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Abstract 
 
Introduction 
Acute liver failure (ALF) is a form of rapidly progressive liver injury. It induces 
encephalopathy, cerebral oedema, deranged haemostasis, haemodynamic 
compromise, renal failure, and metabolic abnormalities. Emergency liver 
transplantation (ELT) is sometimes necessary for survival. Unfortunately, little is known 
about ALF in Australia and New Zealand (ANZ). 
 
Aims 
To develop a comprehensive description of ALF in ANZ. 
 
Methods 
Data for ALF patients were obtained from the ANZ Intensive Care Society Centre for 
Outcomes and Resource Evaluation Adult Patient Database and the ANZ Liver 
Transplant Registry. The Australasian Management of Acute Liver Failure Investigator 
group was formed and contributed data from all six liver transplant ICUs in ANZ. 
Analyses of these data were used to develop a broad and representative 
understanding of ALF across ANZ. The approach to key management challenges was 
evaluated and outcomes were described.  
 
Results 
ALF is rare but increasing in incidence across ANZ. Illness severity and mortality are 
higher than the general ICU population and most cases due to paracetamol overdose. 
Deranged measures of haemostasis are universal, with hypofibrinogenaemia and 
thrombocytopaenia more strongly associated with bleeding risk than the international 
normalised ratio. Blood products are often administered but without clear correlation 
with bleeding complications. Continuous renal replacement therapy is provided in most 
cases, and often in the absence of classical renal failure indications but with effective 
correction of hyperammonemia. Hypertonic saline is often administered to induce 
hypernatraemia, fever is uncommon, and ventilatory strategies achieve a low normal 
PaCO2 in most patients. Despite low ELT utilisation compared to other regions, 
outcomes are similar.  
 
Conclusions 
These studies form the most comprehensive evaluation of ALF across ANZ to date. 
They identify key aetiologies, patterns of illness, current management, utility of 
prognostic criteria and clinical outcomes. These findings can be used to inform the 
evolution of practice in this field. 
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List of abbreviations 
 
British spelling alternatives have been used throughout this thesis except in those chapters published 
by journals in which the American spelling is mandated. 
 
Abbreviation Explanation 

AASLD American Association for the study of liver disease 
ABG arterial blood gas 
ACS abdominal compartment syndrome 
ADAMTS13 a disintegrin and metalloproteinase thrombospondin type 1, motif 13 
AFP α-fetoprotein 
AFLP acute fatty liver of pregnancy 
AIDS Acquired immunodeficiency syndrome 
AIH autoimmune hepatitis 
AKIN Acute Kidney Injury Network 
ALF Acute liver failure 
ALFED Acute Liver Failure Early Dynamic Score 
ALFSG Adult Acute Liver Failure Study Group 
ALFSGI Acute Liver Failure Study Group Index 
ALI Acute liver injury 
ALP alkaline phosphatase 
ALT alanine aminotransferase 
AMALFI Australasian Management of Acute Liver Failure Investigators 
ANZ Australia and New Zealand 
ANZICS Australia and New Zealand Intensive Care Society 
ANZLTR ANZ Liver Transplant Registry 
ANZROD Australian and New Zealand Risk of Death 
AoCLF Acute on chronic liver failure 
APACHE Acute Physiology, Age, Chronic Health Evaluation 
APD Adult Patient Database 
APOLT auxiliary partial orthotopic liver transplantation 
aPTT activate partial thromboplastin time 
ARDS adult respiratory distress syndrome 
ARF acute renal failure 
AST aspartate aminotransferase 
ATP adenosine triphosphate 
AUC Are Under the Curve 
BAL bio-artificial liver 
BBB blood brain barrier 
BCAA branched chain amino acids 
BCS Budd-Chiari Syndrome 
BiLE Bilirubin, lactate and Etiology score 
CBF cerebral blood flow 
CD4 cluster derivation 4 
CLD Chronic liver disease 
CMR cerebral metabolic rate 
CMV cytomegalovirus 
CORE Centre for Outcome and Resource Evaluation 
COX cyclooxygenase 
CPFA Coupled Plasma Filtration Adsorption 
Cr creatinine 
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CRRT continuous renal replacement therapy 
CNS central nervous system 
CRP C reactive protein 
CRYO cryoprecipitate 
CSF cerebrospinal fluid 
CT computerised tomography 
CVC central venous catheter 
CVVH Continuous venovenous haemofiltration 
CVVHDF continuous venovenous haemodiafiltration 
DARE Data Analytics Research and Evaluation 
DCLD decompensated chronic liver disease 
DILI drug induced liver injury 
DVT deep venous thrombosis 
EASL European Association for the study of liver disease 
EBV Epstein Barr Virus 
ELAD extracorporeal liver assist device system 
ELT emergency liver transplantation 
FFP fresh frozen plasma 
FHF fulminant hepatic failure 
GGT gamma-glutamyl transferase 
GCS Glasgow Coma Scale 
H2 histamine type 2 
HAV hepatitis A virus 
Hb haemoglobin 
HbcAg hepatitis B core antigen 
HBV hepatitis B virus 
HCC hepatocellular carcinoma 
HCV hepatitis C virus 
HDU high dependency unit 
HDV hepatitis D virus 
HE hepatic encephalopathy 
HELLP Haemolysis, Elevated Liver enzymes, Low Platelets 
HEV hepatitis E virus 
HHV6E Human Herpes Virus 6 
HLA human leucocyte antigen 
HLH haemophagocytic lymphohistiocytosis 
HPVB19 Human Parvovirus B19 
HREC Human Research Ethics Committee 
HSV herpes simplex virus 
HTS hypertonic saline 
ICD International Classification of Diseases 
ICH intracranial hypertension 
ICP intracranial pressure 
ICU intensive care unit 
IgM immunoglobulin M 
IL interleukin 
iNOS inducible nitric oxide synthase 
INR international normalised ratio 
IQR interquartile range 
ITU Intensive Therapy Unit 
IU international units 
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KCC King’s College Criteria 
KDIGO Kidney Disease Improvement Global Outcomes 
LiMAx Liver Maximum Capacity test 
LOLA L-ornithine-L-aspartate 
LOHF Late onset hepatic failure 
MAP mean arterial pressure 
MARS Molecular Absorbent and Recirculation System 
MELD model for end stage liver disease 
MDMA methylenedioxymethamphetamine (‘ecstasy’) 
MV mechanical ventilation 
NAC n-acetyl cysteine 
NANB non-A, non-B viral hepatitis 
NAPQI N-acetyl-p-benzoquinone imine 
NO nitric oxide 
NPV negative predictive value 
NSAID non-steroidal anti-inflammatory drug 
OLTx orthotopic liver transplant 
PaCO2 Partial pressure carbon dioxide 
PCC prothrombin complex concentrate 
PEEP positive end-expiratory pressure 
PELD paediatric model for end stage liver disease 
PG prostaglandin 
POD paracetamol overdose 
PPI proton pump inhibitor 
PPV positive predictive value 
PRBC packed red blood cells 
PT prothrombin time 
PV portal vein 
rFVIIa recombinant Factor VII (activated) 
RNA ribonucleic acid 
ROC Receiver Operator Curve 
RRT renal replacement therapy 
SAPS III simplified acute physiology score III 
SD standard deviation 
SIRS systemic inflammatory response 
SLED slow low efficiency dialysis 
SOFA sequential organ failure assessment 
SPAD single pass albumin dialysis 
StD standard deviation 
STROBE Strengthening the Reporting of Observational Studies in Epidemiology 
TEG thromboelastography 
TH therapeutic hypothermia 
TIPS trans-jugular portosystemic shunt 
TNF tumour necrosis factor 
TRALI transfusion associated acute lung injury 
UKRC United Kingdom Registration Criteria 
UNOS United Network for Organ Sharing 
vWF von Willebrand factor 
VZV Varicella Zoster virus 
WD Wilson’s Disease 
WH West Haven 
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Acute Liver Failure: general introduction and literature review 
 

Definitions of acute liver failure 
Introduction 

Acute Liver Failure (ALF) is an uncommon, life threatening critical illness, that occurs 

in patients without previously known previous liver problems.1 In the past it has also 

been termed Fulminant Hepatic Failure (FHF)2 or acute hepatic necrosis,3 although 

ALF is now generally preferred and is utilised in most academic and clinical discourse.4 

 

Definitions of complex and heterogenous clinical phenomenon are necessary in critical 

care in order to conduct research, compare data from various time periods or across 

regions, and also to assist in identifying optimal clinical practice. Intensive care 

clinicians often encounter complex pathophysiological processes that have distinct 

clinical characteristics, management challenges, complications and prognostic 

implications. Examples include the Acute Respiratory Distress Syndrome (ARDS), 

acute renal failure (ARF), Abdominal Compartment Syndrome (ACS), the Systemic 

Inflammatory Response Syndrome (SIRS), sepsis and septic shock. All of these 

disorders may have a multitude of specific initiating causes that clearly have important 

prognostic and therapeutic implications, however in many respects, the clinical 

syndrome or pattern of each disorder may be remarkably consistent regardless of the 

underlying cause such that it is useful to consider the syndrome as a distinct clinical 

entity when undertaking patient care. For diagnostic criteria and definitions to be 

useful, several important attributes are necessary. These include; good reproducibility 

with minimal inter and intra-observer variation, precision of criteria with minimal 

ambiguity, components that are readily measured as part of routine clinical practice 

and a process that is sufficiently concise so as to be easily implemented in usual care 

by time poor clinicians at the bedside. As a result, consensus definitions or criteria 

have been developed and widely accepted over many years for ARDS, acute renal 
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failure, acute coronary syndromes, SIRS, sepsis and septic shock. While many 

aspects of the current definitions or criteria for these disorders may be questioned or 

disputed, they have none-the-less served as an important foundation on which much 

subsequent research and, in many cases, clinical management has been based. 

 

Defining the syndrome of acute liver failure 

Liver injury will often occur in the context of a severe critical illness that does not 

primarily involve the liver. Examples include ischaemic hepatitis (also termed ‘shock 

liver’ or ‘hypoxic hepatitis’) as may occur in cardiac arrest5 or pericardial tamponade.6 

It has been suggested that mere hypotension and low cardiac output states are not 

sufficient triggers on their own and that a degree of significant right-sided heart failure 

must be present, leading to hepatic venous congestion which primes the liver for 

severe injury in the setting of a shocked state.7 Sometimes severe sepsis may result 

liver injury and this complication has been recognised as conferring a distinct and 

additional likelihood of poor outcome.8 In such cases, while biochemical evidence of 

liver injury will be evident (as marked elevation of ALT and AST more than twenty times 

normal and increases in the INR), the treatment, clinical course and overall prognosis 

is fundamentally determined by the dominant underlying pathophysiological process. 

Liver injury in such situations is not generally considered to be consistent with ALF (or 

other liver specific disorders as described below) and is perhaps more properly 

categorized as part of critical illness multiple organ failure syndrome.9 Optimal patient 

management is appropriately focused on reversing the underlying diagnosis (e.g. 

severe cardiogenic shock), rather than directly toward the secondary liver injury that 

results.  

 

A range of other entities are occasionally referred to in the context of causes of ALF. 

These include sudden liver failure in the context of malignant infiltration and acute 
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alcoholic hepatitis. Severe hepatic infiltration of the liver can certainly cause marked 

abnormalities of liver function,10 however, the pathophysiology, management and 

outcomes are distinctly different from all other causes of ALF (usually following the 

overall dismal prognosis of advanced malignancy11) as to warrant entirely separate 

consideration. While alcohol can cause an acute hepatitis and severe liver injury, this 

almost always occurs in the setting of pre-existing alcohol induced chronic liver 

disease12 and would not therefore be generally considered as part of the spectrum of 

ALF per se,13 although analysis of ALF aetiology in some regions sometimes includes 

such cases. 

 

In order to conduct any kind of evaluation relating to aspects of ALF, it is necessary to 

define the disorder. While the underlying cause of ALF is essential to diagnose 

wherever possible in order to prognosticate and consider specific therapeutic options, 

the syndrome and management challenges of ALF may be similar in many respects 

regardless of the underlying initial cause.4 Interestingly, like many syndromes in critical 

care, it has been somewhat difficult to achieve a consensus definition regarding 

precise criteria for the diagnosis of ALF. At the present time, no definition of ALF is 

universally recognised. Despite this, there is some commonality amongst the various 

definitions and criteria that have been proposed and utilised by researchers studying 

this group of patients. Common characteristics centre around readily measured or 

clinically determined consequences of significant liver dysfunction developing over a 

relatively short timeframe in the absence of known (with some exceptions) pre-existing 

chronic liver disease. 

 

It is argued that the absence of known pre-existing liver disease is an essential 

stipulation for any definition of ALF. This is important in order to differentiate the 

syndrome of ALF from the markedly different phenomenon of acute-on-chronic liver 
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failure (AoCLF) and decompensated chronic liver disease (DCLD). AoCLF is a distinct 

entity14 defined as an ‘acute hepatic insult manifesting as jaundice and coagulopathy, 

complicated within four weeks by ascites and/or encephalopathy in a patient with 

previously diagnosed or undiagnosed chronic liver disease’.15,16 Further sub-

classification has been proposed according to the initiating event for the acute 

component of the liver injury (e.g. infectious causes, non-infectious causes and 

unknown causes). A World Congress of Gastroenterology consensus definition has 

sought to combine recommendations from several jurisdictions into a single definition: 

‘A syndrome in patients with chronic liver disease with or without previously diagnosed 

cirrhosis which is characterized by acute hepatic decompensation resulting in liver 

failure (jaundice and prolongation of the INR) and one or more extra-hepatic organ 

failures that is associated with increased mortality within a period of 28 days and up to 

3 months from onset’.17 DCLD is the development of an acute illness due to a 

recognised complication of previously diagnosed or undiagnosed chronic liver disease 

or cirrhosis,18 (e.g. jaundice, variceal haemorrhage, massive ascites, spontaneous 

bacterial peritonitis, hepatic encephalopathy, hepatorenal syndrome, hyponatraemia, 

hepatocellular carcinoma, porto-pulmonary hypertension, hepatopulmonary 

syndrome). Both AoCLF and DCLD have distinctly different clinical characteristics 

(Figure 1), management implications and prognoses that differentiate them from one 

another and also render them quite distinct from ALF.14,19 
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Figure 1. Summary of key similarities and differences between acute liver 
failure, acute-on-chronic liver failure and decompensated chronic liver disease 

 

Whilst this figure summarises typical patterns of liver related illness, some variation in 
presentation and illness trajectory is common 
 
ALF=acute liver failure, AoCLF=acute-on-chronic liver failure, DCLD=decompensated chronic 
liver disease, SBP=spontaneous bacterial peritonitis, HRS=hepatorenal syndrome, 
HCC=hepatocellular carcinoma 
 

The most widely accepted definition of ALF was proposed over forty-five years ago by 

Trey and Davidson.2 Since then, almost all ALF subsequent definitions incorporate the 

concept that hepatic encephalopathy (HE) occurs within a relatively short time after 

the first the onset of features of liver failure. Most published ALF definitions do not 

require a specific grade of HE as part of their criteria, with most accepting just the 

presence of HE as sufficient. For the minority of studies in which a grade of 

encephalopathy is described, most indicate a West Haven criteria (WH) grade greater 

than II as the mandated severity of neurological impairment. Additionally, most ALF 

definitions require the onset of HE within a specific timeframe following the initial onset 
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of illness. This period is most commonly stated as eight weeks,20 although several 

published studies utilise a time period of up to 26 weeks. Studies have used values 

that range remarkably between these two widely accepted values. It is notable that 

terms such as ‘symptoms’ or ‘onset of disease’ are not defined in many studies, leaving 

open the possibility of considerable intra an inter observer variability in interpretation.21 

 

The absence of known or demonstrable pre-existing chronic liver disease or cirrhosis 

is integral to the diagnosis of ALF and this is reflected in most (but not all) published 

definitions of the disease. It is clearly necessary to explicitly state the nature of acuity 

versus chronicity for a whole range of afflictions (e.g. acute versus chronic renal failure 

and acute versus chronic respiratory failure), and this also applies to liver failure, where 

it is essential to differentiate ALF from chronic cirrhosis and non-cirrhotic liver disease. 

This is because of the markedly differing clinical characteristics (e.g. aetiology), 

management issues (especially cerebral oedema) and approaches to managing the 

three groups. Despite general acknowledgment of the importance of diagnostic criteria, 

many published studies do not specifically indicate the criteria on which the exclusion 

of pre-existing liver disease is made.  

 

Abnormalities of measured coagulation parameters are a hallmark of serious liver 

dysfunction and as such are widely considered to be an important characteristic for the 

definition of ALF. While the clinical manifestations of disordered coagulation processes 

in ALF are complex and highly variable (many patients may actually exhibit a 

procoagulant state, rendering them vulnerable to thrombotic complications22-25), 

abnormalities such as INR and prothrombin time (PT) are readily measured and give 

a reliable insight into liver synthetic function. In addition, from a clinical management 

perspective, clotting parameters may be regularly re-checked and used as a 

repeatable guide to evaluating hepatic recovery or ongoing deterioration (when not 
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impacted by the administration of clotting factors such as fresh frozen plasma (FFP)). 

Some authors have suggested absolute threshold levels of clotting values (e.g. INR 

more than 1.5), while others describe relative reductions in PT index (e.g. less than 

40% of baseline value) or a lengthening of prothrombin time. As described below, 

French practice is to required measured values of Factor V less than 50% in the setting 

of HE as defining criteria for ALF,26 although over the decades that have elapsed since 

this recommendation was developed there appears little likelihood of this approach 

being widely adopted. The INR may be the best measure of derangements in clotting 

due to ALF for a number of reasons. PT results vary considerably between laboratories 

due to the source of thromboplastic used when conducting the assay. Also, unlike 

more specialised measures of clotting function, the INR is widely available, rapidly 

completed and fairly inexpensive as it is used for monitoring patients receiving oral 

Vitamin K antagonists for the purpose of therapeutic anticoagulation. While a liver 

specific INR tailored for use in patients with liver disease has been suggested,27 it 

seems unlikely that such an approach will be widely adopted. 

 

Several approaches to sub-categorisation of ALF based on the time from the initial 

onset of illness to HE have been described. The two most widely recognized are those 

originating from London’s Kings College Hospital Liver Intensive Therapy Unit (Table 

120) and the French Hôpital Beaujon system (Table 226). 

 

The Kings College Hospital’s approach is based on clinical routine assessment and 

tests; it does not require special or extended investigations in order to satisfy the 

criteria. In addition, there is a reasonable correlation between the classification, 

different causes of ALF and ensuing clinical course. As such, it has been 

recommended as the preferred definition for use by critical care clinicians in Australia 

and New Zealand.28 
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The Beaujon system contrast significantly to that of the Kings College group in that it 

supposes that ALF becomes established during the pre-HE phase of illness and 

requires both clinical (assessment of HE) and non-clinical measurements (i.e. low 

measured PT or Factor V levels) in order to achieve the definition. It therefore may 

incorporate more patients with lesser degrees of liver injury who are not within the 

scope of what intensive care specialists would generally expect to manage, and as 

such may have less applicability to critical care for this reason.  

 

ALF is characterised by a range of common clinical findings that are often readily 

identified at the time of presentation. Examples include jaundice, acidosis, 

hyperlactataemia, hypoglycaemia, renal dysfunction and metabolic flap (asterixis). 

Despite the prominent nature of these features, they are not widely utilised as 

components of published ALF definitions. Where these components of ALF are 

included as part of various definitions, it should be noted that the absolute or relative 

threshold values are often not stipulated, leading to a degree of interpretation by 

clinicians or researchers who utilise such systems. For example, many definitions 

require the presence of ‘jaundice’, but do not provide a specific threshold laboratory 

measured bilirubin value. 

