relative ischemia. The latter 
suggests a scenario where cerebral oxygen con-
sumption is in excess of supply due to epilepti-
form activity (increased demand) or inadequate 
supply (hyperventilation and hypocapnia, inade-
quate blood pressure or cardiac index). The mea-
surement of optic nerve sheath diameter is also 
representative of ICP, according to a recent 
assessment [23].The optic nerve sheath is ana-
tomic continuity to meninges, is distensible and 
the ICP influences its diameter [24]. Thus, litera-
ture suggests the utility of ONSD measurement 
as screening method to ICH diagnosis, with a 
cut-off of 5.7  mm measured 3  mm behind the 
globe. CT and MRI may show radiological signs 
of brain oedema. However, the absence of these 
signs does not rule out ICH [25].
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30.2.3  Therapeutic Interventions

30.2.3.1  General Supportive 
Strategies

• Head end elevation to 30 degree with neck in 
neutral position.

• Intubation and mechanical ventilation in grade 
III and IV HE.

• Use propofol and low-dose fentanyl, and if 
needed cisatracurium once intubated [26].
Intermediate or long acting benzodiazepines 
should be avoided [27].

• Deploy low-tidal volume lung protective strat-
egy to prevent ARDS.  High-intrathoracic 
pressures result in cerebral venous outflow 
obstruction [28].

• For non-invasive approach for BP monitoring 
in suspected ICH - target a higher mean arte-
rial pressure goal (>80 mmHg).

• In case of concern of seizure activity, EEG 
monitoring should be undertaken and antiepi-
leptic drugs administered;
 – Phenytoin has traditionally been the medi-

cation of choice; however, agents without 
risk of hepatotoxicity and more easily 
achieved therapeutic levels such as leveti-
racetam or lacosamide are now more fre-
quently utilized.

• Avoid acid-base and electrolyte disturbances.
 – Hypokalemia, and metabolic acidosis 

which increases renal proximal tubule 
ammoniagenesis [29].

 – Metabolic alkalosis promotes formation of 
NH3+ from (NH4+) augmenting its pas-
sage across the blood–brain barrier [30].

 – Hyponatremia, which is a risk factor for 
cerebral edema via reduced extracellular 
osmolarity [31],

• Prevent hypoglycemia by initiating 10% or 
20% dextrose infusion in central line.

30.2.4  Specific Strategies

30.2.4.1  Strategies to Reduce 
Hyperammonemia

Lactulose: It is a nonabsorbable disaccharide. It 
is metabolized in caecum by enteric bacteria to 

lactate and acetate. This in turn lowers the cecal 
pH leading to increased fecal nitrogen excretion 
and decrease in serum ammonia levels [32, 33]. 
However, there have been no studies showing 
mortality benefit in ALF [34]; avoid lactulose via 
oral or NG route in ALF as it may cause bowel 
distention, worsening ileus, and complicating 
transplant surgery. If used, it is safer to be given 
rectally.

Rifaximin: It is an oral antibiotic with a broad 
spectrum activity against enteric bacteria. Its pos-
sible benefit in lowering ammonia in patients 
with ALF has not yet been explored [34].

LOLA & LOPA: LOLA (L ornithine L aspar-
tate) is a stable salt of the amino acids ornithine 
and aspartic acid. These two amino acids get con-
verted to glutamate in the muscles and hepato-
cytes. Glutamate is the substrate on which the 
enzyme glutamine synthase (present in the mus-
cle as well as liver), acts and combines it with 
ammonia to make glutamine and thereby reduces 
blood ammonia levels [35]. A recent placebo 
controlled double blind RCT [36] in ALF showed 
that LOLA did not decrease ammonia levels, and 
improved neither encephalopathy nor survival. In 
the above mentioned study ammonia levels were 
measured for 6  days among patients receiving 
LOLA as well as placebo, however, the rate of 
decline of ammonia was also similar between the 
two arms. Peculiarly, patients receiving LOLA 
had more frequent seizures. Very high glutamine 
levels in the systemic circulation are found in 
ALF [37, 38]. LOLA could theoretically further 
increase ammonia detoxification by the skeletal 
muscle by increased glutamine synthesis. This 
glutamine is recirculated back to the intestine and 
kidney where it is broken down to ammonia and 
glutamate by glutaminase, thus LOLA is ineffec-
tive in reducing the ammonia levels.

LOPA (L ornithine phenyl acetate):- Phenyl 
acetate combines with glutamine to form phenyl-
acetyl glutamine which is water soluble and is 
excreted in urine, but human studies are yet to 
find a beneficial effect and is contraindicated in 
renal failure.

Renal replacement therapy: Continuous renal 
replacement therapy (CRRT) is recommended 
over intermittent hemodialysis [39] because of 
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lower fluctuations in ICP and improved 
 hemodynamic stability in the setting of AKI and 
other conventional indication for dialysis therapy 
(e.g., metabolic acidosis and hyperkalemia) [40, 
41]. CRRT using continuous veno venous hemo-
filtration with high-filtration volume (90 ml/kg/h) 
has been shown to be an effective method of rap-
idly lowering serum plasma ammonia levels [42, 
43]. Early CRRT helps to maintain euvolemia, 
augment ammonia clearance [42, 43], correction 
of electrolyte and in acidosis correction. Initiating 
CRRT with isotonic dialysate in patient with 
intracranial hypertension and induced hyperna-
tremia can cause rebound edema from dialysis 
disequilibrium syndrome and precipitate brain 
herniation, so use hypertonic dialysate or hyper-
tonic saline infusion in post filter return arm of 
CRRT.

30.2.5  Prophylactic Strategies

• Hypertonic saline used to prophylactically 
elevate serum sodium level between 145 and 
155  meq/l has been demonstrated to reduce 
the incidence and severity of intracranial 
hypertension in grade 3 and 4 hepatic enceph-
alopathy patients is a single center study [44].
Prophylactic hyperventilation does not pro-
vide a benefit in terms of reducing the inci-
dence of cerebral oedema [45].