 

It is notable that many studies provide incomplete definitions and, in some instances, 

no definition of ALF at all. In their 2012 review of ALF definitions, Wlodzimirow et al 

identified 103 studies published over forty years.21 Eighty-seven of these studies used 

41 different ALF definitions and the remaining 16 studies did not report specific ALF 

definitions at all. The majority of ALF definitions incorporated a requirement for the 

presence of HE, coagulopathy, the absence of known chronic liver disease and a time 

period from onset of illness to HE of less than 8 weeks. Over the last twenty years, it 
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was found that the number of ALF definitions has roughly tracked the number of ALF 

studies, with both reducing recently compared to the period 1990 to 2007. The 

inconsistency in approach to defining ALF has been identified as a problematic barrier 

to effective research, especially limiting valid comparisons between studies.29,30 The 

need for uniformity of approach to facilitate future research has resulted in the 

development of proposed definitions that can be applied across jurisdictions. In 2011, 

The American Association for the Study of Liver Diseases, published a position paper31 

which argued for the adoption of an approach essentially based on that of Trey and 

Davidson from 19702: ‘Evidence of coagulation abnormality, usually an International 

Normalized Ratio (INR) ≥1.5, and any degree of mental alteration (encephalopathy) in 

a patient without pre-existing cirrhosis and with an illness duration of less than 26 

weeks’. This definition would allow the potential inclusion of patients who might 

otherwise not meet the criteria due the likely pre-existing liver disease e.g. Wilson’s 

Disease, some forms of autoimmune hepatitis and congenital hepatitis B virus. This 

definition has been criticised for its lack of clear and objective quantification of 

parameters such as the grade of encephalopathy or precise details of previous liver 

disease. Furthermore, the time criterion specified is many times that of most other 

definitions, making valid comparisons with researchers using different timeframes 

potentially problematic. 

 

An alternative ALF definition which may have broad application was published in 

201221: ‘The absence of underlying liver disease of any sort, the presence of any HE 

(regardless of grade) within 8 weeks of the onset of jaundice (defined as plasma 

bilirubin >50 μmol/L), together with the presence of coagulopathy (defined as an INR 

more than 1.5)’. Appealing attributes of this ALF definition include; 

1. The stipulation that HE must be present (of any grade) 
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2. A precise description of evidence for hepatic dysfunction (hyperbilirubinaemia 

and coagulopathy with specific values nominated) 

3. A widely accepted specific time-course over which the illness develops and 

4. The absence of known pre-existing liver disease or cirrhosis. While a clear and 

durable consensus on how to best define ALF is yet to be achieved, it seems 

likely that an approach such as this may be preferred on the basis of the 

unambiguous nature of its stipulated criterion, its ready application across a 

range of clinical settings and its consistency with much of what has come prior 

to a more formalised and uniform approach.  

 

An aspect of ALF not generally specified in any published definitions is severity. 

Generally speaking, it may be anticipated that the clinical course of ALF involves 

multiple organ systems and leads to life threatening critical illness necessitating ICU 

admission.32 General clinical markers of severity may include severe shock and the 

development of multiple organ failure. More liver specific problems associated with 

illness severity include severe coagulopathy (in the absence of other causes and not 

corrected by vitamin K administration), high-grade encephalopathy with cerebral 

oedema, and hypoglycaemia. Immune paresis occurs frequently, and ALF patients 

exhibit marked vulnerability to gram positive, gram negative and fungal pathogens 

making this a common ultimate cause of death.33 The use of clinical findings or test 

results to mark the severity of ALF is appealing, yet also problematic. Many of the 

findings in ALF are common to other critical illnesses such as severe sepsis or drug 

overdose toxidromes.34 The grade of HE is a marker of severity for ALF, however 

alterations in mental state, behavioural disturbance, delirium and coma are common 

in the ICU and very often reflect the complex interplay of multiple factors such present 

in critical illness.35 Clotting parameters such as the INR may be deranged in many 

critically ill patients.36 The total bilirubin concentration may similarly be elevated due in 
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patients with multisystem failure or haemolysis.37 Elevations in lactate concentrations 

are certainly not specific to liver injury and are often increased by a range of process 

relevant to patients who are severely ill.38 Hypoglycaemia not related to insulin therapy 

may also occasionally result from a range of non-liver specific problems in critically ill 

patients.39 In the ICU such parameters often reflect general organ dysfunction and 

might be reasonably considered general illness severity markers rather than liver 

specific measures.40 Patients with even low grade HE in the setting of ALF are at high 

risk of rapid deterioration and should be thought of as critically ill, such that monitoring 

in a critical care setting should be considered,41 ideally in a hospital able to perform 

ELT.42 Therefore, at a practical level, one approach to defining severity might be to 

consider that patients with ALF sufficiently ill to require admission to the ICU for 

treatment have achieved a necessary threshold to be described as ‘severe’. Little is 

known about variation in use of critical care services for ALF, however differences 

certainly exist for patients with chronic liver diseases.43 While ICU admission criteria 

for ALF are likely to vary according to local practices and other considerations (such 

as the skill mix and capabilities of general wards), it seems reasonable for most 

purposes to accept that severe ALF may be defined as ALF of sufficient seriousness 

that the patient must be managed in a critical care environment.44 

 

Conclusion 

Despite the apparent need for a uniform definition of ALF and the clear benefits it would 

bring to research and efforts to develop improved care, there is currently no universally 

accepted definition. Broadly speaking however, the rapid progression of abnormal 

measures of clotting, the presence of hepatic encephalopathy and the absence of 

know chronic liver disease are common to most published definitions such that valid 

comparisons are usually possible. 
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Table 1. The Kings College Liver Intensive Therapy Unit sub-classification of 
acute liver failure 

Hyperacute; liver failure encephalopathy within 7 days of onset of jaundice 

Acute liver; failure 8-28 days from jaundice to encephalopathy  

Subacute liver failure; 29-72 days from jaundice to encephalopathy  

 

 
Table 2. The Hôpital Beaujon sub-classification of acute liver failure 

Acute liver failure with prolonged prothrombin time or Factor V below 50% of normal  

• Fulminant; early encephalopathy (<28 days from onset of jaundice)  

• Sub-fulminant; late encephalopathy (>28 days from onset of jaundice) 
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Causative factors and incidence of acute liver failure 
 

Introduction 

Many critical illnesses managed in the ICU follow a process in which one organ system 

may be primarily affected initially, but as the course of illness progresses, multi-system 

involvement inevitably develops. The pattern of illness that ensues frequently involves 

a range of typical clinical features, test findings and management challenges, even 

though the initiating organ injury may be due to a range of different causes. This 

concurrence of symptoms, signs and test findings that are common to an acute critical 

illness despite the underlying trigger applies well to the diagnosis of acute liver failure 

(ALF). Many patients presenting to health care facilities will be obviously unwell and 

the characteristics of ALF will be readily apparent on clinical evaluation and preliminary 

investigations. Typical characteristics of ALF commonly include hepatic 

encephalopathy (generally manifesting as confusion and drowsiness), abnormalities 

of tested clotting parameters (generally accepted as elevations in INR greater than 

1.5), jaundice (elevated plasma bilirubin greater than 50 µmol/L), and biochemical 

evidence of severe hepatitis (generally accepted as elevations in serum alanine 

aminotransferase (ALT) concentrations of more than twenty times normal levels). A 

common course of critical illness may be predicted, with progressive neurological 

obtundation, significant haemodynamic disturbance, lactic acidosis, renal dysfunction, 

hypoglycaemia and high risk of death.1 

 

While the syndrome of ALF may appear in many ways to be somewhat independent 

of the exact underlying cause of liver injury, determining the precipitating insult is none-

the-less crucially important. The varying causes of ALF follow distinct geographic, 

demographic and clinical patterns, all of which have important implications when trying 

to identify the likely cause in afflicted individuals. Furthermore, the underlying cause of 
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ALF may have specific treatment considerations and will almost always be important 

when assessing the potential prognosis and possible need for interventions such as 

emergency liver transplantation (ELT). In general terms, causes of ALF may be divided 

into infectious and non-infectious causes. 

 

Infectious causes of acute liver failure 

Infectious agents account for a very large number of patients affected by ALF at a 

global level.2,3 Viral pathogens are the most important transmissible entities for both 

acute and chronic liver disease. For the most part, viral ALF is caused by hepatotropic 

viruses, especially Hepatitis A virus (HAV), Hepatitis B virus (HBV), Hepatitis D (HDV) 

and Hepatitis E virus (HEV). While Hepatitis C virus (HCV) is an important cause of 

chronic liver disease, cirrhosis and hepatocellular carcinoma, it is an extremely rare 

cause of ALF.4 Non-liver specific viruses are also important, with herpes viruses such 

as varicella zoster virus (VZV), cytomegalovirus (CMV), herpes simplex type I and II 

(HSV I & HSV II) virus, Epstein Barr Virus (EBV), and Human Herpes Virus 6 (HHV6). 

Human Parvovirus B19 and adenoviruses have also been proposed as rare causes of 

ALF, although the evidence is limited. Of these hepatotropic and non-hepatotropic viral 

agents, HAV, HEV, EBV, CMV, HSV I & II and HHV6 only cause acute hepatitis, 

whereas HBV more commonly causes chronic liver disease, but may occasionally 

cause a serious and fulminant hepatitis during primary illness or as reactivation of 

latent infection. Overall, viruses account for over 12% of ALF in developed countries,2 

but the proportion may be greater than 90% in developing regions.5 Bacterial infections 

such as leptospirosis6 and syphilis7 may occasionally cause severe hepatitis, however 

ALF is rare. 

 

  



 

 

35 

Hepatitis A virus 

Hepatitis A virus (HAV) is a single stranded RNA picornavirus whose primary 

replication site is in hepatocytes.8 It is distributed world-wide and transmitted via the 

faecal-oral route, making infection more prevalent in paediatric populations and places 

with low standards of sanitation. Contaminated food or water may lead to significant 

outbreaks in regions of low immunity.9 In regions of high endemicity, HAV IgG 

antibodies may be detected in up to 90% of the population and infection confers life-

long immunity. The majority of cases in young children are asymptomatic, whereas 

older children and adults tend to manifest more serious, albeit usually self-limiting 

disease.10 An effective and safe vaccine is widely been available and is recommended 

for at-risk groups such as childcare workers and travellers to endemic areas (Figure 

1).11 Despite being the most common cause of acute viral hepatitis, progression to ALF 

is observed only rarely, occurring in less than 1% of cases.12 Genetic factors and pre-

existing cirrhosis have been suggested as factors associated with greater likelihood of 

worse liver failure.10,13 The prognosis of HAV associated ALF is reported to be poor in 

older patients, with more than half dying or requiring ELT.14,15 

 

Hepatitis B virus 

Hepatitis B virus (HBV) is the commonest viral cause of ALF globally, by virtue of its 

high prevalence as a chronic infection. It is a DNA virus, affecting up to 400 million 

people world-wide and may be transmitted by sexual contact, perinatally or as a blood-

borne illness associated with intravenous drug use.16 The greatest population health-

risk from HBV is chronic liver disease and in any individual case, the actual risk of 

progression to ALF at acquisition or during disease flares is extremely low.17 Perinatal 

acquisition is the commonest mode of transmission in regions of high prevalence, with 

intravenous drug use and sexual transmission more common in developed economies. 

An effective vaccine is widely available (Figure 1) and forms part of recommended 
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childhood vaccination programs in many regions. HBV may lead to ALF in two 

scenarios; acute HBV hepatitis occurring at acquisition and also as an acute 

exacerbation of latent HBV infection. The latter behaves in a manner very similar to 

ALF of any aetiology, even though more than 50% of explanted livers removed during 

the course of ELT demonstrate evidence of underlying cirrhosis.18 The outcome from 

HBV associated ALF is reported as transplant mortality of more than 50%,18 however 

antiviral therapy may be beneficial and reduce poor outcomes.19 

 

Figure 1. Hepatitis A and Hepatitis B vaccine 

 

Hepatitis A, Hepatitis B (and therefore also Hepatitis D) are important causes of acute liver failure that 
are preventable through immunisation. 
 

Hepatitis D virus 

Hepatitis D virus (HDV) is a defective RNA virus that requires the presence of HBV in 

order to replicate.20 It is endemic in developing regions and up to 4% of HBV positive 

individuals may be affected.21 Acquisition may occur during the same as initial HBV 

infection or at a later time. In either case, HDV co-infection results in a more serious 

liver injury for affected individuals and is associated with a greater risk of ALF.22,23 

 

Hepatitis E virus 

Hepatitis E virus (HEV) is an RNA virus that is mostly, but not exclusively, present in 

developing countries where it is associated with low sanitation standards. Of the four 
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genotypes, types 1 and 2 are mostly found in humans and are prevalent in 

hyperendemic regions. Types 3 and 4 are zoonotic, with greater prevalent in Japan, 

Europe and North America.24,25 Epidemic and sporadic outbreak events may occur, 

with the greatest burden of disease occurring in Asia, Africa and the Middle-East. 

Global HEV related mortality may be in the realm of 57000 deaths per year.26 

Candidate vaccines have been developed, but are yet to demonstrate adequate safety 

and efficacy.27 The virus is of particular relevance to pregnant women for whom it is 

particularly hazardous. HEV infection amongst the general population is most often a 

self-limiting illness, although ALF may occasionally occur. Pregnancy seems to confer 

an increased likelihood of HEV acquisition and also higher chances of developing ALF. 

It has been suggested that a combination of hormonal factors, alterations in immune 

function and virus specific factors (especially present in types 1 and 2) contribute the 

pathogenicity of HEV in the gravid state.24 HEV seems to result in ALF over a course 

of four to eight weeks in most cases.28 Complications include preterm labour, foetal 

loss, peri-partum haemorrhage and maternal death from ALF (mainly from refractory 

cerebral oedema and/or overwhelming sepsis).29 Foetal acquisition of HEV from the 

mother has been reported to occur commonly.30 Maternal outcome is reported to be 

worse in the instances of advanced maternal age, more severe coagulopathy, deep 

jaundice and clinical evidence of cerebral oedema. While ALF from HEV infection is 

more likely to occur in pregnant woman, once ALF is present, outcomes do not appear 

to be greatly influenced by pregnancy per se compared to non-pregnant patients with 

HEV ALF.31 

 

Varicella Zoster virus 

Varicella Zoster virus (VZV) is a common infection mainly causing chicken pox when 

acquired in childhood and shingles at recurrence in adulthood. Most infections are 

acquired prior to adolescence and the illness is usually mild and self-limiting. It as an 
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extremely rare cause of ALF,32-34 occurring mainly but not exclusively in 

immunosuppressed individuals. An effective vaccine is available and antiviral therapy 

has an important role in serious varicella associated disease.35 

 

Cytomegalovirus 

Cytomegalovirus (CMV) acquisition is common during childhood and may be relatively 

asymptomatic or result in an illness similar to EBV infectious mononucleosis 

syndrome. In the latter setting, biochemical evidence of liver derangement is very 

common,36 however ALF is extremely rare except in immunosuppressed patients.37 

Liver failure is usually only one of a host of major problems the setting of severe 

disseminated CMV disease causing multiple organ failure in an immunocompromised 

patient. Antiviral therapy in such situations may be lifesaving. 

 

Epstein Barr virus 

Epstein Barr virus (EBV) is mainly spread via oral secretions and acute infection 

ranges in severity from an almost asymptomatic illness to multisystem infectious 

mononucleosis syndrome. On extremely rare occasions, severe hepatitis may occur, 

resulting in ALF.38,39 Much more commonly, primary EBV infection or reactivation of 

latent infection causes mild hepatic injury and manifests as derangement of 

biochemical tests of liver function. 

 

Herpes simplex virus I and II 

Herpes simplex virus (HSV) I and II are both common human infections with usually 

localised mucosal manifestations confined to the gastrointestinal and genitourinary 

tract, often occurring in a relapsing remitting pattern. On occasions, both viruses may 

disseminate and cause severe illness, including ALF. Newborn infants, the 

immunocompromised and pregnant women seem to be at particular risk of serious 
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hepatitis. In pregnancy, the period of greatest danger coincides with the third trimester 

and typical mucosal lesions are often absent. A high index of suspicion is therefore 

required to make the diagnosis. HSV ALF is a serious illness with high mortality unless 

treated with antiviral drugs and, occasionally ELT. Empiric high-dose acyclovir therapy 

has been suggested for patients presenting with ALF of unclear aetiology,40 although 

it causes less than 1% of all ALF.2 

 

Other non-hepatotropic viruses 

Human herpes virus 6 (HHV6),41,42 parvovirus B19 (PVB19)43,44, and adenovirus45 have 

all been implicated in the development of ALF in humans, although their precise role 

remains somewhat unclear. These viral infections are extremely common worldwide, 

but rarely cause serious illness in the form of severe hepatitis associated ALF.  

 

Non-infectious causes of acute liver failure 

Non-infectious causes account for a high proportion of ALF in developed countries. 

Broad categories of non-transmissible causes include drugs, toxins, vascular 

catastrophes, metabolic disorders and pregnancy-associated problems. 

 

Drug induced acute liver failure 

Drug induced ALF can be further subdivided into those cases of clearly dose related 

predictable severe liver injury and cases of less-clearly dose related idiosyncratic 

severe sub-fulminant hepatitis. Paracetamol accounts for the majority of dose-related 

cases of drug induced ALF and is the greatest single cause of ALF overall in many 

industrialised countries, such as the United States and the United Kingdom.46 

Idiosyncratic drug-induced ALF is rare, but may cause about 17% of all acute liver 

failure in developed countries.47 Causality can be challenging when dealing with rarely 

implicated drug and related agents, however standardized scoring systems may assist 
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in the evaluation of therapeutic agents as possible causes of liver injury.48 Drug toxicity 

is a less prominent cause of ALF in many developing countries.49 

 

Terminology for describing drug induced liver injury (DILI) has been recently 

suggested:50 

• Intrinsic DILI: Hepatotoxicity with potential to affect all individuals to varying 

degrees. Reaction typically stereotypic and dose dependent (e.g. paracetamol) 

• Idiosyncratic DILI: Hepatotoxicity affecting only rare susceptible individuals. 

Reaction less dose dependent and more varied in latency, presentation, and 

course (e.g. anti-tuberculosis drugs, NSAIDs) 

• Chronic DILI: Failure of return of liver enzymes or bilirubin to pre-DILI baseline, 

with or without other signs or symptoms of ongoing liver disease (e.g., ascites, 

encephalopathy, portal hypertension, coagulopathy) 6 months after DILI onset 

 

A fourth category of DILI has been proposed, whereby a medication may indirectly 

cause liver injury through mechanisms unrelated to its specific mode of action.51 

Examples include the well-recognised phenomenon of corticosteroid therapy 

administered for various inflammatory conditions causing a flare of latent HBV that 

results in ALF. Whilst not universally accepted as a form of drug induced liver toxicity 

due to the indirect nature of the hepatic insult, such mechanisms may account for more 

cases of ALF than idiosyncratic DILI.  

 

Paracetamol 

Paracetamol (referred to as acetaminophen in North America), is the most common 

cause of ALF in many developed industrialised countries and may be increasing in 

incidence.52,53 Patterns of overdose appear to change over time, as the drug was 

approved for use in the 1950s, but was not a notable cause of ALF in countries such 
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as the US before 1980.54 In therapeutic doses recommended for analgaesia, 

paracetamol is an extremely safe drug, with few adverse effects. The widespread use 

of paracetamol pre-dated current processes for evaluating toxicity and the first report 

of liver toxicity from excessive ingestion did not occur until 1966.55 Paracetamol dosing 

of more than 200mg per kilogram (or more than 10g total) consumed within an 8-hour 

period may result in liver injury.56 This amount required to induce severe liver damage 

in an adult is therefore equal to or is less than the usual contents of most commercially 

available retail packs purchased over the counter at supermarkets and similar retail 

outlets in Australasia57 and is much less than that available from pharmacies (Figure 

2). Repeated supra-therapeutic ingestion is more variable and depends on factors 

such as co-administered medications and comorbidities.58 A small proportion of 

unintentional overdoses (15%) involve the inadvertent ingestion of excessive 

paracetamol through the simultaneous ingestion of multiple over the counter 

preparations that all contain paracetamol.59 The majority involve excessive self-

administration of large doses of paracetamol containing analgaesics when initial doses 

fail to provide adequate relief. The total amount of ingested paracetamol may exceed 

that taken in situations of deliberate overdose considerably, although the 

administrating occurs over several days.59 

 

Opiates compounded with paracetamol are implicated in 60% of unintentional 

paracetamol overdose cases leading to ALF, indicating that many patients were 

possibly seeking the opioid component, but perhaps became tolerant to it and self-

medicated supratherapeutic quantities in an effort to re-experience the euphoric effects 

associated with previous use at lower doses. It has been suggested that a degree of 

protective tolerance to the paracetamol component may also occur, thus explaining 

the phenomenon whereby some patients seem not to develop ALF despite what 

appear to be toxic levels of ingestion.60 Whether an intercurrent illness then tips such 
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patients over into overt paracetamol associated DILI or the patient simply increased 

the dose beyond the necessary toxic threshold is also often unclear. While deliberate 

paracetamol overdose is common, the early administration of the n-cysteine (NAC) is 

an effective antidote; as a result only 1% actually develop ALF.61 

 

Up to a fifth of paracetamol induced liver injury may be unintentional via ‘therapeutic 

misadventure’61 and the resulting ‘staggered’ ingestion appears to be associated with 

poorer outcomes.62 Overall, paracetamol poisoning accounts for approximately half of 

all cases of ALF in the US and UK.63 Paracetamol in excessive doses is an intrinsic 

(i.e. highly dose-dependent) hepatotoxin that can cause massive hepatic necrosis in a 

pericentral pattern due to the cytochrome P450 mediated oxidative metabolism of 

paracetamol to the highly reactive metabolite, N-acetyl-p-benzoquinone iminine 

(NAPQI). Depletion of glutathione stores leads to an overwhelming of detoxification 

processes within the liver and hepatocellular necrosis follows. The same toxic process 

injures epithelium within the proximal renal tubule and kidney failure may ensue.64 

Drugs such as alcohol65 and phenytoin66 that induce CYP2E1 and cytochrome P450 

activity respectively may lead to greater metabolism of paracetamol to NAPQ and 

markedly potentiate toxicity, although the link with chronic alcohol use has been 

questioned.67 In late-presenting patients who were not given NAC early after ingestion, 

the developing illness usually follows a hyper-acute ALF pattern with rapid progression 

from the first symptoms (usually non-specific nausea, anorexia, fatigue and abdominal 

pain) to life-threatening overt liver failure and encephalopathy within hours to a few 

days. A characteristic pattern of deranged biochemical testing usually shows an 

extreme elevation of ALT, with a relatively low bilirubin concentration.54,68 If the acute 

illness is survived, ELT is often not required for paracetamol induced ALF and some 

authorities now question the appropriateness of ELT in such circumstances.69 

Potentially improved outcomes in the absence of transplantation mean that patients 
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are perhaps increasingly likely to survive with best supportive care and avoid a lifetime 

of burdensome immunosuppressive drug therapy associated with ELT. For survivors 

of paracetamol induced ALF who do not receive a transplant, outcomes are largely 

determined by pre-existing mental health problems placing them at risk of further 

deliberate self-harm and completed suicide rather than direct consequences of ALF.70 

 
Figure 2. Common bulk packaging presentation of paracetamol 

 

 
Idiosyncratic drug reactions 

Idiosyncratic drug reactions causing ALF are rare, but are of major significance in that 

death is a common outcome in the absence of ELT.71,72 These situations sit at the 

extreme end of the drug-induced liver injury (DILI) spectrum, that ranges most 

commonly from sub-clinical abnormalities of liver function on routine testing,73 through 

to much rarer ALF resulting in the need for ELT or death.74,75 Most idiosyncratic 

hepatotoxicity is noted 5-90 days after the causative medication was last used.47 

Toxicity is generally held to be relatively unrelated to dose, route, or duration of drug 

administration.73 The diagnosis of DILI is clinical, based mostly on a thorough history, 

the known propensity for the suspect medication to cause liver injury and exclusion of 

other causes of liver problems. As such, it may often be an unproven diagnosis of 

exclusion. Idiosyncratic drug hepatotoxicity results from the interplay between the 
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environment, the drug(s) and host factors, such as pre-existing comorbidities, alcohol 

use, the adaptive immune response, sex and genetics.76 More than 1100 therapeutic 

agents have been implicated as causing DILI, although for many the link is not 

proven.71 

 

Patterns of DILI can include be hepatocellular (predominantly a rise in ALT), 

cholestatic (predominant rise in ALP) or a mixed pattern of injury. As noted above, it 

has been argued that the phenomenon of idiosyncratic drug hepatotoxicity does not 

follow a strictly dose-dependent pattern. The occurrence of hepatotoxicity secondary 

to brief77 and low dose exposure to commonly administered therapeutic agents is well 

recognized, although it has been suggested that many instances exhibit at least some 

relationship to the dose ingested,78 with need for ELT more common in patients on 

higher doses of implicated drugs than those on lower doses.72 DILI leading to severe 

liver failure tends to develop as an acute or sub-acute phenomenon, with time from 

first symptom to overt liver failure with hepatic encephalopathy generally extending 

from 8 to 13 weeks.50 Drugs recognized to be implicated as definite or likely candidates 

for causing DILI leading to ALF include antimicrobials (the largest single group by a 

considerable degree), complimentary or herbal remedies,79,80 illicit psychoactive 

agents (e.g. methylenedioxymethamphetamine (MDMA)),81 anticonvulsants (e.g. 

phenytoin72 and sodium valporate82), psychotropics (e.g. quetiapine83), volatile 

anaesthestic agents (e.g. halothane84 and desflourane85), drugs directed to metabolic 

processes (e.g. allopurinol,86 propylthiouracil87 and statins88), and non-steroidal anti-

inflammatory drugs (NSAIDs).89 Antimicrobials known to cause DILI and ALF include 

anti-tuberculosis drugs (especially isoniazid),90 sulphur drugs,91 betalactams,75 

cephalosporins,92 macrolides,75 antifungal agents,93 and anti-retroviral agents.94 The 

development of ALF secondary to idiosyncratic DILI is rare, occurring in only 

approximately 10% of patients exhibiting drug-associated hepatotoxicity, however the 
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need for ELT in those affected is around 40%, and a similar proportion of patients will 

not survive the episode of critical illness.50 While the development of ALF in 

idiosyncratic DILI may be slower and less spectacular than that which may be seen 

secondary to paracetamol poisoning, the overall outcome is worse and the need for 

ELT considerably greater. The slower course of deterioration may allow sufficient time 

to procure an organ for ELT in such cases. Current prognostic scores to predict 

outcomes for DILI associated ALF are of limited value. 

 

Mushroom poisoning 

Toxins are a considerably rarer cause of ALF in most parts of the world. Notable 

examples include amanita phalloides (commonly referred to as the ‘death cap’ 

mushroom and responsible for over 90% or mushroom related deaths) (Figure 3). The 

ingestion of a single mushroom has been reported as causing fatal liver failure95 as 

well as direct renal injury.96 The mechanism of toxicity is thought to mainly relate to the 

alpha-amanitin component of the fungi’s toxin that irreversibly binds to RNA 

polymerase and interferes with messenger RNA synthesis and resultant protein 

synthesis leading to cell death.97,98 A short latency between ingestion and the onset of 

diarrhea as well as elevation in INR and blood lactate concentrations have been 

identified as predictive for progression to ALF and subsequent death.99,100 A chemically 

modified extract from the milk thistle Silybum marianum (termed silibinin), has been 

identified as a potential antidote to amanita poisoning and may be more effective than 

previously recommended treatments such as NAC, benzylpenicillin, steroids, thioctic 

acid, and multivitamins.101 Other suggested approaches such as biliary draining to 

reduce enterohepatic re-circulation have not been widely adopted.102 

 

  



 

 

46 

Figure 3 Amanita phalloides 

 

Amanita mushrooms growing beneath oak trees in suburban Melbourne garden 
Picture courtesy of Royal Botanic Gardens Victoria, photographer Tom May (used with permission) 
 

Budd–Chiari Syndrome 

Occlusion of hepatic venous outflow may occur at the level of the hepatic venules, 

hepatic vein, inferior vena cava or right atrium, all of which are encompassed by the 

term Budd–Chiari Syndrome (BCS).103 Venous congestion and centrilobular necrosis 

ensue, resulting in a process that leads to cirrhosis and overt liver failure.104 In western 

countries it is middle-aged women who are affected more often than other groups, 

while in Asia there is a slight male predominance. Also, in western countries the 

hepatic vein thrombosis is the most common finding, whereas in Asian countries 

inferior vena cava problems predominate.105 The majority of affected patients will have 

an underlying inherited or acquired pro-coagulant state, with myeloproliferative 

disorders such as polycythaemia rubra vera making up the largest single group.106 For 

many patients, it appears that multiple risk factors may be present as co-inciters of 

hepatic vein thrombosis e.g. oral contraceptive use as well as underlying 

thrombophilia.107 While a fulminant or acute course of BCS is relatively rare, it may 

lead to ALF over 8-12 weeks, with associated abdominal pain, jaundice, liver 

enlargement, severe ascites and hepatic necrosis. These uncommon more rapid forms 

occur so quickly and completely that venous collaterals have insufficient time to form 

and liver injury may therefore be more severe.104 BCS accounts for up to 1.5% of ALF 
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and is recognized as having low long-term survival rates,108 possibly secondary to the 

common association with underlying haematological malignancies and related 

disorders which may themselves independently confer a guarded prognosis. 

Biochemical abnormalities indicative of severe liver injury associated with doppler 

ultrasound of the liver are the most appropriate means of exploring the possibly of BCS 

when the diagnosis is being considered. Hepatic vein catheterization is now 

infrequently performed. A stepwise approach has been advocated for managing 

BCS,109 however, the benefits of this strategy may be confined to patients presenting 

with sub-acute disease. In the setting of BCS causing ALF, therapies such as venous 

stenting, thrombolysis and aggressive anticoagulation offer little durable benefit and 

decompressive venous shunts or liver transplantation provide better outcomes.110 

 

Wilson’s Disease 

Wilson’s Disease (WD) is a rare, widely distributed, autosomal recessive disorder of 

copper metabolism whereby copper that is naturally ingested from normal diets is 

insufficiently excreted in bile such that there is a net accumulation in the body, 

particular within liver and brain tissue. Carrier frequency is approximately one in 90 

and disease frequency estimates vary from one in 5000 to one in 30000.111 The specific 

defective mutation is in the ATP7B gene on chromosome 13 that encodes for a copper 

transportation system within hepatocytes.112 Clinical manifestations are highly 

variable, and include haemolysis, Parkinsonism, neuropsychiatric problems, 

ophthalmic abnormalities (Kayser-Fleischer rings are present in roughly half of patients 

presenting with non-neurological WD manifestations) and liver injury, the last of these 

mainly manifesting during adolescence and early adulthood.113 Liver involvement 

ranges from asymptomatic biochemical evidence of liver injury, through to both ALF 

and macronodular-type cirrhosis.114 While WD accounts for approximately 5% of ALF 

worldwide,53 without ELT it is almost uniformly fatal115 such that WD accounts for up to 
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12% of patients referred for transplantation.116 The diagnosis of WD as the underlying 

cause of ALF is therefore extremely important and can be achieved by common 

biochemical tests; the combination of ALP elevation to total bilirubin elevation ratio less 

than 4 and an AST to ALT ratio greater than 2.2 is reported to have a sensitivity and 

specificity approaching 100%.117 Ceruloplasmin, serum or urine copper 

concentrations, liver biopsy and genetic analysis may also be helpful, the latter of these 

especially in assessing asymptomatic first-degree relatives.116 Lifelong chelation 

therapy with D-penicillamine, trientine (better tolerated), ammonia tetra thiomolybdate 

or zinc (which reduces copper uptake within the gastrointestinal tract) is indicated in 

patients who are asymptomatic or have neurological manifestations. For patients with 

WD induced ALF, ELT is generally required to prevent death.116 

 

Autoimmune Hepatitis 

Autoimmune Hepatitis (AIH) generally presents as a chronic disease characterised by 

fluctuating persistent hepatitis that predominantly affects young to middle-aged 

women. Up to nearly 20% of patients with AIH actually present with ALF118 and most 

of these will require ELT to survive.119 Many of these cases will be genuine new onset 

AIH, while some may be severe spontaneous flares of previously undiagnosed chronic 

active AIH.120 Homozygosity for HLA A1-B8-DR3 in Caucasian patients with 

cryptogenic ALF is suggestive of autoimmune disease, or it may act as a predisposing 

factor that renders the liver susceptible to a viral or toxin mediated injury,121 suggesting 

that many cases of AIH may be initiated by such triggers in susceptible individuals. 

AIH is broadly classified into two groups according to seropositivity: smooth muscle 

antibody and/or antinuclear antibody occur AIH type I, whereas antibodies to liver-

kidney microsome type 1 and/or liver cytosol type 1 define AIH type II. Type I AIH 

affects all ages, while Type II is mainly a paediatric disease. Female sex, ethnicity, 

genetic factors and environmental considerations all potentially play a role in the 
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initiation and progression of the disease. Liver damage is thought to be mediated 

primarily by CD4 T-cells. AIH sometimes responds well to immunosuppressive 

treatment with prednisolone and/or azathioprine, with many patients achieving good 

disease control. For those who do not respond to standard treatment, or who are 

difficult-to-treat, mycophenolate mofetil and, in the absence of a response, calcineurin 

inhibitors may be tried in addition to steroids. In AIH induced ALF, failure to respond 

to steroid therapy within four days is highly predictive of the need for ELT.122 While AIH 

will sometimes recur in the transplanted graft, the usual immunosuppressive regimen 

required to avoid graft rejection provides highly effective treatment to prevent AIH 

recurrence for most patients. 

 

Pregnancy related acute liver failure 

Non-infectious pregnancy related liver disease have been divided into those 

associated with pre-eclampsia and those which are not.123 Pre-eclampsia associated 

disorders include eclampsia itself, acute fatty liver of pregnancy (AFLP) and HELLP 

(Haemolysis, Elevated Liver enzymes, Low Platelets) syndrome. It has been 

suggested that these disorders may represent different ends of an overlapping 

spectrum of disease. Intrahepatic cholestasis of pregnancy and liver dysfunction 

occurring in hyperemesis gravidarum are not associated with pre-eclampsia and do 

not cause overt liver failure in pregnancy. AFLP is a sudden onset disorder occurring 

almost exclusively in the third trimester. Although the exact pathogenesis is unknown, 

this disease has been linked to an abnormality in mitochondrial fatty acid metabolism 

within the foetus. Affected women often present with non-specific features of fever, 

nausea and fatigue prior to the onset of jaundice or right upper quadrant tenderness 

which may progress suddenly to a generalised critical illness resulting in multiple organ 

failure and death.124 Clinical features, liver ultrasound and characteristic biochemical 

and haematological findings are generally sufficient to make a diagnosis of AFLP, such 
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that liver biopsy showing microvesicular steatosis is now rarely required. Maternal 

mortality has been reported as up to 18% (usually due to sepsis and or multiple organ 

failure),125 however survivors can expect a full recovery over several weeks. 

Management of AFLP requires stabilisation of the mother followed by immediate 

delivery of the foetus.126 While foetal outcomes have improved considerably, death still 

occurs in nearly a quarter of cases.127 

 

Indeterminate (cryptogenic) acute liver failure 

A significant minority of ALF cases occur in the absence of any identifiable cause and 

is termed cryptogenic or idiopathic. Up to 7% of cases in developed countries may 

have no identified cause.128 This phenomenon makes up a higher proportion of ALF in 

children129 and individuals living in developing countries, although in the latter situation 

it may be due to lack of local capability in undertaking exhaustive testing for otherwise 

identifiable causes. In many instances in which a cause is not found, it is likely that an 

as yet undescribed autoimmune,130 or viral entity is responsible,131 or that an 

unrecognized DILI has occurred.132 Liver biopsy may assist in clarifying the cause in 

some cases. A sub-acute course of ALF is common, and death often occurs in the 

absence of ELT.133 

 

Incidence of acute liver failure 

ALF is an uncommon critical illness, with an overall incidence in developed economies 

of less than 10 cases per million population per year.1,134 As a rare disease with 

multiple definitions, reliable data that accurately reflects the true incidence has been 

lacking, even in countries with well-resourced health-care systems. Some of the most 

reliable data is likely to originate from academic transplant centres where robust 

diagnostic processes and data collection are likely to occur, particularly for those 

patients who receive a liver transplant as definitive treatment for their ALF. However, 
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a significant and increasing proportion of patients with ALF survive without requiring 

ELT. While data on the incidence and underlying aetiology of ALF as reported from 

observational studies looking at liver transplant recipients helps understand the 

epidemiology of ALF, it is likely that such approached are inherently limited in their 

capacity to reflect the true nature of ALF incidence and aetiology as they will be skewed 

to over emphasizing certain diagnosis (e.g. those which are more likely to require ELT, 

such as idiosyncratic drug reactions) as well as potentially not capturing those less 

critically ill patients who never become sufficiently unwell to be listed for ELT and are 

more likely to experience a relatively early recovery in many cases (e.g. paracetamol 

induced ALF). The other main sources of data are from large prospective national 

databases. These include the US-based Adult Acute Liver Failure Study Group135 

(ALFSG), which was established in 1998 and has enrolled over 2000 patients from 23 

centres to date. The ALFSG has previously estimated that 2000-3000 patients with 

ALF are cared for annually in the US.136,137 Findings from the ALFSG suggest that in 

the US most patients with ALF are young and female, with paracetamol toxicity 

accounting for approximately half of all cases.135 While these findings are likely to be 

broadly representative across similar developed countries, in terms of incidence, 

demographic characteristics, underlying cause and patient outcomes, important 

differences are likely.138 This is borne out by the varying estimates of ALF incidence in 

developed economies, which range from as low as 1 per million,139,140 up to six cases 

per million141 annually, with important differences in aetiology evident.142 Differences 

between developed and developing regions are even more substantial and are 

influenced by a range of geographic and socioeconomic patterns.143 

 

Conclusion 

While the clinical syndrome of ALF presents a range of typical features regardless of 

the underlying cause, the aetiology is important to determine given the potential 
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association between underlying cause and prognosis. Some causes of ALF also have 

specific treatments that can impact on the degree of liver injury and subsequent 

trajectory of the illness. The most frequent causes of ALF follow regional patterns and 

knowledge of the most prevalent causes may helpfully guide the strategic investigation 

of patients when they initially present. Hepatotropic viral infection and drug toxicity are 

the commonest causes of ALF in most regions. 
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Examination of international differences in patterns of acute liver failure 
 

Introduction 

ALF has been recognised as a distinct critical illness entity for nearly fifty years.1 

Despite a variety of initiating causes, patients with ALF share a similar overall pattern 

of illness and clinical trajectory and many of the management challenges are similar 

between patients regardless of the underlying aetiology.2,3 None-the-less, the 

underlying cause, patient specific characteristics and the acute care medical resources 

available to investigate and manage ALF (especially the availability of ELT) are all 

crucially important determinants of patient outcome.4-6 Some causes of ALF have 

specific therapies that, if initiated within sufficient time frames, may improve the 

chances of ELT-free survival.3 Despite the aforementioned similarities in clinical 

features across the various causes of ALF, it is also clear that some causes are 

inherently more survivable without ELT than others.7 Different epidemiological patterns 

of ALF are apparent across various geographic regions, reflecting ethnic, cultural and 

socioeconomic factors (Figure 1).8 Racial differences in outcome may largely 

disappear when patients of different backgrounds are able to access advanced health-

care.9 Knowledge of these patterns is useful for clinicians when evaluating and 

managing individual patients presenting with ALF of undifferentiated cause, as well as 

for healthcare administrators, regulators and public health specialists when planning 

service delivery, resource allocation and preventative measures. 