• The prophylactic use of antiepileptic drugs is 
not warranted [46].

• Prophylactic antibiotics have been shown to 
reduce the risk of infection that later stages of 
encephalopathy are associated with increased 
incidence of cerebral edema, and that fever 
may worsen intracranial hypertension [47].

• Recently, the role of prophylactic hypother-
mia was evaluated in a randomized trial. This 
study [48] included 46 patients with intracra-
nial pressure monitoring that were random-
ized to hypothermia (targeted temperature of 
33–34  °C) or normothermia (36  °C) treat-
ments. Interestingly, although the target tem-
perature was consistently achieved in both 
groups, there was no difference in the inci-
dence of sustained elevation of ICP (35% vs. 

27% in intervention and control group, respec-
tively) or in overall survival.

30.3  Specific Strategies to Reduce 
Cerebral Edema and ICH

ICP should be maintained below 20–25  mmHg 
and the difference between MAP and ICP (cere-
bral perfusion pressure, CPP) should remain 
above 50  mmHg [49]. Sustained surges in ICP 
(>25  mmHg) or development of clinical signs 
should be treated immediately, with Osmotherapy.

Hypertonic saline with sodium goal of 145–
150 meq/l can be used either as:

 1. Continuous infusion: 3% NaCl titrated 
between 30 and 100 ml/h or.

 2. Intermittent bolus dosing: 200  ml of 3% 
sodium chloride.

Mannitol reduces brain water through its 
osmotic effect and improves cerebral perfusion 
through RBC rheological effect, in a dose of 
0.5–1  g/kg bodyweight bolus. It should be 
avoided if plasma osmolarity >320  mOsm/l or 
osmolar gap >20 mOsm/l. High doses can result 
in acute renal failure and damage to the 
BBB. Mannitol [50] works best in mild to moder-
ate intracranial hypertension and is less effective 
when the ICP is greater than 60 mmHg.

Hyperventilation [51] produces cerebral vaso-
constriction secondary to CSF alkalosis, reduces 
vascular inflow, and eventually decreases ICP 
although its effect is short-lived and cerebral 
vasoconstriction can generate areas of cerebral 
ischemia, which can potentially worsen cerebral 
edema by causing cerebral hypoxia [52]. Based 
on available evidence, there is no role for prophy-
lactic hyperventilation in patients with ALF.  If 
life-threatening ICH is not controlled with 
osmotherapy and other general management, 
hyperventilation may be instituted acutely to 
delay impending herniation; beyond this acute 
situation, forced hyperventilation cannot be rec-
ommended as routine management.

Hypothermia reduces CBF and the entry of 
ammonia into the brain, decreases the availability 
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of glutamate in the cerebral extracellular space, 
and diminishes anaerobic glycolysis [53]. In 
1999, Jalan et al. [54] showed that a temperature 
reduction to 32–33 °C was associated with a sig-
nificant decrease in ICP.  A recent retrospective 
study [55] showed that therapeutic hypothermia 
had no impact on overall or transplant-free sur-
vival. However, this warrants an RCT to evaluate 
the role of hypothermia on overall survival. Also, 
hypothermia has not been compared to normo-
thermia in a controlled trial, and has not been 
shown to improve transplant-free survival. 
Potential deleterious effects of hypothermia [56] 
include increased risk of infection, coagulation 
disturbance, and cardiac arrhythmias; while con-
cern about the effect of hypothermia on hepatic 
regeneration [57] has also been raised. Its utility 
in controlling ICP remains an attractive and use-
ful intervention in the ICU, and perhaps should 
be reserved for refractory intracranial hyperten-
sion or refractory hyperammonemia. Considering 
the risk and benefits, a reasonable approach [58] 
would be to use a milder goal for hypothermia 
starting at 35 °C. Though literature reports that 
hypothermia decreases ICP there is no beneficial 
effect on mortality.

Indomethacin inhibits endothelial cyclooxy-
genase, produces cerebral vasoconstriction, and 
decreases CBF. Toefteng et al. [59] evaluated the 
effect of indomethacin ICP in 12 ALF patients 
and reported significant reduction in ICP and an 
improvement in CPP.  While further studies are 
awaited its use may be considered in refractory 
cases. A Randomized Control Trial [60] ALF 
patients corticosteroids failed to improve cere-
bral edema or survival, and is not advocated. 
Based on head injury data, IV thiopental [61] was 
assessed in 13 patients with Fulminant Hepatic 
Failure complicated by unresponsive intracranial 
hypertension. The ICP was reduced in all cases, 
and in eight cases thiopentone infusion achieved 
stable normal intracranial and cerebral perfusion 
pressure. Five patients made a complete recov-
ery. The recommended dose of pentobarbital is a 
loading dose of 3–5 mg/kg (maximum 500 mg) 
over 15 min, followed by a continuous infusion 
of 0.5–2.0  mg/h. Barbiturate therapy must be 

used with simultaneous continuous ICP and arte-
rial blood pressure monitoring.

Hepatectomy is a theoretical possibility as a 
bridging procedure to liver transplant for those 
patients with devastating and medically uncon-
trolled ICH in whom there is no perceived chance 
of spontaneous recovery.

30.4  Hemodynamic Derangement 
in ALF and Management

Cardiovascular and circulatory abnormalities are 
a common feature of ALF. ALF is characterized 
by a hyperdynamic circulation with high cardiac 
output, low MAP, and low systemic vascular 
resistance [62]. Troponin elevation [63, 64] is 
seen in approximately 60–70% of patients with 
ALF and is likely related to systemic stress ver-
sus true myocardial injury. Elevation of troponin 
in the setting of ALF did correlate positively with 
requirements for vasopressors, renal failure, and 
organ failure scores and did not correlate with 
evidence of cardiac dysfunction on ECHO stud-
ies [63].