 

In very broad terms, most cases of ALF in Western countries seem to be due to drugs 

and toxins, whilst hepatotropic viral causes account for a far greater proportion in many 

developing and Eastern countries. It should be noted that the incidence and outcomes 

from ALF may appear to vary between regions in part depending on the ALF definition 

utilised according to local practice. For example, the US clinicians will categorise the 
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onset of liver failure over 26 weeks as consistent with ALF, whereas in the UK, ALF is 

generally described as occurring over a course of less than 8 weeks. Factors such as 

this are clearly important when describing and evaluating regional differences. ‘Slow-

burn’ type ALF (i.e. that which develops over many weeks) tends to be due to disorders 

such as idiosyncratic drug reactions or autoimmune disease and often to do 

particularly poorly in the absence of ELT. 

 

Figure 1. Dominant cause of acute liver failure according to country 
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Acute liver failure in the United States of America 

 

The most current and comprehensive American data is derived from the prospectively 

collected Acute Liver Failure Study Group’s (ALFSG) database. This American 

multicentre observational study aims to collate the accumulated details of nearly 3000 

individual cases of ALF in patients older than 18 years, according to entry criteria that 

include of the presence of HE, an INR greater than 1.5, a duration of illness less than 

26 weeks and the absence of cirrhosis, or alcoholic liver disease or known chronic liver 

disease. This definition is one of the broadest in use and will perhaps therefore result 

in the inclusion of a greater number of non-hyper acute patients who are at greater risk 

of poor outcome in the absence of ELT. Data collection for the ALFSG registry 

commenced in 1997 and by 2012 had accumulated 1696 patients.10 Of these, 787 

(46%) were due to paracetamol overdose, accounting for more than all the other cases 

in which a cause was identified combined. Other cases of DILI (mainly idiosyncratic 

reactions to prescription medications) accounted for 202 (12%). HBV caused 123 

(12%) of ALF cases and was the largest cause of viral ALF. HAV had a smaller impact 

and was responsible for only 37 (2%) of all cases. AIH was moderately prominent, 

causing 109 (6%) of cases and 88 (5%) of cases were considered to be due to 

ischaemic liver injury. WD, BCS, and pregnancy associated acute liver disease 

accounted for small proportions of ALF occurring at rates of 21(1%), 16 (<1%) and 16 

(<1%) respectively. A range of other diagnoses not otherwise specified account for 78 

(4%) of cases and 219 (13%) remained undiagnosed.  
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Changes in patterns of ALF over time in the US are striking. The increasing 

prominence of paracetamol in the overall context of DILI as a cause of ALF particularly 

warrants examination. The utilisation of paracetamol as an over the counter analgaesic 

and antipyretic became more common in the 1980s due to concerns about the use of 

aspirin in young children.11 In 1999, the ALFSG published data on 295 ALF patients 

presenting to 13 (mainly liver transplant capable) centres during the period 1994 to 

1996 showing that paracetamol was the largest single cause of ALF, although at that 

time it accounted for only 20% of all cases.12 A large single-centre liver transplant unit 

study examining 13 years of patient data found virtually identical results when 

published in 2000.13 Data collated from sources that included patients not considered 

for ELT may be more likely to reveal the true proportion of ALF due to paracetamol. 

Data from the ALFSG published in 2002 and 2003 indicate that paracetamol was 

responsible for 39%14 and 49% of ALF15 respectively. A study of 2291 American ELT 

patients based on United Network for Organ Sharing (UNOS) data for the 12-year 

period ending in 200216 identified that 357 patients (15%) developed ALF secondary 

to drugs. Ninety-six percent of these implicated a single agent, while 3% were 

secondary to multiple co-ingested agents. Paracetamol caused 46% of all ALF 

requiring ELT, while just four drugs accounted for a large proportion of the non-

paracetamol DILI associated ALF proceeding to ELT. Between them, isoniazid, 

propylthiouracil, phenytoin, and valproate were responsible for 42% of patients with 

DILI proceeding to ELT. This same study also revealed potential differences in patterns 

of DILI between ethnicities, with paracetamol DILI leading to ELT being much more 

common in Caucasian patients compared with Afro-Americans (53% versus 25% 

respectively). Conversely, non-paracetamol DILI leading to ELT was correspondingly 

more common in Afro-Americans, accounting for 75% of such occurrences, versus 

47% in Caucasians. The common finding of a female predominance in ALF was even 

more pronounced in this context, with 78% of Afro-American DILI patients receiving 
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ELT being women. Other studies examining trends in paracetamol DILI include an 

analysis of 662 patients presenting with ALF to 22 American tertiary centres over a six-

year period ending in 2003.17 Two hundred and seventy-five cases (42%) were found 

to be caused by paracetamol. The annual percentage of paracetamol-induced ALF 

rose during the six-year study period from 28% in 1998 to 51% in 2003 and the median 

dose ingested was 24 g. 

 

Unintentional paracetamol overdose is usually staggered in nature, generally as a 

result of self-administered therapeutic misadventure. This phenomenon seems to be 

associated with a worse outcome in the US, which may relate to a range of potential 

factors, such as delays in presentation. In an attempt to focus on this specific issue, a 

2004 review of the United States ALFSG and a 2005 analysis of prospectively 

collected data from specialist US-based liver units provide deeper insights into 

important patient characteristics and outcomes.15,17 Unintentional overdoses 

accounted for nearly half of US paracetamol associated ALF cases. Suicidal intent was 

established in most of the remaining cases. In the unintentional group, 38% co-

ingested two or more paracetamol preparations simultaneously, with nearly two-thirds 

of these ingesting coformulations of opiates and paracetamol in combination. Survival 

without transplantation occurred in 65% of patients (which is substantially higher than 

ALF due to other causes), while 8% underwent ELT. Just over a quarter of all patients 

died without transplantation. Seventy-one per cent were alive at 3 weeks, with ELT-

free survival rate and rate of liver transplantation similar between the intentional and 

unintentional paracetamol overdose groups. ELT for paracetamol induced ALF 

appears to be strikingly more frequent (up to eight times higher) than occurs in 

European countries.18 
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As previously noted, non-paracetamol DILI is an important cause of ALF in the United 

States, comprising 13% of cases.14 Key medications including isoniazid (17.5%), 

propylthiouracil (9.5%), phenytoin (7.3%) and valproate (7.3%) are responsible for a 

combined total of more than forty percent of non-paracetamol DILI ending in ELT.16 In 

terms of DILI serious enough to require ELT, other notable causes of non-paracetamol 

DILI are nitrofurantoin (5.1%), ‘natural remedies’ (including herbal tea, kava, vitamin 

supplements combining to a total of 5.1%). A large number of other drugs each 

individually accounted for only a small number of non-paracetamol DILI cases (less 

than 5%). These include ketoconazole, disulfiram, troglitazone, halothane, fialuride, 

sulfasalazine as well as many more that were associated with numbers as low a single 

instances. Whilst the case numbers for each of these individual drugs is quite low, as 

a group they account for 41% of all non-paracetamol DILI requiring ELT.16 In the same 

study, the authors noted Amanita mushrooms as the underlying cause of ALF in 7% 

of non-paracetamol DILI leading to ELT. Causality of non-paracetamol DILI is 

occasionally somewhat unclear and in a more recent analysis of the ALFSG data, over 

61 different drugs (sometimes in combination) were considered to be possible 

culprits.19 This data suggests that antimicrobials (especially tuberculosis therapies and 

sulphur drugs) were the commonest cause, followed by natural remedies, 

anticonvulsants, psychotropics, anaesthetics agents, non-steroidal anti-inflammatory 

drugs, biological agents, statins, and an assortment of endocrine and blood pressure 

therapies in descending order. 

 

Viral hepatitis causes more than one in ten cases of ALF in the US, and is mainly due 

to HAV (4%) and HBV (7%).14,20 These rates are considerably less than reported in 

much earlier series when HBV was more common and accounted for up to half of all 

American ALF cases.10 Reactivation of quiescent HBV in the setting of 

immunosuppressive or cancer treatments has emerged as an important cause of viral 
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hepatitis leading to liver failure in developed economies such as the US.21 HSV 

appears to be very rare cause of ALF, accounting for less than 1% of all cases20 and 

other non-hepatotropic viruses seem to be even rarer10. HEV as a cause of ALF is very 

rare in the US, with a low, and possibly decreasing, population seroprevalence.22 

 

A range of relatively rare causes make up the remaining causes of ALF in US ALFSG 

enrolled patients. AIH accounts for than 0.6%, and BCS, pregnancy related ALF, and 

WD each cause less than 0.01% of ALF.10 In nearly a sixth of cases no specific 

aetiology is identified, although this may reflect inability to obtain an adequate history 

from an encephalopathic or deliberately deceptive patient who has ingested drugs or 

toxins.10 While it is possible that as yet unidentified viral pathogens may underlie some 

of these cases, it has been suggested that inadequate evaluation results in missed 

cases of paracetamol poisoning23 and overlooked cases of AIH.24 

 

Acute liver failure in the United Kingdom 

 

Unlike the United States, no national database relating to ALF has been established 

in the United Kingdom. Instead, data pertaining to ALF comes mainly from individual 

hospitals (mainly liver transplant centres) or collaborations between academic units. 

 

Single-centre data from an 8-year period ending in 2008 from Kings College London, 

was published in 2009.25 Four hundred and twenty-two patients with ALF (defined in 

this instance as overt liver failure with hepatic encephalopathy developing within 12 

weeks of the onset of jaundice26) were admitted to the King’s College Hospital 
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specialist liver unit during this time. All patients exhibited West Haven grade III or 

higher encephalopathy and were mainly young (median age 37 years) and female 

(61%). Paracetamol overdose accounted for 57%, and at more than half all ALF 

patients this exceeded all other causes combined. The same group found that other 

drugs (likely idiosyncratic) were identified as the underlying cause of ALF in 11% of 

cases. Viral hepatitis caused 8% of ALF, comprised of HAV 2%, HBV 5% and HEV 

1%. Circumstances in which the underlying cause of ALF could not be determined 

were relatively common (17% of cases) and a miscellaneous group (including 

identified causes not elsewhere specified) made up 7% of ALF cases. Similar 

proportions of patients in the series either died (34%), underwent ELT (37%), or 

survived with critical care support alone (29%). 

 

The University of Birmingham Hospital published a series of patients spanning 16 

years that concluded in 2008.27 A total of 1237 patients with ALF (defined in this 

instance as onset of HE within 12 weeks of the onset of jaundice) were admitted during 

this 16-year period, making it the largest such study in the United Kingdom to date. 

Drug induced ALF was the commonest aetiology (68%), with most of this attributable 

to paracetamol (61%). Other causes of DILI in this series (each less than 0.1% of the 

total) included isoniazid, 3,4-methylenedioxy-methamphetamine (‘ecstasy’) and 

Chinese traditional medicines, with the majority of other implicated drugs having only 

single instances. DILI increased as a cause of ALF during the period 1992 to 1996, but 

thereafter declined. The investigators speculated that this may be due to regulatory 

changes relating to restriction of retail paracetamol package size. Seronegative 

hepatitis (defined as likely viral hepatitis in which routine viral serology is negative and 

no other identifiable cause of ALF is identified) was deemed responsible for 15% of 

cases. Hepatotropic viruses were relatively rare, with HBV causing 2.6% of cases and 

HAV causing 1.1%. Subacute hepatic necrosis (not otherwise defined by the authors) 
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caused 3.2%, BCS caused 1.5% and acute WD caused 0.6% of ALF. Grouped 

together, disorders such as pregnancy associated ALF, EBV, and HEV totalled 7.8%. 

Of these 1237 patients, 327 (26.4%) were listed for ELT and 263 (21.3% of the total) 

were ultimately transplanted. Considerable differences in listing for ELT were apparent 

between different aetiologies, with WD, seronegative and subacute necrosis 

associated ALF very commonly referred for ELT (100%, 80% and 64% respectively), 

whereas DILI associated ALF was less often referred (14%). The low number of 

patients with DILI referred for ELT probably reflects the fact that paracetamol was the 

underlying aetiology the majority of DILI, and it would clearly be interesting to know the 

number referred for ELT for non-paracetamol induced DILI (as this group of patients is 

widely reported as having a significantly poorer prognosis in the absence of ELT28). 

Referral for and ultimate utilisation of ELT was relatively infrequent for other 

aetiologies: HBV 18.8%, HAV 14.3%, BCS 16.7%, miscellaneous causes grouped 

together 4.1%. Small, but significant differences in the conversion of referral to actual 

transplantation were evident for some groups, with ELT occurring in 85.9% of referred 

seronegative ALF patients, but 74.6% of DILI ALF patients. Overall survival after ELT 

was 76.7%, 66% and 47.6% at 1, 5 and 10 years respectively. Differences in post-ELT 

survival were apparent between different aetiological subgroups, however, with WD 

and HBV having more favourable outcomes and BCS having poorer long-term 

outcomes (perhaps because BCS is highly associated with underlying life-limiting 

haematological malignancy29). Of the two largest subgroups, DILI had poorer long-

term outcomes after ELT than seronegative ALF, perhaps because even though 

paracetamol ALF rarely requires ELT, it is sufficiently common so as to account for a 

modest proportion of ELT. In the UK, most paracetamol associated DILI is due to 

deliberate suicidal ingestion30 and hence the burden of pre-existing mental health 

problems that led to the overdose and ALF may negatively impact on post-ELT survival 

due to an increased risk of further deliberate self-harm31 or non-compliance with 
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immunosuppressive regimens. Sixty-four patients who were listed for ELT did not 

proceed to transplantation, mostly (in more than three quarters of such cases) because 

they succumbed and died from their critical illness before a transplantable organ could 

be procured. Roughly a quarter of ALF patients listed for ELT improved sufficiently 

such that survival was possible without the need for transplantation. The aetiology of 

ALF in these survivors was DILI (not further specified), seronegative hepatitis, and 

HBV. An overall assessment of 30-day mortality in the absence of ELT found that 

survival was best in DILI (80.4%), followed by subacute necrosis (60%) and HAV 

(58.3%). 

 

Acute liver failure in France 

 

ALF in France may have a different spectrum of causes than is seen in otherwise 

comparable developed countries.32 French investigators focus on change in 

prothrombin (e.g. prothrombin index of less than 50%) as an essential feature of ALF 

and differentiate between fulminant and sub-fulminant on the basis of the onset of 

encephalopathy before or after 28 days of the onset of the jaundice.33 While this 

approach to defining ALF may somewhat alter findings when evaluating aetiology and 

outcomes, the different patterns in ALF presentation are likely to persist even after 

such aspects are accounted for. 

 

In a single-centre series of 500 French patients from a 20 year period ending in 

2006,34,35 ALF was defined as a prothrombin index of less than 50% with or without the 

presence of HE. Women accounted for nearly 60% of cases and the mean age was 
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36 years. Paracetamol accounted for only 20% of ALF, while viral hepatitis caused 

over 31% of cases (mostly due to HBV which was the identified pathogen in 22% of 

presentations). Non-paracetamol drug toxicity was the underlying cause in 18% of 

cases and 14% were from a range of otherwise unspecified miscellaneous causes. In 

17% of presentations a cause was not determined. At the point of presenting, 59% of 

patients had HE, with more than half of these exhibiting overt coma. Vasoactive 

infusions were utilised in only 16% of patients and 13% received haemodiafiltration. 

More than a third of patients were considered to have clinical evidence of cerebral 

oedema. ELT was undertaken in nearly half of all patients (49%) while 40% survived 

without the need for transplantation. Eleven percent died without transplantation. The 

overall ICU mortality was 23%, and a quarter of those who underwent ELT died. The 

presence of HE (especially high grade) was highly associated with poor outcome 

(mortality of 35% in the presence of HE at presentation versus 7% if no HE evident 

when admitted). Mortality according to underlying aetiology was: HBV 31%, no known 

cause 36%, non-paracetamol drug induced 28%, other causes not otherwise specified 

21%, non-HBV virial hepatitis 9% and paracetamol toxicity 7%. Most deaths were 

attributed to refractory cerebral oedema and sepsis (approximately a third from each), 

while multiple organ failure, ICH and other unspecified modes of death accounted for 

the remaining mortality. 

 

In a 2006 report of 348 patients with ALF (defined as prothrombin index less than 50% 

and onset of encephalopathy within 28 days) from the same centre, sixty percent were 

female and the average age was 36 years.36 ELT occurred in 70% of these patients, 

while 15% survived free of transplantation and 15% died without receiving a transplant. 

Differences in underlying cause were evident over time, with HBV, non-paracetamol 

DILI, and unknown causes significantly less frequent during the latter half of the 20-

year study period (77%, 77%, 63% versus 23%, 23%, 37%). High grade HE and coma 
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at the time of presentation also seemed to occur less frequently, with such findings 

present in only approximately half as many patients during the latter ten-year period. 

The development of permanent neurological complications and brain death also 

reduced by more than half. Short and long-term survival after ELT both improved by 

nearly a third over time during the 20-year study period. 

 

Differences in the rate of paracetamol induced ALF and need for ELT persist between 

European countries.18 France probably has several reasons for the lower incidence of 

paracetamol DILI and ALF37 and it seems likely that in addition to potential social 

differences, ease of access to paracetamol is an important factor.38 In France, 

paracetamol is generally only available in smaller retail packets of 8g and has been 

restricted to sales from pharmacies until recently. 

 

Acute liver failure in Nordic Countries 

 

The Nordic countries include Denmark, Finland, Sweden, Iceland and Norway. A 

retrospective evaluation of the twelve-year period ending in 2001 looked at 315 

patients referred for ELT within these five countries.39 ALF requiring ELT was 

determined in accordance with the King’s College Criteria (KCC)40 in the majority of 

instances however the Clichy criteria41 were utilised for a small number of Finnish 

patients. All patients with paracetamol associated ALF referred for ELT fulfilled the 

KCC paracetamol specific criteria. Causes of ALF requiring ELT were classified into 

ten groups (in order of incidence): indeterminate 43%, paracetamol 17%, non-

paracetamol DILI (including disulfiram, herbal preparations, NSAIDs and 
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anticonvulsants) 10%, HBV 8%, BCS 5%, HAV 2%, AIH 2%, amanita mushroom 

poisoning 2%, NANB-viral hepatitis 2%, and a miscellaneous group (made up of mainly 

of patients with WD, post-operative liver failure, pregnancy associated ALF and acute 

alcoholic hepatitis) 10%. Little change was evident in the number of ALF patients 

referred for ELT over this period and ALF accounted for an average of 15% of all liver 

transplantation each year. Paracetamol was the most frequent indication for ELT 

where a cause was established, with women accounting for the majority of patients. 

Interestingly, two Danish centres referred two thirds of the total paracetamol patients, 

with other sites listing extremely small numbers of such patients. Gender differences 

were strikingly evident in the young adult group (aged 20-50 years), where 

paracetamol ALF was three times more common, and indeterminate causes nearly 

twice as common in women than men. Encephalopathy at the time of ELT listing was 

common, but not universal, being evident in 76% of referred patients (in contravention 

of the KCC criteria for ELT). Outcomes for this group did not differ from those with HE. 

Of the 315 patients referred for ELT, 73% went on to undergo transplantation, while 

11% survived without a transplant, 4% were withdrawn from listing and died, and 12% 

died whilst waiting for a liver to be procured. Paracetamol affected patients were less 

likely to ultimately require a transplant and 31% were withdrawn in the setting of clinical 

improvement and survived. Such outcomes were rare in non-paracetamol ALF, 

occurring in only 6% of cases. In contrast, mortality in the absence of ELT was greater 

for paracetamol ALF patients than non-paracetamol ALF patients (31% versus 13%). 

Paracetamol affected patients exhibited more evidence of renal injury and severe 

coagulopathy than most other aetiologies. There was little to differentiate patients who 

were de-listed and survived versus those who died whilst waiting for a liver transplant, 

including POD versus non-POD causes of ALF. It is notable that most patients listed 

for ELT went on to receive a graft in a short period of time. The investigators noted 

that this raises the possibility that some paracetamol affected patients who received a 
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transplant may have done so unnecessarily and were denied an opportunity to survive 

without ELT. 

 

In Sweden, a ten-year retrospective review evaluated all Swedish adult patients with 

ALF up to the year 2003.42 ALF was defined as an INR of 1.5 or more due to liver 

injury, in the absence pre-existing liver disease, regardless of the presence or absence 

of HE. Two-hundred and seventy-nine patients were identified, with 61% being female 

and the median age was 47 years. Thirty-nine percent of patients did not have HE at 

presentation. Paracetamol caused 42% of cases and in roughly half of these cases the 

ingestion was deemed to be deliberate, while in nearly a quarter of cases, the 

presentation was deemed accidental or could not be determined. Seventy-one percent 

of POD patients were female. Fifteen percent of ALF was due to non-paracetamol DILI, 

with nearly a quarter of these due to disulfiram. No cause of ALF was identified in 11% 

of presentations (about a quarter of the proportion of the slightly earlier Nordic-wide 

study39). The authors hypothesised that this group may include patients who used 

illegal drugs and did not disclose this behaviour. ‘Shock liver’, or ischaemic hepatitis 

was deemed the cause in 8% of cases and occurred exclusively in patients with pre-

existing heart failure. HBV and HAV were relatively infrequent, causing 4% and 3% of 

ALF cases respectively. Remarkably, less than half of all patients were managed in an 

intensive care environment, a feature that varied little according to aetiology (even 

ischaemic hepatitis patients were not admitted to the ICU in more than half of cases). 

This perhaps suggests that the definition utilised identified a less critically ill cohort of 

patients. Despite this, only 61% of patients recovered spontaneously. Fifty-two patients 

were referred for ELT, of whom 75% received a transplant. Outcomes varied 

considerable in accordance with aetiology. Survival in the absence of ELT was 83% 

for POD ALF patients, and only 5% of all paracetamol patients were transplanted. Half 

of patients who were de-listed for ELT due to improvement were paracetamol ALF 
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patients. Peak grade of HE was the only predictor of outcome for POD induced ALF. 

Older age and severity of renal failure predicted poor outcome for non-paracetamol 

ALF patients. Non-paracetamol DILI had a spontaneous survival rate of approximately 

50%, with similar proportions either dying or undergoing ELT in the remainder. ELT 

was not offered to patients with ischaemic hepatitis, presumably because of comorbid 

conditions; nearly two thirds of them succumbed. Only 29% of patients in whom a 

cause of ALF was not identified survived in the absence of ELT. The utility of KCC and 

MELD-score were also evaluated. None of the paracetamol associated ALF patients 

fulfilled the relevant KCC. The predictive accuracy for KCC was 0.7 for paracetamol 

ALF and 0.55 for non-paracetamol ALF. A MELD score of >30 achieved a predictive 

accuracy of 0.74 and 0.83 for the same groups. 

 

Acute liver failure in Spain 

 

A nationwide retrospective review of ALF in Spain was published in 2007.43 Over the 

period from 1992 to 2000, 267 patents were identified as meeting a range of criteria: 

life-threatening liver dysfunction in the absence of pre-existing chronic liver disease 

characterized by jaundice, prothrombin index of less than 40% or an INR of greater 

than 1.5 and the presence of HE. Presentations were further sub-classified into 

fulminant (HE within 2 weeks of jaundice) or sub-fulminant (onset of HE between 3 and 

8 weeks after the onset of jaundice). Seventeen centres (of a total of 27 hospitals) 

submitted data for the nine-year period. Fifty-six percent of patients were female, and 

the median age was 37 years. Sixty-percent of presentations were classified as 

fulminant, while only a third were sub-fulminant (alternatively classified according to 
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the O’Grady criteria26 as 42% hyperacute, 38% acute and 16 subacute). A small 

number (5.6%) of patients did not have HE at presentation but did develop it during 

the course of their illness. The investigators estimated the national incidence of ALF 

during the nine-year period was 1.4 per million population per year. Viral hepatitis was 

the most common cause of ALF, causing 37% of all cases. In terms of specific 

pathogens, HBV caused 37%, HDV co-infection with HBV caused 4%, while HAV and 

HCV were the underlying cause in 2% of cases each. For 32% of ALF cases it was not 

possible to determine an underlying cause. In contrast to countries such as the US 

and UK, paracetamol was a rare cause of DILI in Spain, with only 2.2% of all ALF 

cases due POD. Like France, Spain does not permit the sale of paracetamol from retail 

outlets other than pharmacies. Non-paracetamol DILI causes included anti-

tuberculosis drugs (5%) and twenty-three other therapeutic, illicit or complementary 

therapies. Amanita mushroom poisoning caused 4% of cases. Other infrequent causes 

included AIH (5%), shock-liver (2%), malignant infiltration (3%), WD (1%) and AFLP 

(1%). During the course of the study period the incidence of viral hepatitis reduced, 

and the amount of drug or toxin associated ALF increased significantly. As expected, 

ALF was associated with a range of multisystem complications, including 

hypoglycaemia (26%), ascites (24%), gastrointestinal haemorrhage (15%), cerebral 

oedema (15%), respiratory failure (10%) and sepsis (9%). The true incidence of 

cerebral oedema was likely higher, given that intracranial pressure monitoring and CT 

findings were suggestive of this condition in 34% of patients. Overall survival of 

patients with ALF across Spain was 58%. Fifty-six percent of patients fulfilled ELT 

criteria (mainly determined using the KCC) and of these, 71% went on to undergo 

transplantation (more than half of these within 24 hours of being referred). It is notable 

that nearly a third of transplanted patients did not survive. Nearly a quarter of patients 

who fulfilled criteria for ELT were considered to have contraindications to 

transplantation (such as advanced age, AIDS, malignancy, illicit drug use or extreme 
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multiple organ failure with sepsis). Just over 20% of all Spanish ALF patients were not 

considered to meet criteria for ELT, and the majority (86%) of these survived. 

A Spanish single-centre ten-year retrospective evaluation looking at the period ending 

2010 was published in 2013.44 Acute live injury was defined as liver dysfunction 

causing an INR of greater than 1.5 in the setting of an illness of less than 12 weeks 

duration, without the presence of HE. ALF was defined as the development of any 

degree of HE in the setting of coagulopathy with a duration of illness of less than 26 

weeks and further sub-classified as fulminant if the HE developed within two weeks of 

jaundice and sub-fulminant if HE developed between three and eight weeks. During 

the period of review, 56 patients were admitted with acute hepatitis, of which 24 

exhibited ‘mild hepatitis’, 15 patients acute liver injury and 17 ALF. Most of the ALF 

patients were female and the median age was 45 years. When the O’Grady 

classification26 was applied to those with ALF, 53% of patients were hyperacute, 24% 

were acute and 24% were subacute liver failure. Causes of ALF were HBV (24%), 

indeterminate (24%), non-paracetamol DILI (12%), AIH (12%) and single cases of 

amanita mushroom poisoning, paracetamol overdose, AFLP and ALF from 

complications of hepatobiliary surgery. Overall survival in ALF patients was 65%, and 

only one patient was considered not to fulfil the relevant KCC ELT criteria. Of the 

remaining 16 patients, 11 (69%) were transplanted. Two patients who met criteria were 

not transplanted due to the presence of contraindications and succumbed. One patient 

spontaneously improved and was delisted, while two patients died before a graft could 

be procured. Of the eleven patients that received a new liver, ELT occurred at a median 

time of 35 hours after listing and hospital survival was 82%.  
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Acute liver failure in Germany 

 

Two single centre studies of German patients with ALF have been published. In a 

metropolitan based retrospective evaluation from 2002 to 2008,45 134 patients with 

established ALF were evaluated. Sixty-three percent were women, and the median 

age was 38 years. Nearly 40% of cases were drug related (mainly paracetamol), 23% 

were secondary to viral pathogens, 21% were indeterminate, while a collection of rare 

causes were grouped together as miscellaneous, making up a total of 16%. Twenty-

eight-day survival was 81%, with 66% achieving this without ELT. Liver transplantation 

was performed in 19% of ALF patients. Another German study retrospectively 

reviewed 102 patients with ALF (defined as the presence of HE, an acute elevation of 

the INR to more than 1.5 and the absence of chronic liver disease).46 Women made 

up 71% of patients, and the median age was 38 years. In patients for whom data was 

available, the onset of HE occurred at a median of 6 days after the onset of jaundice, 

with patients who achieved ELT-free survival having considerably shorter intervals. In 

terms of aetiologies, the cause could not be identified in 21% of cases, while HBV 

caused 18% of cases and HAV caused 4% of cases. Paracetamol was responsible for 

16% of ALF, BCS 9%, non-paracetamol DILI 12% (more than half of this attributed to 

the vitamin K antagonist phenprocoumon, which is an alternative to warfarin and is 

commonly used as the oral anticoagulant of choice in Germany).47 Amanita mushroom 

toxicity caused 5%, WD 5%, ischaemic hepatitis 4% and halothane 3% of ALF. Overall 

8-week survival was 77%, with 38% of survivors not requiring ELT. Forty-four percent 

of all ALF patients underwent ELT and 11% of these still failed to survive their illness. 

Five percent of all patients died whilst awaiting ELT and 13% died without being listed 
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for urgent transplantation. For those who succumbed to their illness, the mode of death 

was mainly due to a combination of refractory multiple organ failure, sepsis and the 

impact of pre-existing comorbidities such as malignancy.  

 

In 2010, all German academic hepatobiliary centres (including all liver transplant 

centres), contributed to a retrospective review of two years of ALF.48 Overt ALF was 

defined as the onset of HE within 12 weeks of liver dysfunction leading to an INR of 

more than 1.5 in the absence of chronic liver disease. In total, 109 patients met these 

criteria, and all were managed in the intensive care setting. Sixty-nine percent of these 

patients were female, and the median age was 46 years. The underlying causes of 

ALF were non-paracetamol DILI 32% (half of these due to phenprocoumon), 

cryptogenic 24%, viral hepatitis 21% (HBV 10%, HAV 4%, HEV 4%, adenovirus 2%, 

EBV 1%, CMV 1%), and paracetamol 9%. Rarer causes of ALF included small 

numbers of patients (<5% of total) affected by amanita mushrooms, AIH, WD, BCS, 

AFLP and malignancy. ALF patients required mechanical ventilation in 44% of cases, 

vasopressor infusions in 38% of cases and RRT in 36% of all cases. ELT-free survival 

occurred in 35% of ALF cases, while nearly 38% survived with the aid of liver 

transplantation. Nearly half of all ALF patients (47%) underwent ELT. Nine percent of 

all patients died despite undergoing ELT and 18% died without transplantation. 

Patients with the greatest likelihood of recovery without needing ELT were those with 

ALF caused by paracetamol, however this was a relatively uncommon cause of ALF 

in the cohort studied. The overall survival of ALF to discharge from hospital care was 

72%.  
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Acute liver failure in Lithuania  

 

A Lithuanian single-centre prospective study from 200849 identified 28 patients over a 

5-year period ending in 2004 that fulfilled criteria for ALF (in this case, the presence of 

HE, INR more than 1.5, and no known chronic liver disease during the 24 weeks prior 

to presentation). Women made up 57% of cases and the reported average age was 

44 years. Causes of ALF were HBV 21%, drugs 21%, cryptogenic 18%, BCS 11%, 

ischaemic hepatitis 11%, WD 7%, and single cases of amanita mushroom poisoning, 

AFLP and malignant infiltration. No particular drug (including paracetamol) was noted 

as a dominant cause of ALF due to drugs, with no more than single cases reported for 

any drug other than two cases of isoniazid (co-ingested in combination with rifampicin). 

Overall survival as 39%, despite less than a third of patients meeting the relevant KCC 

criteria. Only one patient (with ALF due to paracetamol) underwent ELT, largely 

because liver transplantation only became available in Lithuania in 2000 and few grafts 

were available. Five patients were listed for ELT but were unable to receive a 

transplant and the only ELT patient died despite this intervention. Survival in those 

patients that did not fulfil ELT criteria was nearly 70%. 
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Acute liver failure in Greece 

 

In a Greek two-centre retrospective study published in 2008, 40 patients with ALF were 

identified over a six year period.50 Woman made up 70% of cases and the median age 

was 37 years. More than half of all cases were due to HBV (53%, which was lower 

than had been previously reported several decades earlier). DILI accounted for 15% 

of cases and 13% of all ALF was cryptogenic. Overall survival was 57.5%. In the 

absence of ELT, survival was only 15%, while 94% of transplanted patients (45% of 

all ALF patients) survived.  

 

Acute liver failure in Argentina 

 

A 2007 study described the retrospective review of 64 adult patients (and 56 children 

who will not be further discussed) with ALF referred to a single Argentinian centre over 

a nine-year period ending in 2004.51 ALF was defined as the onset of HE and 

coagulopathy within an 8-week period in the absence of demonstrable chronic liver 

disease. The median age of patients was 35 years, however the proportion of male to 

female patients was not described. When classified according to the O’Grady 

system,26 56% were hyperacute, 44% were acute and 20% were subacute. Causes of 
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ALF in adults were viral hepatitis 23% (HAV 12%, HBV 11%), AIH 19%, DILI 17%, 

AFLP 8%, WD 3% and indeterminate 30%. Seventeen percent of patients survived 

with supportive care, 66% underwent ELT and 17% died in the absence of 

transplantation (6 listed patients died prior to a graft becoming available and 5 patients 

who were not referred for ELT due to contraindications died). Interestingly, no patient 

received renal replacement therapy. The authors also concluded that MELD was 

superior to KCC or Clichy’s criteria when assessing prognosis of ALF in adults. 

 

A 2014 retrospective study of six Argentinian transplant centres reviewed ALF over the 

five-year period concluding at the end of 2011.52 ALF was defined as the presence of 

coagulopathy (INR greater than 1.5 or prothrombin index less than 50%) and any 

degree of HE within 26 weeks of the onset of the illness, both occurring in the setting 

of no known pre-existing chronic liver disease. The O’Grady classification26 was used 

to organize presentations into hyperacute, acute and subacute. Listing for ELT was 

considered in accordance with AASLD guidelines.53 One-hundred and fifty-four 

patients with ALF were evaluated, with 62% female and a mean age of 45 years. Forty 

percent of presentations were hyperacute, 42% were acute and 18% were subacute. 

High grade HE (WH grade 3 or more) was present in 38% of patients at presentation. 

More than half of all patients required mechanical ventilation, vasopressors were 

administered to 41% and RRT utilized in 25% of cases during the period of ICU 

treatment. Twenty-one percent of patients were found to have cerebral oedema and 

35% of patients had an intracranial pressure monitor inserted. Most cases of ALF were 

due to viral hepatitis; of all patients, 30% had HBV (all newly acquired) and there were 

two instances of HAV and one of HSV. AIH and cases with no identifiable cause 

accounted for 26% of all presentations each. Amanita mushroom poisoning was 

evident in 3% of cases and non-paracetamol DILI was the aetiology responsible for 

8% of ALF. BCS and ischaemic hepatitis affected extremely approximately 2% of 
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patients each. No cases of paracetamol associated ALF were found in this study, 

despite the fact that this drug is readily available as an over the counter analgaesic in 

Argentina. The overall survival for ALF in this study was 73%, with 79% of all patients 

listed for ELT of whom slightly more than half went on to receive a new liver. Of the 

121 patients referred for transplantation, 19% died whilst waiting for a graft to be 

procured and 12% recovered without requiring a transplant. Eighty-three patients were 

transplanted, of which 89% survived to discharge from hospital.  

 

Acute liver failure in Chile 

 

A single centre study of ALF from a Chilean transplant centre reported activity relating 

to ALF from 1995 to 2003.54 The investigators reported on 27 patients undergoing ELT 

for ALF, almost all of which were paediatric without a predominance of either sex. The 

most common causes of ALF were cryptogenic (48%), HAV (37%), AIH (11%) and 

drug related (7%). 

 

Acute liver failure in Sudan 

 

In 2007, investigators based in Khartoum reported on patterns of ALF in Sudan.55 

Using a cross sectional approach, 37 patients presenting to four Sudanese teaching 
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hospitals during a 15 month period ending October 2004 were described. ALF was 

defined as overt liver failure with HE developing within 12 weeks. The average age of 

ALF patients was 38 years and 57% were men. Thirty-eight per cent of cases were 

cryptogenic, while 22% were due to HBV. Other causes included falciparum malaria 

(8%), AIH (8%), non-paracetamol drugs (8%), HEV (5%), malignant infiltration (5%), 

as well as single cases of AFLP and BCS. The investigators note that it is debatable 

whether malaria should be considered a cause of ALF, given that it is usually a severe 

systemic disease that may secondarily cause liver injury. The mortality for ALF was 

84% which should be interpreted in the context of there being an absence of critical 

care facilities within the treating hospitals. Poor prognosis was associated with a 

prolonged PT, sepsis and high grade HE. 

 

Acute liver failure in Japan 

 

The Japanese Intractable Hepato-Biliary Disease Study Group established a national 

diagnostic definition for ALF in 201156 and performed a countrywide retrospective 

review of all patients presenting in 2010.57 The original definitions for ALF used in 

Japan were established in 1981: HE of West Haven grade 2 or worse and prothrombin 

index less than 40% both occurring within 8 weeks from the onset of the illness. 

Subtypes of acute and subacute liver failure were recognized as occurring within ten 

days or between 11 and 56 days respectively. The 2011 Japanese criteria for ALF are 

a prothrombin index of less than 40% or an INR greater than 1.5, with the onset of 

coagulopathy within 8 weeks of the development of the illness in the absence of 

demonstrable chronic liver disease. Subdivision is further described according the 
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presence of HE; ‘ALF without hepatic coma’ for patients with West Haven grade I or 

less, and ‘ALF with hepatic coma’ for patients with HE of II or more. Moreover, ‘ALF 

with hepatic come’ is further divided into ‘acute’ (patients developing HE within 10 days 

of the onset of the illness) and ‘subacute’ (patients developing HE between 11 and 56 

days after the onset of illness). Late onset hepatic failure (LOHF) is defined as the 

onset of HE between 8 and 24 weeks after the onset of liver problems in the absence 

of known chronic liver disease. Two-hundred and eleven patients presented across 

Japan with ALF in 2010, with 45.5% classified as ALF without hepatic coma and 55% 

as ALF with hepatic coma (the latter group made up of 29% acute and 26% subacute 

presentations). Of the 96 ALF without HE patients, causes were: viral hepatitis 45% 

(HAV 11%, HBV 27%, NANB 6%), drug induced 4%, AIH 9%, and cryptogenic 28%. 

For the 61 patients with ALF with hepatic coma acute type, the underlying aetiologies 

were viral hepatitis 48% (HAV 1.6%, HBV 31%, NANB 10%), drug induced 5%, and 

cryptogenic 27%. For the 54 patients with ALF with hepatic come subacute type, 

causes were viral hepatitis 35% (HAV 2%, HBV 31%, NANB 2%), drug induced 7%, 

AIH 7% and indeterminate 40%. LOHF occurred in 9 patients and was caused by viral 

hepatitis (HBV 2 cases, NANB 1 case), drugs (1 case), AIH (3 cases) and 

indeterminate causes (2 cases). Guidelines for considering ELT were formulated in 

1996 by the Acute Liver Failure Study Group of Japan.58 Two of five criteria must be 

satisfied in the setting of grade II or worse HE: age older than 45 years, time interval 

from onset of illness to HE of 11 days or more, prothrombin index less than 10% of 

normal, serum bilirubin more than 308 μmol/L, or a ratio of direct to total bilirubin of 

less than 0.67. Japanese patients fulfilling these guidelines are anticipated to die 

unless transplanted and are listed for ELT. Intensive care support is provided (which 

in Japan would routinely include artificial liver support utilising complex blood 

purification techniques in up to 90% of such patients59) for up to five days. If both HE 

and coagulopathy improve, the expected outcome is survival and the patient is 
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removed from the ELT waiting list. Of the combined 220 patients with ALF and LOHF, 

13% underwent ELT, while 88% received best supportive care including blood 

purification therapies such as combined plasma exchange and haemodiafiltration. For 

the 119 patients that did not undergo ELT, overall survival was 51%. For ALF without 

hepatic coma, survival in the absence of ELT was 87%, while for ALF with hepatic 

come acute-type and ALF with hepatic coma subacute type was 32% and 19% 

respectively. All patients with LOHF died if not transplanted. Sixty-two percent of 

patients that underwent ELT survived. In total (including transplanted and non-

transplanted patients), survival of ALF and LOHF combined was 53%.  