The initial step in management of hemody-
namic abnormalities is aimed at the restoration of 
effective circulating volume, as most patients are 
relatively volume depleted due to various causes.

Invasive monitoring devices are often used to 
optimize circulating volume and cardiac output 
[65]. Arterial pressure monitoring from a central 
artery is preferable. As intravascular volume 
assessment in ALF poses a challenge, dynamic 
measures utilizing echocardiography are superior 
to static hemodynamic measurements [66].

There is considerable data to suggest that a 
persistent positive fluid balance is associated 
with higher mortality in ALF.  Elevated right 
sided cardiac pressures may be detrimental to 
liver venous outflow and hence liver function and 
regeneration, gut integrity and renal functions 
[67–69]. Therefore, volume overload should be 
avoided as much as volume depletion. The choice 
of fluid should be normal saline or balanced salt 
solutions, being guided by the patient’s acid-base 
and electrolyte status with and preventing hyper-
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chloremic acidosis, as it has been associated with 
an increased risk of renal failure and other mor-
bidities [70, 71].

In case of increasing tissue and cerebral edema 
and need for volume therapy, albumin [72–74] 
infusion can be considered which will enhance 
plasma oncotic pressure and maintain intravascu-
lar volume.

Noradrenaline [75] is typically the vasopres-
sor of choice as it effectively raises mean arterial 
pressure and can increase hepatic blood flow in 
parallel with less tachycardia. Vasopressin may 
augment noradrenaline effect and allow titrating 
down its dose, but vasopressin, according to ani-
mal studies [76], may exacerbate cerebral hyper-
emia, hyperammonemia, and consequent edema 
associated with ALF.

In 2007, Eefesen et  al. [77] compared nor-
adrenalin and terlipressin in ten ALF patients 
with ICP monitoring and cerebral microdialysis, 
and found terlipressin increased CPP without 
changing ICP, decreased brain lactate, and 
unchanged lactate/pyruvate ratio. In the absence 
of advanced hepatic encephalopathy a MAP of at 
least 65 mmHg, and with advanced encephalopa-
thy and suspected intracranial hypertension, a 
MAP of at least 80  mmHg is recommended to 
maintain optimal CPP.

While ALF exhibits hyperdynamic circula-
tion, those with hypoxic hepatitis may have both 
right and left sided cardiac dysfunction, with or 
without valvular heart disease. Minimizing right 
sided pressures, by treating PAH with pulmonary 
vasodilators (Prostaglandins and sildenafil) and 
ensuring adequate MAP should be the strategy. 
In patients with profound and reversible acute 
cardiac dysfunction, venoarterial extracorporeal 
membrane oxygenation [78] (VA ECMO) may 
be appropriate. Hypoxic hepatitis is a secondary 
form of ALF and as such, the primary presenting 
organ failure needs to be addressed and managed 
to facilitate liver recovery. Liver transplantation 
is not indicated.

About 62% of ALF exhibit adrenal insuffi-
ciency [79] which is not impacted by etiology 
and it correlate with the severity of illness. They 
are less responsive to the pressor effects of nor-
epinephrine and which is restored when physio-

logic doses of hydrocortisone are added [80]. 
Thus patients with ALF who experience refrac-
tory hypotension should be evaluated for adrenal 
insufficiency and when adrenal insufficiency is 
identified, hydrocortisone should be adminis-
tered at 200–300 mg daily in divided doses.

30.5  Nutritional and Metabolic 
Support in ALF

About half of ALF patients develop recurrent 
hypoglycemia due to glycogen depletion and 
defective glycogenolysis and gluconeogenesis 
[81], which can be sudden and can misinterpreta-
tion of mental changes. Blood sugar should be 
monitored at 2–3 h intervals and whenever it is 
lower than 60 mg/dl, an iv bolus of 50–100 ml of 
50% dextrose administered. Glucose transport 
across the blood–brain barrier is increased 
because of upregulation of glucose carriers in 
ALF and hyperglycemia contributes to raised 
ICP because this increased glucose influx leads 
to cerebral lactic acid accumulation [82], thereby 
emphasizing the need for maintaining euglyce-
mia. Low systemic blood pressure and poor sys-
temic microcirculation in ALF result in a build-up 
of lactate, compounded by failing lactate metabo-
lism. Hyperlactataemia [81] can not only aggra-
vate hemodynamic instability, but also cause 
cerebral hyperemia and should be treated 
aggressively.

ALF increases energy requirements are by 
60%, and further by complicating infection. 
Whole body protein catabolism may be increased 
up to four times the normal rate and results in 
massive amino acid losses in urine. Owing to the 
hypercatabolic state of ALF, nutrition is vital and 
enteral feedings should be initiated early. Only 
where enteral feeding is contraindicated, partial 
or total parenteral nutrition should be considered. 
Initially, combination of parenteral dextrose and 
lipid emulsions, with 40 gm protein/day can be 
administered. Lipid emulsions [83] may be used 
safely in patients with ALF. Avoid severe restric-
tions of protein [84] and provide normal protein 
intake of about 1 g/kg per day. Branched chain 
amino acids (BCAA) offer no additional advan-

30 Critical Care Management of Acute Liver Failure



408

tage, except during frequent dialysis, in whom 
large BCAA losses may occur. Serum levels of 
phosphorus, potassium, and magnesium are usu-
ally low and should be supplemented. Critically 
ill patients with ALF are at high risk for GI bleed-
ing. In patients who are ventilated or with severe 
coagulopathy related to hepatic dysfunction, ini-
tiation of GI prophylaxis with H2 blockers or pro-
ton pump inhibitors is recommended [27].

30.6  Respiratory Derangement 
in ALF and Management

The earlier reported incidence [85, 86] of ALI in 
ALF is between 33 and 37%. Prevention and 
modern critical care management of ALI and 
ALF has resulted in current prevalence of ALI in 
ALF to 21%, though this does not have signifi-
cant impact on outcomes [87].

Non-invasive ventilator (NIV) should be 
avoided in ALF patients at risk of hepatic, meta-
bolic or septic high risk of encephalopathy, aspi-
ration, and poor compliance. Invasive airway 
management to protect airway should be insti-
tuted in cases of high grade HE, followed by ven-
tilatory support for hypoxia and respiratory 
failure.

Rapid sequence induction technique to mini-
mize elevation in ICP using of nondepolarizing 
agents such as cisatracurium is preferred for 
endotracheal intubation. Cisatracurium is largely 
independent of renal or hepatic function for 
metabolism. Short acting opiate fentanyl for 
analgesia and propofol for sedation are usually 
preferred. Although propofol may decrease pro-
pofol in hypovolemic patients, it decreases cere-
bral metabolic rate and also acts as an 
anticonvulsant.

The balance of hypoxia, hypercarbia and risk 
of increased ICP are determining factors while 
choosing the modality of ventilation.

Protective ventilatory strategy with low tidal 
volumes [88] (6  ml/kg/ideal body weight) and 
appropriate levels of PEEP to maintain an open 
lung should be chosen. A target of pCO2 between 
34 and 41 mmHg is ideal. Judicious airway care, 
head up positioning and careful respiratory ther-

apy minimize risk of ventilator associated pneu-
monia. Protocol based microbiological cultures 
of endotracheal secretions and broncho-alveolar 
lavage should be followed.

Acute respiratory distress syndrome (ARDS) 
is uncommon ALF patients which may not impact 
mortality [89]. But in the unlikely patients who 
develop ARDS prone ventilation [90] does 
improve oxygenation and potentially decreases 
mortality, though fraught with the risk of increas-
ing cerebral complications. High PEEP, i.e., >12, 
which can enhance ICP, can be monitored with 
middle cerebral artery Doppler. One can consider 
VV-ECMO in centers with expertise, keeping in 
view the increased risk of bleeding in ALF.

Hypoxemia is rather common and its etiologi-
cal assessment is difficult. In some patients with 
hypoxic hepatitis there is evidence of hepatopul-
monary syndrome [91] and this should be 
excluded with bubble ECHO. HPS is character-
ized by triad of chronic liver disease, gas 
exchange abnormalities with significant hypox-
emia and/or increased A-a O2 gradient and evi-
dence of right to left intrapulmonary shunt. In 
patients with intra-cardiac shunts, a small amount 
of contrast is usually recorded in the left cham-
bers within 1 or 2 cardiac cycles after its appear-
ance in the right side chambers. On the contrary, 
late arrival of contrast in the left atrium after a 
time delay of 4–8 cardiac cycles is diagnostic of 
intra-pulmonary shunt, and is due to the time 
required for passage through the pulmonary cir-
culation [92]..

There also may be evidence of a toxic liver 
syndrome with increased lung water and 
ARDS.  Assessment of lung water, utilizing 
advanced hemodynamic monitoring such as vol-
ume view or PiCCO may optimize managing 
these patients.

30.7  Renal Derangement in ALF 
and Management

Etiology [93] of renal dysfunction in ALF is mul-
tifactorial with drug-induced nephrotoxicity, 
acute tubular necrosis, and abdominal compart-
ment syndrome being the common causes. 
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Paracetamol [94] may also be one of the causes. 
The various other risk factors [95] for renal dys-
function in ALF are increased age, hypotension, 
systemic inflammatory response Syndrome [96] 
(SIRS), and infection.

Acute kidney injury also develops in 55–68% 
of all ALF patients and it resolves along with 
resolution of liver injury or with transplantation 
[97]. Early AKI develops due to direct injury pat-
tern, whereas late onset typically is more akin to 
hepatorenal syndrome characterized by func-
tional impairment [98, 99] which is due to a com-
plex interplay between extrarenal vasodilation 
and renal arteriolar vasoconstriction coupled 
with inadequate cardiac output [100].

Avoiding nephrotoxic agents, aggressively 
handling infection and sepsis, deploying various 
techniques to maintain adequate renal perfusion 
and instituting timely renal replacement therapy 
are the mainstays of managing renal dysfunction 
in ALF [101]. Early targeted volume replacement 
and vasoactive agent administration, utilizing the 
hemodynamic management principles above, are 
keys to avoiding hypotension and to ensure ade-
quate renal perfusion. Renal replacement therapy 
should be deployed judiciously and timely, rather 
than a last resort.

30.7.1  Renal Replacement Therapy

Although no study to date has clearly determined 
ideal and optimal timing for initiation of RRT, 
rational arguments for early initiation are favored 
by many liver centers. Studies [40] comparing 
CRRT versus IHD have noted greater variations 
in hemodynamic parameters and ICPs with 
IHD.  This has led to the preference for CRRT 
over IHD in these patients and early initiation 
prevents or allows treatment of these disturbances 
with consequent complications. High dose CRRT 
[42] has been shown to decrease arterial ammo-
nia as well. Low-urine output in spite of adequate 
intravascular volume, fluid overload, and rise in 
serum creatinine of 0.3  mg/dl have been advo-
cated as indications [3] for CRRT in ALF and 
even post-transplant.