 

Acute liver failure China and Taiwan 

 

In a Chinese multicentre, retrospective study 177 patients were identified as meeting 

the criteria for ALF.60 Seven academic hospitals from across mainland China reviewed 

records during the five-year period ending late 2012 in order to identify patients older 

than 12 years of age who had overt liver failure, with coagulopathy (prothrombin 

activity of less than 40%, or INR more than 1.5), jaundice (bilirubin more than 171 

μmol/L or daily increase greater than 17.1 μmol/L) and hepatic encephalopathy (any 

degree) within four weeks in the absence of pre-existing chronic liver disease. Fifty-

four percent were women and the median age of survivors versus non-survivors was 

40 and 46 years respectively. Causes of ALF were drug induced 44%, viral hepatitis 

11% and a group of mixed causes making up 16%. This latter group included 

ischaemic hepatitis 3%, cancer 3%, alcohol 2%, ascending cholangitis 2%, industrial 

toxins 2%, amanita mushrooms 2%, AFLP 1%, BCS less than 1% and heat stroke less 
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than 1%. No cause for ALF was identified in 29% of cases. Of those patients affected 

by DILI, traditional herbal preparations were responsible for 17% of all ALF 

presentations with a range of other therapeutic agents also causing many cases: 

paracetamol 12%, antibiotics 3%, anti-tuberculosis therapies 3%, chemotherapeutic 

drugs 3%, and phenprocoumon 1%. Viral hepatitis was due to a range of hepatotropic 

and non-hepatotropic pathogens: HBV 6%, HEV 3%, HAV 1%, and both CMV and 

EBV less than 1% each. No patient underwent ELT, and the overall survival was 37%. 

The non-referral for ELT was attributed to several factors including the lack of 

transplantable organs in China and the inability of individual patients to fund costly 

procedures. The investigators developed a model for predicting outcome utilising four 

variables (age, grade of HE, INR and arterial blood ammonia concentration) that 

performed exceptionally well (ROC AUC of 0.98), however no evaluation of the model 

in a validation cohort was performed. 

 

Taiwanese researchers took a somewhat different approach to evaluating the 

epidemiology of ALF in their jurisdiction, utilising an existing administrative health care 

dataset as the starting point for analysing incidence, aetiology and outcome. In a study 

published in 2014 Taiwanese investigators accessed a representative sample of the 

universal coverage National Health Insurance (NHI) program that covers 99% of the 

population.61 From a representative subset containing the original data of one million 

individuals over the period 1996 to 2007, patients were randomly sampled, starting 

from 2005 and were selected for analysis if they were admitted with ALF during the 

thirty-two months leading up to September 2007. Possible ALF patients were identified 

on the basis of compatible admission diagnostic codes, laboratory orders for blood 

ammonia in the setting of compatible diagnosis, laboratory orders for blood ammonia 

and INR, and prescription of lactulose and length of hospital stay more than 7 days. 

Compatible diagnostic codes for ALF were derived from the International Classification 
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of Diseases, Ninth Revision, Clinical Modification62 (ICD-9-CM): ALF (570.0), hepatic 

coma (472.2), AIH (571.42), acute alcoholic hepatitis (571.1), hepatitis unspecified 

(573.3), jaundice (782.4), viral hepatitis (070.0-070.9) and HBV carrier (V02.01). In 

order to ensure chronic liver disease and cirrhosis were excluded, patient coded with 

suggestive diagnoses during the preceding three years were not included in the 

evaluation: chronic hepatitis (571.4), hepatic stone (574.5), HCC (155.0), 

cholangiocarcinoma (155.1 and 1656.1), gall bladder cancer (156.0), cancer of the 

pancreas or ampulla of vater (157.9 or 156.2), liver metastases (197.7) and cirrhosis 

(571.2, 571.5, 571.6). Attribution of ALF to aetiology was determined according to a 

ranking type approach in which viral infection outranked alcohol, which in turn 

outranked metabolic causes that in turn outranked drug toxicity. Malignant infiltration 

was identified as the cause if none of the previous aetiologies was identified and a 

cancer was known to be present. A total of over twenty-eight thousand potentially 

eligible episodes for ALF were identified, however most admissions were excluded 

because they occurred prior to 2005, had documented diagnosis of chronic liver 

problems, did not have documented testing or management consistent with ALF (INR, 

ammonia, lactulose therapy), were recurrent admissions or had a hospital length of 

stay less than seven days. Ultimately, 218 patients were studied, with a median age 

of 57 years and 31% women (note that this is almost half the proportion of female 

patients reported in many studies). Viral hepatitis caused 45% of ALF, with drugs and 

alcohol responsible for 33%, malignant infiltration 5%, military tuberculosis 1%, various 

metabolic or AFLP making up 2% and 13% of indeterminate cause (this latter group 

being substantially less than reported in other comparable series). Of viral causes, 

HBV was dominant, accounting for 33% of all ALF presentations. HCV was also 

implicated in 11% of ALF presentations, although this is likely a finding more 

associated with the methodological approach utilised than a genuine link between HCV 

and ALF, given that this virus rarely if ever causes ALF.5 Paracetamol was responsible 



 

 

85 

for 11% of all cases, alcoholic hepatitis 14% and unspecified metabolic disorders 2% 

of presentations. The overall 90-day mortality rate was 40% (nearly all during the index 

admission). Those who died were likely to be older and have cancer, while their mode 

of death was frequently associated with the development of sepsis and the provision 

of multiple artificial life-supporting therapies such as renal replacement therapy, 

vasoactive infusions and mechanical ventilation. The investigators found that just over 

half of all surviving patients (observed for between ninety days and three years) went 

on the develop cirrhosis, calling into question the underlying veracity of the diagnosis 

of ALF, given that most causes of acute overt liver dysfunction are unlikely to directly 

lead to this condition in survivors. This Taiwanese data, whilst interesting, must be 

interpreted with caution. Findings inconsistent with many previous studies of ALF 

include a low proportion of women, older age of affected patients, high spontaneous 

survival rates, large proportion of HCV induced ALF, minimal use of ELT as a salvage 

intervention and significant progression to cirrhosis in survivors. These unusual 

findings may represent specific characteristics of the Taiwanese population or 

healthcare system but are perhaps more likely to be due to the use of an administrative 

dataset to identify and study ALF and direct comparisons to published findings from 

other regions may therefore be problematic. 

 

Acute liver failure in India 

 

A number of studies undertaken in India have described both aetiology and outcome 

of ALF on the subcontinent. In a single-centre study published in 1996,63 423 

consecutive patients with ALF were admitted between 1987 and 1993, and NANB viral 
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hepatitis caused 62% of these cases. Shortly after this, another series of 119 Indian 

patients with ALF,64 attributed nearly all cases to viral causes; HAV 3%, HBV 15%, 

HCV 3%, HBV/HDV 3%, HEV 38%, and non-A-E 39%. A subsequent, single-centre 

observational study looked at 458 ALF patients admitted between 1992 and 1998 and 

reported hepatotropic viruses were the dominant cause, with serologically proven 

causality in 42% of cases and strongly suspected viral aetiology (suspected non-A-E) 

associated in a further 47% of ALF cases.65 Specific pathogens identified were HAV 

4%, HBV 11%, HCV 4%, HDV 0%, HEV 23%, and mixed co-infections with two or 

more hepatotropic viruses in 6%. Other causes in this series included anti-tuberculosis 

drugs (5%) and amanita mushroom poisoning (0.4%). The mean age was 

approximately 30 years in each of these series, and more than half were women. In 

each of these above-mentioned studies, 25-30% of the female patients were pregnant 

(the proportion of the female population in India that is pregnant at a given time is 

estimated to be approximately 3%65). Survival to hospital discharge occurred in 

approximately one third of ALF cases, with most deaths occurring within a few days of 

admission, mainly from cerebral oedema and overwhelming sepsis. Fifty-eight percent 

of patients had cerebral oedema and over 80% of these patients died. The mortality 

amongst those without cerebral oedema was nearly half of that for those with cerebral 

oedema. The investigators noted that sepsis was proven in nearly half of all ALF cases, 

and more than two thirds of these had positive blood cultures. Aspergillus was a 

common pathogen, occurring in a quarter of all patients with positive blood cultures. 

 

Another series of 180 Indian ALF patients from 2003 found that 62% were female and 

the mean age was 31 years.66 Overall, only 27% survived. HEV was the underlying 

cause for 44% of patients, HAV 2%, HBV 14%, HCV 7% and non-A-E caused 31%. 

For those women of childbearing age, nearly 60% were pregnant and the 

overwhelming majority of these were affected by HEV. Non-HEV aetiology, 



 

 

87 

prothrombin time more than 30 seconds, HE worse than grade II, and age more than 

40 years were predictive of poor outcome. Interestingly, pregnancy and gestational 

stage per se did not appear to affect prognosis. 

 

In 2009, a further single-centre study evaluated 1223 ALF patients from an academic 

hospital in India, specifically looking at the association with anti-tuberculosis drugs.67 

Viral hepatitis was the dominant cause of ALF: HEV 30%, HAV 1%, HBV 6%, mixed-

viral 6% and non-A-E 38%. Anti-tuberculosis drug therapies accounted for 6% and no 

information was available for 2% of cases. The proportion of female patients was 70% 

and the mean age just under 30 years. Survival in HEV affected patients was 54%, 

while only 33% of patients with tuberculosis therapy induced ALF survived and 38% of 

those deemed non-A-E lived. Most cases were hyper-acute in nature and had similar 

clinical characteristics regardless of aetiology. No patients underwent ELT in this 

series. 

 

A 2006 review of the Indian experience with ALF outlined a further series of 204 

patients admitted with overt liver failure inclusive of HE in the absence of chronic liver 

disease.68 Ninety-one percent were due to viral hepatitis, 7% were drug induced, and 

single cases of WD, BCS and malignant infiltration causing ALF were noted. When 

classified in accordance with the O’Grady classification,26 63% were hyperacute, 20% 

were acute and 9% presented in subacute liver failure. For patients with ALF from viral 

hepatitis, survival was 32%. As expected, survival was highest for those patients with 

acute presentations (37%), falling substantially (to 23%) for subacute ALF patients. 

ELT was not utilised for any patient in this series. 

 

Reasons for the distinct patterns of ALF aetiologies in India include a range of factors. 

Hepatotropic viruses such as HEV, HBV and HAV are endemic in the region and 
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acquisition is likely to be influenced by access to hygiene measures and safe water. 

The risk of ALF from tuberculosis drugs is relatively low (less than 0.01% risk),69 

however, tuberculosis remains common and treatment of proven and even just 

suspected cases is frequently undertaken, such that the overall population based 

exposure is considerable.  

 

Acute liver failure in Thailand 

 

Thailand has a national hospital admissions database which captures 76% of 

admissions from 858 hospitals. Using administrative coding data and excluding 

patients with cirrhosis, a 2019 study evaluated the incidence, aetiology and outcomes 

of ALF between 2009 and 2013.70 ALF was defined as overt liver failure with onset of 

HE occurring less than 26 weeks from the onset of jaundice in patients with no pre-

existing cirrhosis. Over the five-year study period (with over 28 million admission 

episodes), 20589 patients were admitted with a diagnosis of ALF, with an estimated 

incidence of 62.9 ALF cases per million population per year. The average age was 47 

years and, in a pattern that differs from most other regions, 60% were male. No clear 

cause of ALF was apparent in 69% of patients. Notable causes included non-POD 

drug related (26%), viral hepatitis (3%) and POD (2%). The high proportion of 

cryptogenic ALF may in part be explained by the limited availability of extended 

investigations in smaller hospitals and situations where clinicians were uncertain 

regarding cause in the setting of multiple contributing factors. Given the high 

prevalence of HBV in the Thai population (3.5%) and limitations with available 

serological testing, the investigators speculate that much of the cryptogenic ALF may 
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have in fact been due to HBV. Non-POD drug induced ALF involved anti-tuberculosis 

antibiotics, general antibiotics and antiviral medications. Thirty-day mortality was 27% 

and only a single patient underwent ELT. Important complications included acute renal 

failure (24%), sepsis with bacteraemia (18%) and pneumonia (12%), which were 

strong predictors or mortality, along with older age and underlying hepatic malignant 

infiltration.  

 

Acute liver failure in Australia and New Zealand 

 

Despite a multiple state-based liver transplant programs and a strong tradition of 

research in both critical care and hepatology in Australia, little has been published on 

patterns of ALF.71-74 Similarly, few reports on ALF come New Zealand.75 Data 

pertaining to an unspecified period ending in 1996 from an Australian liver transplant 

service was outlined in a 1999 review of ALF.73 For patients requiring ELT, the 

aetiology of ALF was mainly indeterminate/NANB (43%), followed by drug associated 

(21%), HBV (16%) and WD (6%). Note that paracetamol was not separately outlined 

as distinct from all other causes of DILI. The generalisability of these findings beyond 

comparisons for patients with ALF requiring ELT may not be reliable due the 

demonstrable differences in need for transplantation according to differing aetiologies. 

 

A single-centre study at an academic liver transplant unit from 2004 retrospectively 

reviewed the characteristics of all adult patients admitted with ALF over a 14-year 

period ending in 2001.76 ALF was diagnosed according to criteria that required the 

presence of overt liver failure with HE developing within 24 weeks of the onset of the 

illness, in the absence of chronic liver disease. During this period, 80 patients were 
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admitted with ALF, 80% of whom were female, with a mean age of 38 years. Referrals 

occurred at a rate of 5.7 per year (approximately 1 per million of population per year), 

which was consistent across the 14-year period studied. Furthermore, over this time, 

the underlying aetiologies remained essentially unchanged. Most presentations were 

secondary to paracetamol toxicity (36%) and indeterminate hepatitis (34% - possibly 

NANB viral hepatitis). Other less common causes included HBV 10%, HAV 4%, WD 

7%, BCS 3% and non-paracetamol DILI 6%. There were no established cases of HCV, 

HDC or HEV associated ALF. Of the POD patients, a third of these were due to non-

intentional overdose or therapeutic misadventure and all of these had clinical evidence 

of diminished nutritional status with more than half also abusing alcohol. In patients 

with ALF from non-paracetamol DILI, drugs identified as likely or possible included 

nitrofurantoin, valproic acid, isoflurane and ketorolac. Referral for ELT was in 

accordance with the KCC,40 except for cases involving paracetamol induced ALF, 

which were only listed for transplantation in the setting of progressive coagulopathy or 

severe cerebral oedema.77 Overall survival in the 80 patients was 63%, but for those 

not referred for ELT the rate of survival was 91%. Thirty-five patients were listed for 

ELT (in Australia, this would mean the patient receives the next available suitable 

organ from anywhere in Australia or New Zealand) and 26 went on to receive a new 

liver. All patients had high-grade encephalopathy at the time of referral. Of the nine 

that did not proceed to ELT, one recovered to the point of being de-listed and 8 

succumbed. Of the transplanted patients, six did not survive, mainly due to primary 

non-function in the graft or other complications occurring within a six-week period after 

surgery. The rate of primary non-function in these grafts is more than ten times that 

seen in patients transplanted for other indications, perhaps due to recipients being 

critically ill and also because the urgency of finding a suitable liver results in the 

utilisation of marginal organs from an extended donor pool. Sixteen patients died 

without being referred for ELT and most of these were because of medical and or 
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psychiatric contraindications, although in about half of cases it was also thought that 

they had become too unwell to survive transplant surgery. In three cases, the patients 

were deemed likely to be medically suitable, but deteriorated so rapidly that the pre-

transplant work-up could not be completed.  

 

Conclusion 

Clear differences are evident in the aetiology, management approach and outcomes 

for ALF at a global level. These differences occur even between countries that share 

similar economic performance and access to advanced health care. Some of these 

differences clearly relate to patterns of broader health related issues such as the 

prevalence of viral pathogens, access to public health measures such as safe drinking 

water or immunization. The prevalence of otherwise unrelated diseases, such as 

tuberculosis, also has a significant impact through the associated widespread 

prescription of anti-tuberculosis drugs. Other differences pertain to regulatory or 

cultural differences such as access to self-medication with paracetamol. Remarkably, 

no data relating to aetiology, outcome or management relating to ALF in Australasia 

has been published in the last fifteen years, despite the presence of six well-

established liver transplant units across the region. Between them, these units have 

undertaken well over 4000 transplants in adults since 1985, with approximately 10% 

of these procedures for patients diagnosed with ALF.78 Furthermore, until the present 

time, no multicentre data from across the breadth of jurisdictions in Australasia has 

been evaluated and presented, except for national transplant registry reporting, of 

which ALF is a minor component. There is a clear need to better understand rare, but 

devastating disorders such as ALF. Young people with few underlying comorbidities 

are significantly affected and it may be that optimising treatment (including the 

provision of ELT for selected cases) may deliver significant numbers of quality adjusted 

life-years for those patients who are saved. For improvements in care to occur 
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however, it is essential to better characterise the problem so that strategies most likely 

to prove effective may be developed, tested and implemented.  
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Predictive scoring systems in ALF 
 

Introduction 

With the development of and widespread adoption of orthotopic liver transplantation 

for managing life-threatening acute liver failure in the 1980s, it became apparent that 

differentiating between those patients with ALF who were likely to die without such an 

intervention from those who were likely to survive with optimal supportive care was 

important.1,2 While it had been suggested that ELT is the preferred treatment option 

for all ALF patients,3 this approach is obviously problematic. ELT is recognised as a 

major intervention, with its own attendant risks, limits on organ availability and the long-

term consequences of immunosuppressive drug therapies being of considerable 

concern. Also, the outcome of ALF is known to vary depending on the underlying 

aetiology and certain clinical and test result findings. Inaccurate selection carries major 

consequences and it has been identified as crucial to establish strategies to ensure 

that those patients who are at high risk of death from ALF and need to be considered 

for ELT are identified (Figure 1), while those who are likely to survive without it are not 

subjected to the risks of a potentially unnecessary intervention. Additionally, the 

concept of opportunity cost is relevant, given that a graft that could be utilised in 

another more appropriate or needy candidate may be lost.  

Figure 1. An acute liver failure patient recovering after emergency liver 
transplantation 

 

Critical illness persists, with ongoing requirement for mechanical ventilation, continuous renal 
replacement therapy and vasoactive infusions. 
All identifying details have been obscured to ensure patient privacy and confidentiality are maintained. 
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Following from this, a series of strategies have been described to assist clinicians in 

making such complex decision, each using somewhat different inputs and having 

potentially different applicability and performance. An ideal approach would allow 

clinicians to readily and reliably identify patients for whom ELT is required to prevent 

death, through the use of routinely available tests and assessments, that can be 

performed sufficiently early during the course of the illness to permit sufficient time for 

ELT to occur where it is necessary.  

 

Prognostics criteria and models 

King’s College Criteria (KCC) 

The KCC were first described in 1989 and arose from the retrospective evaluation of 

588 consecutive patients managed at Kings College Hospital Liver Intensive Therapy 

Unit (ITU) during a fourteen year period ending in 1987.4 The analysis focussed on 

patients with high grade HE (WH grade III or IV) managed without ELT in order to 

identify those factors that were best able to predict poor outcome so as to aid in the 

selection of patients who were likely to die without transplantation. The underlying 

aetiologies were paracetamol (53%), HBV (13%), HAV (6%), NANB (6%), halothane 

(6%), and non-paracetamol DILI (2%), and all patients met predefined criteria for ALF,5 

including the development of jaundice within eight weeks of becoming unwell.6 The 

overwhelming majority of patients (570 in total) had grade IV HE. Only 20 patients from 

the total number of consecutive admissions for the entire study period were excluded, 

all of them due to established and irreversible brain damage at the time of admission. 