CRRT vs. IHD:-A retrospective analysis of 
1604 patients in the U.S.  ALFSG [15] showed 
that 70% of patients developed AKI with almost 
30% requiring RRT. CRRT is recommended over 
intermittent hemodialysis, in most ALF patients, 
due to poor tolerance of HD owing to circulatory 
instability, sudden fluid shifts, and ICP rise [40]. 
Lactate free bicarbonate buffer as the dialysate 
and biocompatible dialysis membranes like poly-
sulfone or polyacrylonitrile should only be used 
[93]. ALF patients require standard hepariniza-
tion for dialysis in spite of the coagulopathy, due 
to coexisting antithrombin III deficiency. While 
cirrhotic patients tolerate citrate anticoagulation 
[102–104], those with acute and hyperacute ALF 
may not, due to deranged metabolism of citrate. 
If citrate is used, close monitoring of total cal-
cium compared with ionized calcium is war-
ranted. Full recovery of AKI is seen in most ALF 
patients either by the time of discharge or follow-
ing liver transplantation [94]. Female gender, 
lower day three MELD scores, admission hypo-
tension and lower grades of AKI are predictive 
factors for complete renal recovery following 
paracetamol induced ALF [96, 105].

30.8  Hemostasis in ALF 
and Management

Since liver synthesizes majority of coagulation 
factors and proteins required for fibrinolysis, dis-
ordered coagulation is an essential diagnostic 
component of ALF. Deranged international nor-
malized ratio (INR) and prothrombin time are 
common and are essential to the diagnosis of 
ALF. Thrombocytopenia [106] is a frequent fea-
ture of ALF and is associated with increased inci-
dence of multisystem organ failure and death. In 
spite of this, clinically significant bleeding events 
are rare and are seen only in 5% of ALF patients 
[107]. In depth analysis of coagulation patho-
physiology in patients with ALF suggests that 
they have “rebalanced hemostasis” and despite 
prolongation of measured INR or PT they have a 
“normal coagulation state,” and a significant pro-
portion are actually hypercoagulable. This is due 
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to significant increases in endogenous hepari-
noids, procoagulant microparticles, von 
Willebrand factor and factor VIII, reduced pro- 
and anticoagulant factors and release of 
“younger” more reactive platelets in patients with 
ALF [108–112]. In cases of both acute and 
chronic liver failure, decreased synthetic capacity 
of the liver results in decreased production of 
both procoagulant and anticoagulant proteins 
[113]. Compared to CLD and cirrhosis, ALF 
patients have more pronounced reductions in lev-
els of factors II, V, VII, and X with increased lev-
els of factor VIII, likely owing to acute 
inflammation and tissue factor-mediated con-
sumption of these factors (with the exception of 
factor VIII) [114].

Recent studies [112] in ALF have identified 
platelet derived microparticles as being poten-
tially responsible for thrombocytopenia, which 
may create a hypercoagulable state in the micro-
circulation and lead to systemic complications 
and poor outcomes. The “rebalanced state of 
hemostasis” [115, 116] of ALF can be measured 
by thromboelastography and thrombin genera-
tion studies which explains the low rate of bleed-
ing complications.

Monitoring of coagulation in ALF requires 
standard and extended laboratory techniques 
(thrombin generation, factor VIII, etc.), in addi-
tion to thromboviscous technology, which is 
becoming a standard method in many liver 
centers.

The balanced hemostasis concept reinforces 
the recommendation that prophylactic correction 
of deranged coagulation or platelets is unneces-
sary. It may adversely affect prognostication as 
well as increase the risk of thrombosis or transfu-
sion related acute lung complications. However, 
there are two situations that require such mea-
sures. (1) ICP monitor insertion requires correc-
tion of coagulation and platelet deficiencies, as 
guided by neurosurgical specialist societies. 
Some suggest prophylactic recombinant factor 
VIIa, without any evidence of mortality benefit, 
but an increased risk of thrombosis [15, 16, 111, 
117]. (2) Significant active hemorrhage also 
necessitates correction, apart from source control 
of the hemorrhage. Although indications in the 

specific setting of ALF are not available, it seems 
reasonable to target plasma fibrinogen levels 
1.5–2 g/L by infusing fibrinogen concentrate at 
an initial dose of 25–50 mg/kg body weight, and 
a platelet count >60,000 [118]. Supportive thera-
pies such as tranexamic acid can also be consid-
ered. Hemoglobin level of 7  g/dl is usually 
acceptable, though packed cell transfusion may 
be considered in severe cardiorespiratory failure 
or subarachnoid hemorrhage [119]. Finally, vita-
min K (5–10  mg) should be considered in all 
patients with ALF, because its deficiency can 
occur in >25% of patients.

30.9  Infection and SIRS in ALF

ALF is associated with dynamic immune dys-
function. An altered balance between opposing 
systemic pro- and anti-inflammatory immune 
profiles can contribute to organ failure and death 
in ALF [120]. Any type of liver injury leads to 
activation of the innate immune system, altered 
macrophage and neutrophil function, initial acti-
vation and subsequent reduction of complements, 
impaired phagocytosis and opsonization result-
ing in functional immunoparesis.

Liver cell death leads to a release of pro- 
inflammatory mediators, with elimination of 
pathogens and tissue regeneration, which may 
also initiate propagation of further tissue damage. 
This may lead to “spill over” phenomenon of 
chemotactic mediators and pro-inflammatory 
cytokines, with subsequent recruitment of mono-
cytes, lymphocytes, and polymorphonuclear leu-
kocytes [112]. They secrete vasoactive mediators, 
which by activating platelets and coagulation 
cascade, increase vascular permeability along-
side microcirculatory failure and thrombosis 
[112] and eventual SIRS.  Release of damage 
associated molecular patterns, e.g., HMGB1, 
from injured hepatocytes may also contribute to 
the development of SIRS [121]. SIRS leads to a 
vicious cycle wherein an increase in vascular per-
meability further contributes to tissue injury. 
Over time, the balance tilts towards the anti- 
inflammatory response, which is associated with 
immune suppression, recurrent infections, sepsis, 
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and death [122].SIRS appears to be involved in 
the worsening of HE, reduces the chances of 
transplantation, and confers a poorer prognosis, 
independent of infection [123].

ALF patients are at increased risk of develop-
ing infections, sepsis, and septic shock. Though 
bacteremia is not independent predictor of mor-
tality in ALF [124], infectious complications 
[125] are a leading cause of death. Bacterial 
infections [126] are seen in 60–80% of ALF 
patients, commonest being pneumonia (50%), 
followed by urinary tract infections (22%), intra-
venous catheter-induced bacteremia (12%), and 
spontaneous bacteremia (16%). Gram-negative 
enteric bacilli and Gram-positive cocci are the 
most common pathogens. Fungal infections 
[127] occur in about one-third of ALF patients 
requiring prolonged critical care, mostly with 
candida species, with concurrent bacterial infec-
tions. Viral infections and reactivation of CMV 
[128] is common in ALF patients.

30.9.1  Biomarkers

High level of clinical suspicion of infection 
should be maintained in patients with 
ALF.  Diagnosis of infection in ALF patients 
poses many challenges. Clinical features are non- 
specific and lab indicators like C reactive protein 
[129] and procalcitonin [130] measurements are 
unreliable. Routine microbiologic surveillance 
may aid early detection and treatment of infec-
tions [126]. Frequent screening of blood, urine, 
and representative samples for cultures should be 
performed as indicated. Admission HE and SIRS 
score >2 are significant predictors of bacteremia. 
Deterioration of mental status, unexplained fever, 
and leukocytosis may herald the onset of infec-
tion [124]. Deterioration in hepatic coma grade 
after initial improvement, pyrexia unresponsive 
to antibiotics, established renal failure, and 
marked elevation in white cell count should 
prompt aggressive investigation for fungal, bac-
terial, or viral infection. This is especially impor-
tant in patients already on broad spectrum 
antibiotics. Use of biomarkers for fungal infec-
tion [131] should be utilized, while recognizing 

their high false positive rate, but low risk of false 
negative results.

Empirical broad spectrum antibiotics should 
be administered to ALF patients with SIRS, 
refractory hypotension or unexplained worsening 
of hepatic encephalopathy [132]. Though pro-
phylactic [133] parenteral antimicrobial therapy 
reduces the incidence of infection in certain 
groups of ALF patients, resultant survival benefit 
has not been shown. Selective digestive decon-
tamination [134] using nonabsorbable antibiotics 
and parenteral antibiotics also does not impact 
survival. There are no controlled trials confirm-
ing that the use of prophylactic antimicrobials 
decreases the likelihood of progression of HE or 
the development of raised ICP. Therefore, there is 
no sufficient data to support a generalized antibi-
otic prophylactic [133] practice in ALF. Empiric 
antibiotics are recommended for patients listed 
for super-urgent liver transplantation, since the 
development of infection and sepsis may prompt 
delisting. Decisions surrounding antimicrobial 
choice should be based on knowledge of local 
microbiological data.

30.9.2  Prognosis and Liver 
Transplantation

Liver transplantation has improved survival in 
ALF. The 1-year post-LT survival in ALF in less 
than that of elective LT performed for chronic 
liver disease. This is primarily due to increased 
ICH and sepsis resulting in increased mortality in 
the first 3 months following LT in ALF. Beyond 
the first year, ALF patients have better long-term 
survival [135].

Both whole organ deceased donor and living 
donor LT have been performed in ALF with great 
success. Another type of LT is auxiliary trans-
plantation in which the recipient liver is left in 
place and a partial left or right lobe from the 
donor is transplanted, thus providing hepatic 
function until the native liver regenerates. Good 
survival rates of 60–65% have been reported with 
this procedure and immunosuppression can be 
withdrawn in 65–85% of patients at the end of 
1-year post-LT.

30 Critical Care Management of Acute Liver Failure



412

Prognostic factors in ALF assist in the early 
identification of patients who would benefit from 
liver transplantation. They also help identify 
patients who may recover on their own with sup-
portive care without the need for transplantation. 
Unfortunately, despite the presence of numerous 
clinical indicators and prognostic models, a suc-
cessful prognostic scoring system has yet to be 
determined. This is mainly due to the varying eti-
ologies of ALF and the variability in the course 
and complications of ALF.

The Kings College Criteria (KCC) was the 
first validated scoring system (introduced in 
1989) and is currently one of the most widely 
used prognostic tools for ALF (Table  30.2). 
Modern medical management has modified KCC 
performance proven with its dropping sensitivity 
to studies done after 2005 (46–71%) compared 
with studies before 1995 (76–82%) [136]. 
Arterial blood lactate [137] greater than 
3.5 mmol/L is an early predictor of mortality in 
APAP associated ALF (sensitivity 67%, specific-
ity 95%, positive predictive value 79%, negative 
predictive value 91%) and when added may 
increase the predictive accuracy of the KCC.

In a systematic analysis [138] of the MELD 
(modified end stage liver disease) score in ALF, 
526 patients with ALF from six studies (all did 
not have LT support) were included and overall 

304 died (58%). By using a MELD score cut-off 
of 30.5–35, the pooled sensitivity was 77% (95% 
CI, 72–82%) and specificity was 72% (95% CI, 
62–80%).

In a meta-analysis done by Mcphail et  al. 
[136] comparing KCC and MELD score for pre-
dicting outcome in ALF, found that The 
Diagnostic Odds Ratio (DOR) for KCC in cases 
of AALF was 10.4(4.9–22.1) and for MELD 6.6 
(2.1–20.2) whereas for NAALF the DOR for 
KCC was 4.16 (2.34–7.40) and 8.42 (5.98–11.88) 
for MELD. Concluding that Although KCC per-
forms better for AALF, MELD has improved 
prognostic accuracy in NAALF.