A validation cohort of 175 consecutive patients admitted from 1986 to 1987 with similar 

incidence of these aetiologies was utilised to evaluate the performance of the 

predictive criteria. Aetiology was the best predictor of outcome, with 44.7% of HAV, 

34.4% of paracetamol, 23.3% for HBV, 13.6% for DILI and 9.0% for NANB (likely non 

hepatotropic viral) hepatitis patients surviving. Age was identified as the next most 
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important predictor of outcome, followed by the degree of HE at admission. Separate 

evaluation of the two time periods demonstrated that HE did not usefully predict poor 

outcome in the more recent group of ALF patients. For non-paracetamol DILI ALF 

patients, the time interval from the onset of illness and jaundice to HE was 

independently associated with poor outcome. For these patients (mainly viral and non-

paracetamol drug reactions), the onset of HE more than a week after the onset of the 

illness was considerably worse than those in whom HE developed within seven days. 

For paracetamol induced ALF, pH, peak bilirubin, peak prothrombin time and serum 

creatinine (in order of importance) were found to be associated with non-survival. In 

patients who were critically ill due to non-paracetamol ALF somewhat different findings 

were evident. In this subgroup of patients (mainly DILI and viral hepatitis), serum 

bilirubin and PT (both at admission and peak values) were inversely correlated with 

likelihood of survival. The important differences between paracetamol and non-

paracetamol associated ALF resulted in two sets of criteria for ELT being developed 

in accordance with these two major patient groups and came to be referred to as the 

Kings College Criteria (KCC) (Table 1). 

 

When applied to the validation cohort, reasonable accuracy was achieved. Positive 

predictive values for death were 84% for the paracetamol criteria and 98% for non-

paracetamol related ALF. The negative predictive value for paracetamol ALF was 86%, 

while non-paracetamol ALF was 82%. The correct outcome was predicted in 85% of 

paracetamol affected patients and 94% of non-paracetamol patients. 

 

The KCC remain the most widely applied7,8 and validated9 criteria by which to identify 

those patients  in whom survival without ELT is unlikely. While the criteria have high 

specificity for mortality in patients that meet the appropriate criteria according to 

aetiology, the sensitivity and positive predictive value are low. The corollary of this is 
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that not fulfilling the criteria does not necessarily entirely accord with survival. Several 

centres have evaluated the KCC against their experience with ALF. Data from the 

ALFSG demonstrates that the KCC had an overall specificity of 85.7%, but lower 

sensitivity of 48.3% in prediction of mortality.10 Specificity was improved to 92.4% in 

patients who presented with ALF secondary to paracetamol associated ALF. A further 

criticism of the KCC pertains to the potential for ‘spectrum bias’ regarding its 

application to paracetamol induced ALF. A systematic review of fifteen published 

evaluations of paracetamol induced ALF concluded that the performance of the KCC 

may have been overestimated by its misapplication to ALF patients who were not fit 

for ELT even though they met the criteria.8 It has therefore been suggested that even 

amongst those listed for ELT, only a small sub-group of ALF patients (those identified 

as most likely to have a good outcome) ultimately proceed to ELT. An important overall 

conclusion might be that the internal validity (relating to both the original and validation 

cohort from KCH) and external application of the KCC, is problematic. Indeed, in twelve 

published units other than KCH, survival in the absence of ELT for those patients 

fulfilling KCC is nearly one in three.8 These findings suggest that, after appropriate 

quality of life adjustments are made, ELT seems to confer little benefit for young 

paracetamol ALF patients; the ‘break-even point’ being predicted survival of 15% or 

less in the absence of ELT, before provision of ELT provides a net benefit. The 

diagnostic utility of the KCC applied to paracetamol and non-paracetamol ALF has 

been further evaluated by several other studies, including published work from 

Birmingham,11 Pittsburgh,9 and Paris.12 Table 2 summarises the findings from these 

evaluations of the KCC.7 It should also be noted that the use of these criteria has not 

been validated for paediatric practice.13 Overall, the KCC may have insufficient 

diagnostic accuracy to appropriately select patients for ELT and systems with greater 

positive predictive accuracy are required. In the meantime, the use of the KCC 

approach continues to be recommended and widely utilised.14 In an international 
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survey based on European practice from 2016, 86% of responding units still used KCC 

to select patients for ELT.15 

 

A further development from the KCC combines key aspects with lactate values. This 

approach provide the basis for current registration for United Kingdom Registration 

Criteria (UKRC) for super-urgent ELT (Table 3).16 

 

Clichy Criteria 

The Clichy Criteria (sometimes referred to as the (Clichy-Villejuif criteria) were 

developed from a cohort of 115 French patients affected by viral (mainly HBV) ALF 

who were mostly treated during the 1970s.17,18 Multivariate analysis demonstrated that 

Factor V concentration, absence of HBsAg and α-fetoprotein were independent 

predictors of poor outcome. Application of simplified criteria that focussed solely on the 

presence of HE and an age specific Factor V concentration was undertaken at a single 

Parisian liver transplant hospital during the late 1980s (Table 4).19 In the 139 patients 

who fulfilled the criteria, only a single patient achieved ELT-free survival, while 22 died 

before transplantation could occur and 116 underwent ELT. The criteria were 

subsequently adopted into French liver transplant practice to select ALF patients for 

ELT, even although the outcomes for patients not meeting the criteria were not 

conveyed. 

 

Subsequent comparisons between the Clichy Factor V centred approach and KCC 

have suggested Clichy may be less effective in the identification of patients likely to 

die without ELT. In a cohort of 110 patients that was dominated by POD from a major 

UK transplant centre published in 1996, the Clichy criteria were considerably inferior 

to the KCC.20 While there was a clear association between marked reductions in factor 

V levels and outcome, no clear cut off value that effectively differentiated outcome in 
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the 81 non transplanted POD patients. The positive predictive value was 0.49 for factor 

V concentrations of less than 20% and 0.57 for Factor V levels of less than 10%. 

Adding the presence of high grade HE improved the positive predictive value of the 

factor V level of less than 20% approach to 0.73, which compares somewhat 

unfavourably with the KCC of 0.92. Only 17 patients had non-POD aetiologies and for 

them, the positive predictive value of factor V levels of less than 20% was 0.85 and 

1.00 for values of less than 10%, compared to KCC of 0.93 in this group, indicating 

that it is better suited to this ALF patient subgroup. A subsequent study of 81 non-POD 

patients yielded similar findings, with a predictive accuracy on admission of 0.60 for 

Clichy and 0.80 for KCC.12 

 

An additional comparison of Clichy criteria with KCC was undertaken at a US liver 

transplant centre in 43 mostly non-POD ALF patients.21 For POD patients, the positive 

predictive value was 0.71 for KCC and 0.60 for Clichy criteria, whilst for non-POD, both 

demonstrated a positive predictive value of 1.00. The negative predictive values in 

non-POD were quite different between the two approaches however, with 67% versus 

29% for KCC and Clichy respectively. Overall, whilst KCC performed better than 

Clichy, neither approach was adequate in guiding the complex clinical decision making 

required to list an ALF patient for ELT, especially those with ALF due to POD. 

 

Despite some of these apparent shortcomings, the Clichy criteria remained the 

principal determent of decisions to list ALF patients for ELT in France. Further 

subsequent evaluation has clarified additional elements for consideration. In a highly 

inclusive retrospective French study, adult ALF patients listed for ELT from across the 

country were evaluated for a fourteen-year period from 1997.22 A total of 808 patients, 

of whom 22% were POD were included, with 112 achieving ELT-free survival, 109 

dying or being de-listed due to illness severity without ELT, and 587 actually 
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proceeding to ELT. For POD patients, ELT-free survival was predicted by lower grade 

HE, absence of renal failure, a bilirubin level <200 μmol/L and a factor V level >20%. 

The Clichy criteria provided a positive predictive and negative predictive value of 50% 

and 79% for these POD patients. For non-POD patients a bilirubin level of less than 

200 μmol/L was the factor that predicted ELT-free survival. The respective positive and 

negative predictive values were 64% and 55% in this latter group. Hence, in a manner 

analogous to the KCC approach, it has been suggested that selection criteria should 

be more appropriately split according to POD status and also that renal function and 

bilirubin concentration be added to the POD-criteria. Notably, renal function was 

expressed as creatinine clearance in this study, an approach that presents some 

problems in the dynamic context of critical illness where estimates may have limited 

validity and many common interventions will influence the value.23 

 

In summary, whilst the Clichy criteria may be improved through an approach that 

recognises differences based on aetiology and the inclusion of bilirubin and renal 

function, their apparent inferiority to the KCC and the fact that factor V assays do not 

form part of the routine order set of haemostatic parameters in most settings limits their 

application beyond France. In a multinational European Survey from 2016 however, a 

third of units currently still incorporate Clichy criteria into their approach for selecting 

patients for ELT.15 

 

Bilirubin, lactate and Etiology (BiLE) score 

A major German transplant centre developed the BiLE score using a retrospective 

analysis of 102 ALF patients over a ten-year period from 1996.24 The BiLE score 

incorporates bilirubin, lactate and aetiology and was compared with KCC, SAPS III and 

MELD (Table 5). The cohort was dominated by non-POD ALF patients, with POD 

constituting only 16%. Overall, ELT-free survival was 38%, while 44% underwent ELT 
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and 18% died without undergoing ELT. Using multivariate linear regression analysis, 

bilirubin and lactate were the most predictive parameters and a scoring system utilising 

these, with adjustments on the basis of aetiology was developed. With a cut off of 6.9, 

its positive and negative predictive values were 0.89 and 0.71 respectively. 

Performance was especially good in patients with cryptogenic ALF.  

 

Utilising receiver operator characteristic analysis, BiLE was deemed superior to the 

other systems that were evaluated, with better area under the curve (AUC) than MELD 

and SAPS III. 

 

Obvious strengths of the BiLE score are that it utilises variables that are routinely 

assessed in virtually all patients, it is easily calculated and can be used for all ALF, 

regardless of aetiology. Efforts to subsequently validate it have queried its utility. In a 

major British liver transplant centre, the BiLE scores were retrospectively calculated in 

a group of 422 ALF patients admitted over a similar period to the original German 

study.25 Over half had POD related ALF and overall, 34% died without ELT, 37% 

underwent ELT and 29% achieved ELT-free survival. While the BiLE score differed 

significantly between ELT-free survivors and others, the approach was somewhat 

inferior to the KCC. Differences on the basis of aetiology were not reported however 

and given that there were substantive differences in the cause of ALF between the two 

studies it is reasonable to believe that this factor is an important explanation for the 

differences in performance of the scoring systems. 

 

Acute Liver Failure Early Dynamic Score (ALFED) 

An obvious potential limitation of most scoring systems in ALF is that they are largely 

static in nature. An approach that looks at changes in key parameters over time may 

offer considerable advantages when it comes to predicting the clinical course for ALF 
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patients.26 Utilising derivation cohorts and validation cohorts of 244 and 136 ALF 

patients respectively, an Indian non-liver transplant centre prospectively evaluated for 

predictive variables over a seven year period from 2004 and developed the ALF early 

dynamic (ALFED) model (Table 6).27 Most patients had hepatotropic viral ALF (mainly 

HEV), while data on POD was not provided. Using receiver operator curves and 

multivariable logistic regression analysis, the ALED model was constructed. In 

multivariate analysis, advanced HE, INR, bilirubin and ammonia independently 

predicted mortality. Discriminating cut-off values were determined for dynamic 

changes over three days across the four variables. Discrimination with regard to 

outcome was deemed very good (AUC of 0.91 and 0.92 in the derivation and validation 

cohorts respectively) as well as calibration that appeared reasonably consistent across 

the range of scores. In the validation cohort, an ALFED score of 4 or more had positive 

and negative predictive values of 0.85 and 0.87 respectively. Performance was 

superior to KCC and MELD, including when repeated values over three days were 

assessed. 

 

Important strengths include that the variables are routinely assessed in the majority of 

ALF patients and that, while perhaps not generalisable to regions where POD is a 

dominant cause of ALF, may be reasonably applied in the many regions where viral 

hepatitis is dominant. A concern that has been identified is that the three days required 

to complete the score may be too long in a critically ill ALF patient at high risk of death 

without ELT. Also, because the validation was undertaken in a non-transplant centre, 

it has yet to be determined whether actually providing ELT to those patients scoring 

≥4 will achieve the desired improvement in survival. 
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Liver Maximum Capacity test (LiMAx) 

The liver maximum capacity test (LiMAx) utilises a non-invasive measure of hepatic 

enzymatic function to estimate prognosis and was developed to assess functional liver 

capacity prior to resective surgery. The test utilises a 13C-labeled methacetin substrate 

that is metabolised exclusively by cytochrome P450 1A2 into 13CO2 and paracetamol 

(acetaminophen) (Figure 2). While there has been only limited validation of this 

approach in different situations of hepatic insufficiency, the concept of considering 

prognosis in terms of utilising a functional approach rather than tests or clinical markers 

of liver injury is attractive.28 

 

In a small case series from 2013 of 12 ALF patients referred for consideration of ELT, 

LiMAx was undertaken to assess its utility in predicting outcome.29 Causes of ALF 

included similar proportions of viral hepatitis, toxins, and cryptogenic ALF. The timing 

of the test was highly variable (between 1 and 12 days after admission). Seven of the 

patients achieved ELT-free survival, whilst four died without ELT and one survived with 

ELT. At the best cut off of maximal liver capacity as measured by a LiMAx of 38 

μg/kg/hour, the area under the receiver operator characteristic curve was 0.94. Given 

the extremely small size of this study (which is really a case-series), results should be 

viewed as preliminary, although a further case-report provide further evidence that it 

may be utilised prospectively to determine recovery from ALF.30 Currently, however, 

most studies have excluded ALF patients and more evidence is required before the its 

value in such circumstances can be established.31 
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Figure 2. LiMAx test 

 

 

Acute Physiology, Age and Chronic Health Evaluation (APACHE) 

The Acute Physiology, Age, Chronic Health Evaluation (APACHE) illness severity 

scoring system was originally introduced in 1981.32 This was revised within four years 

to APACHE II33 and by 1991, APACHE III was published.34 APACHE data and scoring 

is now commonly collected in critical practice world-wide. 

 

Interest in APACHE II developed after an American group described their findings 

related to a cohort of paracetamol affected ALF patients.35 The APACHE II score 

performed considerably better in terms of predicting outcome than KCC. Having used 

a receiver operator characteristic curve in 216 subjects to derive a cut off of 20, 

APACHE II was superior to KCC in terms of positive and negative predictive values 

(0.77 versus 063 and 0.81 versus 0.69 respectively). In response, a British group 

evaluated a cohort of 100 consecutive POD patients and utilised receiver operator 

characteristic curve to compare KCC, lactate concentration, APACHE II and SOFA.36 

KCC demonstrated the lowest discriminating ability but had the highest specificity. The 

positive and negative predictive values for the models assessed were; KCC- 0.70 and 

0.65, 12- hour lactate (with a cut-off point of 3.3 mmol/L)- 0.68 and 0.73, APACHE II 

(with a cut-off point of 12)- 0.69 and 0.75) and SOFA (with a cut-off point of 12)- 0.74 

and 0.74. 
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A British study of a 102 POD ALF patient cohort during 1994 that used a receiver 

operator characteristic approach found that a crude APACHE II score of more than15 

during the first 24 hours of admission was the most predictive of mortality or need for 

ELT.37 Not surprisingly, the risk of death did not correlate well unless the admission 

diagnosis of ALF was used as opposed to overdose. A subsequent meta-analysis of 

predictive models for POD ALF found that with an APACHE II cut-off score of 15, that 

specificity was similar but sensitivity was higher than KCC, suggesting the approach 

merited further evaluation.38 

 

The ability of APACHE III scoring to predict outcome and need for ELT in ALF was first 

evaluated in a German liver transplant hospital. Using a retrospective approach, 87 

consecutive ALF patients who underwent ELT were evaluated over a twelve-year 

period commencing in 1996.32 Prediction models evaluated included KCC, MELD and 

APACHE II and APACHE III. Patients were assessed at the time of listing for ELT and 

the ability of different models to predict survival at three months was compared. This 

approach is somewhat unusual in so far as it sought to predict survival post-ELT, rather 

than mortality without ELT per se. Almost half of cases were cryptogenic, while nearly 

a quarter were hepatotropic virus related. Drug related ALF was uncommon, and 

paracetamol accounted for only 1.7%. Univariate analysis suggested that KCC were 

not significantly associated with post-ELT survival and had poor positive and negative 

predictive value. Receiver operator characteristic curves demonstrated that APACHE 

III was superior to APACHE II and MELD at predicting post-ELT survival (AUC 0.79 

versus 0.78 versus 0.52). With the 90-point cut-off, APACHE III score demonstrated 

the highest positive predictive value, which was 0.75, as well as a negative predictive 

value of 0.89.  
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Model for End-stage Liver Disease (MELD) 

The model for end stage liver disease was developed to predict the mortality of patients 

with cirrhosis undergoing trans-jugular intrahepatic portocaval shunt procedures.39 

Utilising routinely collected variables, it largely replaced the well-established Childs-

Turcotte-Pugh score as a guide to clinical decision making on the basis that it did not 

include the clinical assessments such as ascites and HE that were open to variable 

interpretation by clinicians. 

 

The formula is readily calculated in clinical practice: 

MELD= 3.78×ln [serum bilirubin (mg/dL)] +11.2×ln [INR]+9.57×ln [serum creatinine (mg/dL)] +6.43 

 

It subsequently came into common use as a means of measuring disease status, 

projecting the clinical trajectory for patients with cirrhosis and as a tool to determine 

listing for liver transplantation in patients with advanced chronic liver disease. 

 

A major US organ allocation database was utilised to evaluate the performance of 

MELD in a group of adult ALF patients listed for ELT over an 18 month period ending 

in 2002.40 Of the 720 patients studied, 76 were POD, whilst 312 were non-POD ALF. 

The remaining patients were those with early graft failure post liver transplantation. 

Events were insufficiently frequent in the POD ALF group to undertake modelling, 

however in the non-POD ALF group, MELD was a significant predictor of mortality. 

 

An Irish group also evaluated MELD in the context of POD-ALF using their national 

liver transplant data service.41 Seventy-two patients over a ten year period 

commencing in 1994 were retrospectively studied and a MELD cut-off of greater than 

30 was compared to KCC in their respective abilities to predict outcome. Fifty-three 

percent of patients achieved ELT-free survival, 40% died and 17% underwent ELT. 
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KCH had a considerably higher positive predictive value, whilst MELD had a higher 

negative predictive value, leading the investigators to suggest that perhaps a 

combination of the two approaches, whereby MELD could assist by identifying patients 

who may achieve ELT-free survival and avoid an unnecessary transplant. 

 

A 2007 publication from an Argentinian transplant unit described 120 consecutive ALF 

patients from a ten-year period commencing in 1995.42 Just over half of these were 

adult ALF patients and the investigators assessed the prognostic accuracy of KCC, 

The Clichy criteria and MELD (PELD for paediatric patients). Amongst the 64 adult 

patients with a definite diagnosis, drug induced liver failure was the commonest single 

cause (although none were from POD), with hepatotropic viruses (HAV and HBV in 

equal measure) and AIH making up the reminder. Nearly a third of cases were 

cryptogenic. Notably, 66% of adult ALF patients underwent ELT and were censored 

from much of the final analysis, with only 17% achieving ELT-free survival. For adult 

patients, the KCC demonstrated a positive and negative predictive value of 0.80 and 

0.77 respectively. The Clichy criteria were slightly inferior at 0.75 and 0.58 for adults. 

Further analysis indicated superior performance of MELD; in adult patients the score 

was not just significantly higher in those who died than those who achieved ELT-free 

survival but demonstrated better concordance than the KCC or Clichy criteria. (0.95 

versus 0.74 versus 0.68 respectively). Criticisms of this approach include the 

extremely small number of patients actually evaluated and the potential lack of 

generalisability given the specific mix of aetiologies in the study cohort. 