Accordingly, the American Gastroenterological 
Associates [139] suggests using the MELD score 
rather than the KCC as a prognostic scoring sys-
tem in patients presenting with ALF (a cut-off 
MELD score of 30.5 should be used for progno-
sis and higher scores predict a need for LT). A 
more recent European Association for the Study 
of the Liver guideline [7] recommends that LT be 
considered in those patients fulfilling either the 
KCC or Clichy criteria. A factor V level of less 
than 20% may indicate a poor prognosis neces-
sitating consideration of LT in patients of 30 years 
of age or younger, and a higher threshold of less 
than 30% is of equivalent significance in older 
patients [139].

Important prognostic variables for predicting 
the lack of spontaneous recovery and the need for 
liver transplantation include: (1) advanced grades 
3 and 4 HE and (2) severe coagulopathy defined 
as an INR >6.5. Additional unfavorable prognos-
tic variables include unfavorable etiologies (e.g., 
AIH, WD, HSV, and HAV) and the rate of disease 
progression.

More recently, a retrospective analysis [140] 
done by the US Acute Liver Failure Study Group 
(ALFSG) developed a logistic regression model 
to predict transplant-free survival using admis-
sion variables include hepatic encephalopathy 
(HE) grade, ALF etiology, vasopressor use, bili-
rubin, and International Normalized Ratio 
showed good performance characteristics 
(C-statistic 0.84, specificity 95%, sensitivity 
37.1%) in 1974 patients in the ALFSG registry 
(Fig. 30.3).

Table 30.2 King’s college criteria for transplantation in 
acute liver failure  – Acetaminophen induced and Non- 
acetaminophen induced

Acetaminophen- 
induced ALF Nonacetaminophen-induced ALF
Arterial pH <7.30 
after fluid 
resuscitation

Prothrombin time >100 s (INR 
>6.5)

Or all of the 
following:

Or any 3 of the following:

•  Prothrombin 
time >100 s 
(INR >6.5)

•  Non-A, non-B viral hepatitis, 
drug-induced or indeterminate 
etiology of ALF

•  Serum creatinine 
>3.4 mg/dL

•  Time from 
jaundice → encephalopathy 
>7 days

•  Grade 3 or 4 
hepatic 
encephalopathy

• Age <10 years or >40 years
•  Prothrombin time >50 s (INR 

>3.5)
• Serum bilirubin >17.4 mg/dL
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Non-APAP) and MELD 
as prognostic models in 
acute liver failure

The latest model from the King’s Liver Intensive 
Care Unit is a dynamic outcome  prediction model 
[141] developed and validated for use in patients 
with paracetamol-induced ALF. It is based on pro-
spective data including analysis of more than 20 
daily variables sequentially assessed for 3  days 
after ICU admission in 912 un- transplanted patients 
between 2000 and 2012. The variables included in 
the final models to predict death-included age, 
hepatic encephalopathy, cardiovascular failure, 
INR, creatinine, and arterial pH on admission and 
dynamic variables of changing arterial blood lac-
tate and INR. On validation in independent datasets 
from four transplant centers, the models showed 
good discrimination between survivors and non- 
survivors, improving with the inclusion of changes 
in INR and Lactate over time. Innovative in this 
approach was its access though a dedicated website 
and the generation of continuous survival estimates 
rather than a binary survival outcome, with the 
intention that the model should act as a decision-
support tool to support clinical judgment rather 
than a sole arbiter as to proceeding with 
transplantation.

Platelet count has been shown to be closely 
linked to outcome. In a recent study [142] from 
the USALFSG, the evolution of thrombocytope-
nia was closely associated with development of 
multiorgan failure and a poor outcome in 
ALF. Recent studies [143] suggest that in some 
non-paracetamol etiologies, loss of liver volume 
in adults to less than 1000 cm3 may indicate irre-
versible damage and serve as an early indicator 
of poor prognosis, often in advance of the devel-
opment of encephalopathy.

Apart from these scoring systems, other serum 
laboratory parameters (e.g., alfa-fetoprotein 
[144], galectin-9 [145], procoagulant microparti-
cles [112] soluble CD163 [146], and liver-type 
fatty acid binding protein [147]) for predicting 
outcomes [148] in ALF have also been 
proposed.

Finally, it is important to emphasize that prog-
nostic models should be only part of the overall 
functional evaluation of the very sick patient with 
ALF and an experienced multi-disciplinary team 
in an intensive care setting is required for correct 
interpretation. Rather than providing an absolute 
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arbiter, these models should support decision 
making and the multifactorial team assessment.

30.10  Liver Support Devices 
in Acute Liver Failure [149]

Many ALF patients die either waiting for a donor 
liver or they are not suitable for transplantation. 
Extracorporeal liver support devices (LSD) have 
been developed to support this kind of patients. 
These devices help to either stabilize the patient 
while liver is recovering from insult or act as a 
bridge to liver transplantation. An effective artifi-
cial liver support device should be able to do three 
functions, namely, detoxification, synthesis of pro-
teins, and regeneration. An ideal LSD would also 
replace the need for transplantation and may offer 
chronic replacement for end stage liver disease, but 
such support device is not yet available in market.

The liver support devices are classified into 
two basic groups as artificial liver support devices 
and bio-artificial liver support devices. While the 
artificial liver support devices are purely mechan-
ical devices or non-cell based liver support 
devices, the bio-artificial liver support devices 
are cell-based liver support devices and have a 
cellular component such as primary hepatocytes 
or hepatic cell line. The artificial liver support 
devices only detoxify while the cellular compo-
nent in bio-artificial liver support devices try 
replacing liver functions such as oxidative detox-
ification, biotransformation, excretion, and syn-
thesis (Table 30.3).

30.11  Artificial Liver Support 
Devices (Non-cell Based)

Molecular adsorbents recirculating system 
(MARS), fractionated plasma separation and 
adsorption (Prometheus), single pass albumin 
dialysis (SPAD), and selective plasma filtration 
therapy (SEPET) are the current non-cell based 
artificial liver support devices.

Human blood contains toxins which are either 
water soluble (ammonia, aromatic amino acids, 
creatinine, interleukin, Interleukin-6, GABA, urea, 
tryptophan) or bound to albumin (bilirubin, bile 
acids, cytokines, protoporphyrin, middle and 
short-chain fatty acids, para-cresol, protoporphy-
rin, nitric oxide) toxins. Since hemodialysis and 
hemofiltration remove only water soluble toxins, 
albumin has been added to existing dialysis 
devices to remove albumin bound toxins, as in 
MARS and SPAD.  Large pore filters have also 
been used to retain cellular components and sepa-
rate plasma proteins including albumin as in 
Prometheus and SEPET. The filtrate either under-
goes readsorption and then cleans the toxin- 
attached albumin, which is recycled in MARS and 
Prometheus or discarded in SPAD and SEPET.

MARS (Gambro GmbH, Hechingen, 
Germany) was introduced in 1990s, which is a 
combination of conventional hemodialysis 
against an Albumin dialysate solution over an 
Albumin impermeable membrane, and consists 
of a blood circuit and a secondary circuit. Blood 
passes through a high flux dialyzer over albumin 
impermeable membrane against 600 ml of 20% 
Human Albumin dialysate in the secondary cir-
cuit. The secondary circuit refreshes albumin by 
passing through anion-exchange resin and acti-
vated charcoal columns. A meta-analysis looking 
at four RCTs of MARS in ALF did not show any 
survival benefit, while mortality rates of MARS 
patients without transplantation are about 
78–100%. MARS decreases bilirubin levels and 
encephalopathy, but may worsen coagulopathy. 
MARS does not improve non-transplantation 
ALF survival and can be used as a bridge to 
transplantation.

Prometheus, the Fractional plasma separation 
and adsorption (FPSA, Bad Homburg, Germany) 

Table 30.3 Characters of liver assist devices

Type of 
device

Artificial liver 
support

Bio-artificial liver 
support

Cellular 
component

No Yes

Functions 
achieved

Detoxification 
only

All hepatic 
functions

Cost Comparatively 
less

High cost

Ease of use Relatively 
easier

Complexity of 
maintaining living 
components

Efficacy Limited Expected results 
more promising
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system has a 250 kDa pore size filter and albumin- 
permeable membranes, the albumin-bound tox-
ins diffuse across and the filtrate which is then 
passed over two columns of neutral resin and 
anion-exchange and returned to the patient. 
Prometheus provides higher clearance for most 
albumin liver Toxins, compared to MARS. When 
studied in alcoholic liver disease, MAP and SVR 
were better preserved compared to MARS.

Single pass albumin dialysis (SPAD) uses 5% 
albumin concentration which is discarded against 
a single countercurrent pass against the patient’s 
blood in a hemofilter and is comparable to MARS 
in clinical and laboratory parameter efficiency. 
Selective plasma filtration therapy (SEPET) 
deploys a membrane pore size, allowing passage 
of molecules of less than100 kDa, size and thus 
preserves immunoglobulins, complement pro-
teins, clotting factors and hepatocyte growth fac-
tor, but albumin is lost and is replaced along with 
FFP and electrolytes. Clinical trials of SEPET are 
underway currently.

30.12  Bio-Artificial Liver Support 
Devices (Cell-Based)

The systems of BAL, which are currently under 
clinical evaluation, include HepatAssist, 
Extracorporeal Liver Assist Device (ELAD), 
Modular Extracorporeal Liver support (MELS), 
Bio-artificial Liver support system (BLSS), and 
Amsterdam Medical Centre Bio-artificial Liver 
(AMCBAL).

The aim of BALs is to provide both detoxifi-
cation and synthetic functions. Human hepato-
cytes may be the best cells for use in BAL, but 
their lack of availability, decreased efficacy in 
cell culture and inability to readily regenerate 
in  vitro, limits their use. The alternatives are 
immortal cell lines such as C3A human hepato-

blastoma cell lines and porcine hepatocytes. 
However, there are concerns oncogenesis and 
xenozoonosis. Moreover, hepatoblastoma cells 
(C3A) do not exhibit normal metabolic efficiency 
like ureagenesis and are inferior to primary hepa-
tocytes in metabolic activity.

HepatAssist by Arbios has a hollow fiber 
extracorporeal bioreactor loaded with cryopre-
served porcine hepatocytes. Overall safety was 
demonstrated across all groups while survival 
benefit was shown only in subgroup of patients 
with fulminant or subfulminant hepatic failure. 
Extracorporeal Liver Assist Device (ELAD) by 
Vital Therapies (San Diego, California, USA) 
utilizes hollow fiber cartridges loaded with C3A 
human hepatoblastoma cell lines. ELAD shas 
shown improvement in ammonia, bilirubin in 
HE, survival benefit is yet to be demonstrated 
through a large multicenter trial. The Modular 
Extracorporeal Liver support (MELS) system.

(Charite Berlin, Germany) utilizes hollow 
fibers with fresh porcine hepatocytes. A limited 
sample study in ALF has shown its safety as a 
bridge to transplant. Bio-artificial Liver Support 
System (BLSS) by Excorp Medical (Minneapolis, 
Minnesota, USA) is under phase II and III stud-
ies, which utilizes porcine hepatocytes in a single 
hollow fiber cartridge. Amsterdam Medical 
Center Bio-artificial Liver (AMC-BAL) utilizes 
porcine hepatocytes bound to a spiral-shaped 
polyester fabric with integrated hollow fiber, 
which showed some promise in preliminary stud-
ies, but larger trials are yet to be done.

In conclusion, excellent evidence proved criti-
cal care practices and progress in liver transplan-
tation have improved the survival of ALF 
significantly. Clarity in definition and classifica-
tion of ALF have aided in targeting therapies of 
for ALF subsects. Artificial liver assist devices 
and coming in are the scope for current research 
and possible future therapy of ALF.
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