 

At a similar time, an Indian group performed an evaluation of MELD as well as other 

prognostic indicators in a single centre review of 144 ALF patients that were 

exclusively resulting from viral hepatitis.43 Multivariate logistic regression analysis 

identified six independent prognostic clinical indicators (present at the time of 
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admission) for poor outcomes admission: age equal to or greater than 50 years, time 

interval from jaundice to HE of more than 7 days, high grade HE, the presence of 

cerebral oedema, a prothrombin time of 35 seconds or more, and a serum creatinine 

of 114 µmol/L or more. The presence of any three of these was superior to other 

predictive models in being able to predict survival. Using receiver operator 

characteristic curves, a MELD score of 33 or more was found the best discriminant 

between survivors and non-survivors. MELD performed better than KCH but was not 

as good as the approach using the presence of three of the six clinical indicators. 

Adding sodium to the MELD score did not add to improve its predictive capabilities 

according to a German based study of 108 ALF patients published in 2013.44 

 

Acute Liver Failure Study Group Index 

While most prognostic models for ALF have focussed on clinical features and common 

biochemical or haematological markers, there have also been efforts to utilise novel 

biomarkers of hepatic injury to aid predictions of outcome and identify patients who are 

unlikely to achieve ELT-free survival. The Acute Liver Failure Study Group Index 

(ALFSGI) was developed in a cohort of 250 ALF patients, of whom half achieved ELT-

free survival, and subsequently validated in a similarly proportioned cohort using both 

the ALFSG serum bank and data base, which receives submissions from 23 US 

centres.45 The ALFSGI utilises incorporates levels of the serum hepatic apoptosis bio-

marker M-30 antigen (log10M30), along with the grade of HE, the bilirubin 

concentration, the INR and phosphorous (all as continuous variables, except both HE 

grade and phosphorus, the latter of which was categorical at a threshold of 3.7 

mmol/L). M-30 is selective for a caspase cleaved neoepitope of cytokeratin 18, a 

marker of hepatocyte apoptosis, with concentrations correlating with ALF and need for 

transplantation. The ALFSGI was created using a logistic regression analysis 

technique and demonstrated a receiver operator characteristic area under the curve 
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of 0.82, with a threshold value of 0.43 identified as providing optimal performance. The 

ALFSGI was compared against MELD and KCC in both the derivation and validation 

cohorts and found to perform better than both. In the validation cohort, the area under 

the receiver operator characteristic curve was 0.84 for ALFSGI, 0.68 for KCC and 0.72 

for MELD. Comparisons based on aetiology demonstrated that ALFSGI performed 

similarly well regardless of POD -status. 

 

Strength of the ALFSGI approach include the avoidance of the ceiling effect associated 

with most other models (M30 antigen will continue to increase in proportion to the 

degree of hepatic necrosis) and the ability to complete assessment early during the 

course of illness so as to allow sufficient time to complete the process of potentially 

life-saving ELT. Whilst the non-routine nature of the M30 antigen assay limits the 

extent to which it can be applied, as an ELISA-based assay, it has been proposed that 

it may be readily deployable to centres managing a high volume of ALF (e.g. liver 

transplant hospitals). 

 

A subsequent use of ALFSG data to develop a prognostic index was published in 

2016.46 In a retrospective analysis, 1974 ALF patients from 28 American academic 

centres were randomly assigned to either a derivation or validation cohort. Seventy 

percent were women and nearly half were due to POD. ELT-free survival occurred in 

half of all patients.  Significant differences between ELT-free survivors and those who 

died or were transplanted were evaluated and used create a multivariable logistic 

regression model. Severity of HE at admission, cause of ALF, use of vasoactive drugs, 

and log transformations of serum bilirubin concentration and INR were associated with 

ELT-free survival. The resulting model predicted transplant-free survival with 0.66 

accuracy, 0.37 sensitivity, and 0.95 specificity. 
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Japanese non-paracetamol prognostic scoring model 

Based on concerns that the KCC performed less well in non-POD ALF, a Japanese 

(where POD ALF is rare) collaboration of twelve liver transplant hospitals developed a 

prognostic model to better predict outcomes at fourteen days for this subgroup of ALF 

patients.47 Using a retrospective approach, a derivation (80 patients) and validation 

(26 patients) cohort were established from patients managed over the period from 

1990 to 2003. HBV and cryptogenic ALF were the commonest aetiologies, accounting 

for approximately a third each of all patients. Only nine patients underwent ELT. Using 

a logistic regression technique, four prognostic parameters were identified; aetiology 

(HBV or cryptogenic), high grade HE, the presence of the systemic inflammatory 

response syndrome (SIRS), and a ratio of total to direct bilirubin or more than 2. Each 

of these was assigned a valued at +1 and only 30% of patients with a score of 3 or 

more achieved ELT-free survival. The positive predictive and negative predictive 

values for the model were 0.93, and 0.82 respectively, and the investigators 

recommended that Japanese ALF patients with a score of 3 or more should be listed 

for ELT. 

 

Lactate 

Arterial lactate concentration has several attractive attributes for ascertaining 

prognosis in ALF.48,49 Readily available as a point of care test (Figure 3), it is repeatable 

and quick to complete. Elevated levels are well recognised to be highly associated with 

illness severity, extent of multi-organ failure and prognosis in critically ill patients. In 

ALF, lactate concentrations increase because of greater production and decreased 

hepatic clearance, thereby being a simultaneous measure of both hepatic insufficiency 

and resulting shock with multiple organ failure. For POD associated ALF, lactate 

concentrations may also be elevated by a direct effect of paracetamol toxicity on 

cellular respiration.50 
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The Kings College Liver Unit undertook a derivation and validation study to establish 

the potential for lactate as a predictive test, which was published in 2002.51 Two-

hundred and ten patients with POD associated ALF were included. In the derivation 

cohort, multiple linear regression analysis revealed that arterial pH, core temperature, 

mean arterial pressure, INR, and creatinine were each independently associated with 

early lactate concentrations. Lactate was checked at a median of four and twelve-

hours post admission and further analysis using receiver operating characteristic 

techniques undertaken was completed to identify the early optimal threshold value of 

3·5 mmol/L and had post-resuscitation optimal value of 3·0 mmol/L. In the validation 

sample and comparisons made with the KCH criteria applied to the same cohort, an 

early lactate above 3·5 mmol/L was inferior to the KCH criteria, although it identified 

patients significantly earlier. A post resuscitation lactate above 3·0 mmol/L was better 

than the KCC, however there was no difference in timing of identification. Overall, the 

presence of early lactate concentrations of more than 3·5 mmol/L or post-resuscitation 

concentrations above 3·0 mmol/L demonstrated higher sensitivity and similar 

specificity, accuracy, and positive and negative likelihood ratios, but patients were 

identified earlier. Adding the lactate criteria to KCC provided no benefit with regard to 

sensitivity and specificity. 

 

A Danish liver transplant centre similarly evaluated the utility of lactate in predicting 

outcomes for a cohort of 101 POD ALF patients over a five year period that concluded 

in 2004.52 Receiver operating characteristic analysis was used to identify the optimum 

threshold for predicting mortality. A logistic regression analysis was applied for 

multivariate analysis and development of the model. A lactate of 4.0 mmol/L was the 

optimal early threshold and demonstrated a positive predictive value of 0.67 and a 

negative predictive value of 0.70. These values increased to 0.78 and 0.71 when an 



 

 

114 

arterial lactate of 4.0 mmol/L was present at the time of onset of HE. When added to 

the KCC, the lactate threshold decreased the positive predictive value from 0.76 to 

0.61, whilst the negative predictive value increased from 0.72 to 0.82, leading the 

investigators to conclude that there was no apparent advantage in such an approach. 

 

Another British group undertook a single centre retrospective analysis of 83 ALF 

patients admitted between 2000 and 2003, of whom two thirds were due to POD.53 

Using stepwise logistic regression analysis, the 12-hour lactate concentration was the 

only significant predictor of survival for POD patients, while the 12-hour lactate 

concentration and bilirubin level taken at the time of admission were significant 

predictors of death in non-POD patients. Additionally, the serum phosphate was not 

determined to be predictive of outcome in this study.  
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Figure 3. Arterial blood gas analyser for point of care testing 

 

Most intensive care units have the ability to provide comprehensive point of care testing using a blood gas analyser 
that also provides measurement of lactate concentrations, haemoglobin levels and routine biochemistry 

 

Scottish paracetamol acute liver failure prediction model 

Broadening models to incorporate biochemical variables beyond to lactate has been 

undertaken by a Scottish group who used a derivation and validation approach in a 

total of 187 POD ALF patients managed between 1997 and 2000.54 Seven 

independent variables predictive of not achieving ELT-free were identified, being the 

concentrations of phenylalanine, pyruvate, alanine, acetate, calcium, haemoglobin and 

lactate. Forward logistic regression analysis was used to develop the prognostic 

model: 

(400 x Pyruvate mmol/L) + (50 x Phenylalanine (mmol/L) – (4 x Haemoglobin (g/dL) 

A value of less than 16 was most accurate in predicting death correctly. When applied 

to the validation cohort this model had a positive predictive value of 0.91 and a negative 
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predictive value of 0.94, while the positive and negative predictive values of the KCC 

were 0.94 and 0.93 respectively. 

 

Sequential Organ Failure Assessment (SOFA) 

The sequential organ failure assessment (SOFA) scoring system was developed in 

1994 as part of a European effort to describe changes in organ function over time in 

sepsis patients managed in intensive care. As previously described, it has been 

evaluated in one study where it was found to perform favourably when compared to 

KCC and APACHE.36 A retrospective Brazilian study of 40 patients managed in a 

transplant centre over a five-year period ending in 2017 evaluated SOFA further.55 In 

this group, hepatotropic viral infections were most common, followed by drug toxicity 

and cryptogenic ALF. SOFA in the initial 24-hour period performed better than MELD 

in predicting outcome, with a receiver operator characteristic area under the curve of 

0.83 versus 0.76, with an optimal SOFA cut-off score of 12 or more. The investigators 

did not compare the performance of SOFA with KCC in this study. 

 

Serum phosphate 

During recovery from ALF, vigorous hepatocyte regeneration with rapid consumption 

of adenosine triphosphate may occur once the cause of liver failure has dissipated. 

Hence, low concentrations of phosphate may correlate with ELT-free survival. A small 

American observational study of 38 patients with ALF from mixed causes evaluated 

the prognostic value of phosphate levels56. Approximately a third of patients were POD 

while viral hepatitis and cryptogenic ALF both made up a fifth of the total each. A serum 

phosphorus of 0.81 mmol/L or more had a positive predictive value of 1.00 and a 

negative predictive value of 0.60 for poor outcome, which compared favourably with 

KCC. A retrospective Danish single centre study also looked at serum phosphate in 

125 POD ALF patients.57 These investigators identified a serum phosphate cut-off of 
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1.2 mmol/L on day three as best for discriminating non-survivors from survivors, with 

a positive and negative predictive value of 1.00 and 0.98 respectively. 

Hyperphosphataemia was strongly associated with poor outcomes and performed 

better than KCC (and better than KCC plus phosphate criteria). A retrospective 

Scottish study of 117 patients during the period from 1992 to 2002 did not demonstrate 

similar findings however.58 The cut-off phosphate concentration of 1.2 mmol/L had a 

poor negative predictive value of 0.67, with considerable overlap in concentrations 

between survivors and non-survivors. The investigators concluded that 

recommendations to utilise serum phosphate as a predictor of poor outcome for ALF 

could not be supported. 

 

Ketone body ratio 

In a manner analogous to serum phosphate concentrations, arterial ketone body ratios 

have been thought to possibly reflect the high energy consumption associated with 

hepatic regeneration during recovery from ALF. The ratio of acetoacetate to beta-

hydroxybutyrate in arterial blood has been proposed as a marker that might predict 

ELT-free survival. A small Japanese study from 1995 assessed this ratio (as well as 

α-fetoprotein) in 26 ALF patients, of whom ten achieved ELT-free survival and 16 

died.59 The arterial ketone body ratio beyond three days of HE grade II or worse was 

below 0.6 in 15 of the 16 non-survivors. In the ten survivors it exceeded 0.6. The ketone 

body ratio also found to correlate with α-fetoprotein levels. The investigators proposed 

that this approach may provide a useful strategy for predicting outcome in ALF, 

although no similar studies attempting to evaluate further have been undertaken. 

 

α -fetoprotein 

A number of studies from the 1970s to the 1990s suggest a positive correlation 

between increases in α-fetoprotein (AFP) and recovery in the setting of ALF.60-62 In a 
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Danish observational study from 2005, 239 POD ALF patients were evaluated and an 

early increase in AFP was more often seen in survivors.63 An AFP level of less than 

4.8 µg/L at day 2 had a positive predictive value of 0.59 and a negative predictive value 

of 0.98, which, being somewhat inferior to the KCC (positive predictive value of 0.77 

and negative predictive of 0.95) likely explains the low levels of interest in pursuing this 

strategy since. 

 

Plasma GC protein concentration 

Plasma GC protein has a diverse range of functions, being involved in the scavenging 

of actin, vitamin D metabolite transport, and immune function. Several small 

observational studies in Denmark and the US have found a cut off value of 100 mg/L 

or greater achieves a predictive capability similar to the KCC.64-67 Despite the potential 

for GC protein to aid predictions in ALF, little work in this realm has recently occurred. 

 

Conclusion 

The proliferation of selection criteria for those ALF patients who should be considered 

for ELT over many years and across various regions suggests that none of those so 

far developed are able to provide clinicians with sufficient confidence that they can 

reliably differentiate those patient who will die without ELT from those who can 

assuredly achieve ELT-free survival (Figure 4). In a systematic review of many of the 

various predictive criteria, an international group concluded that are important 

limitations in the development and subsequent validation of many criteria.68 Potential 

issues identified include the fact that many studies compare ELT-free survivors with 

those who did not achieve this outcome as a single group (i.e. transplant free death 

and transplanted death and transplanted survival as a single group). It is highly likely 

that the situation is more complex. For example, it is probably incorrect to assume that 

all of the patients who survive with ELT would have succumbed without a transplant. 
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Other criticisms include a lack of validation and assessment of calibration, lack of 

reporting of missing data, and methodological flaws in statistical modelling. The lack 

of validation is of particular concern and is has been recommended that such 

unvalidated criteria are not utilised until such time that robust validation has been 

completed.69 It has furthermore been suggested that future models need to be 

multiphasic such that clinical data is considered over a series of key timepoints during 

the period that an ALF patient is critically ill.70 Some existing guidelines suggest using 

KCC or Clichy criteria as guides for considering ELT whilst acknowledging the need to 

better systems to best identify patients in need of ELT versus those who do not.71 Other 

guidelines adopt the position that none of the current criteria are sufficiently accurate 

to determine decision making and that they ought not be relied upon.72 

 

Figure 4. Explanted liver from a patient transplanted for paracetamol overdose 

 

Extensive necrosis is evident throughout a grossly shrunken explanted liver in a patient who 

has undergone emergency liver transplantation for acute liver failure 
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Table 1. Kings College Criteria 

ALF secondary to paracetamol overdose: 

pH <7.30 (regardless of the grade of HE) 

or 

• PT >100 seconds (INR >6.5) and, 

• serum creatinine >300 μmol/L (>3.4 mg/dL) and, 

• HE grade 3 or 4 all occurring within a 24-hour period 

Non-paracetamol associated ALF: 

PT >100 seconds (INR >6.5), 

or 

any 3 of the following (regardless of grade of HE): 

• age <10 or >40 years 

• aetiology NANB hepatitis, halothane hepatitis or idiosyncratic drug reaction 

• duration of jaundice before hepatic encephalopathy >7 days 

• PT >50 seconds (INR >3.5) 

• serum bilirubin >300 μmol/L (>17.6 mg/dL) 

ALF= acute liver failure, HE= hepatic encephalopathy, NANB= non-A non-B viral hepatitis, 
PT=prothrombin time, INR=international normalised ratio 
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Table 2. Evaluations of the Kings College Criteria 

ALF related to paracetamol 

 PPV (%) NPV (%) PA (%) 

O’Grady 19894 

Arterial pH <7.3 95 78 81 

PT >100s, Creatinine >300 μmol/L, WH Grade III or IV HE 67 86 83 

Overall 84 86 85 

Anand 199711 

Arterial pH <7.3 77 64 70 

PT >100s, Creatinine >300 μmol/L, Grade III or IV HE 79 72 73 

Overall 73 71 72 

Shakil 19999 

Arterial pH <7.3 69 80 72 

PT >6.5, Creatinine >300 μmol/L, WH Grade III or IV HE 100 79 86 

 

ALF not related to paracetamol 

O’Grady 19894 

PT >100s 100 26 46 

Any 3 of: PT >50s, time to HE >7 days, NANB or DILI, Age <10 or 
>40 years, serum bilirubin > 300 μmol/L 

96 82 92 

Overall 98 82 94 

Pauwels 199312 

Overall at admission 96 50 80 

Overall 48 hrs prior to death 89 47 79 

Anand 199711 

PT >100 seconds 100 37 52 

Any 3 of: PT >50s, time to HE >7 days, NANB or DILI, Age <10 or 
>40 years, serum bilirubin > 300 μmol/L 

65 17 52 

Overall 68 25 61 

Shakil 19999 

PT >100s 98 50 79 

Any 3 of: PT >50s, time to HE >7 days, NANB or DILI, Age <10 or 
>40 years, serum bilirubin > 300 μmol/L 

91 42 74 

ALF= acute liver failure, HE= hepatic encephalopathy, NANB= non-A non-B viral hepatitis, 
PT=prothrombin time, INR=international normalised ratio, DILI=drug induced liver injury 
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Table 3. Current UK Blood and Transplant criteria for registration as a super-
urgent transplant  

Category 1: Aetiology: Paracetamol poisoning: pH<7.25 more than 24 h after overdose and after fluid resuscitation 

Category 2: Aetiology: Paracetamol poisoning: Co-existing prothrombin time >100 s or INR >6.5, and serum 
creatinine >300 mmol/l or anuria, and grade 3–4 encephalopathy 

Category 3: Aetiology: Paracetamol poisoning: Serum lactate more than 24 h after overdose >3.5 mmol/l on 
admission or >3.0 mmol/l after fluid resuscitation 

Category 4: Aetiology: Paracetamol poisoning: Two of the three criteria from category 2 with clinical evidence of 
deterioration (e.g. worsening intracranial hypertension, FiO2>50%, increasing inotrope requirements) in the absence 
of clinical sepsis 

Category 5: Aetiology: Seronegative hepatitis, hepatitis A, hepatitis B, or an idiosyncratic drug reaction. 
Prothrombin time >100 seconds or INR >6.5, and any grade of encephalopathy 

Category 6: Aetiology: Seronegative hepatitis, hepatitis A or hepatitis B or an idiosyncratic drug reaction. Any grade 
of encephalopathy, and any three from the following: unfavourable aetiology (idiosyncratic drug reaction, 
seronegative hepatitis), age >40 years, jaundice to encephalopathy time >7 days, serum bilirubin >300 mmol/l, 
prothrombin time >50 s or INR >3.5  

Category 7: Aetiology: Acute presentation of Wilson’s disease, or Budd–Chiari syndrome. A combination of 
coagulopathy and any grade of encephalopathy 

 
INR=international normalised ratio 
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Table 4. Clichy criteria for the selection of acute liver failure patients for 
emergency liver transplantation 

Presence of hepatic encephalopathy and, 

Factor V level <20% if age <30 years 

or 

Factor V level <30% if age ≥30 years 
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Table 5. BiLE Score 

Bilirubin (μmol/L)/100 + lactate (mmol/L) 
• Add 4 in case of cryptogenic ALF, Budd-Chiari syndrome, or phenprocoumon 

toxicity 
• Subtract 2 in case of POD 
• Add 0 in case of any other ALF aetiology 

Sensitivity and specificity in predicting liver transplantation or death calculated using a score cut-off value >6.9. 
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Table 6. The Acute Liver Failure early dynamic model 

Variables over three days Score 

Hepatic encephalopathy persistent or progressed to grade > 2 2 

INR persistent or increased to levels ≥ 5 1 

Ammonia persistent or increased to ≥ 123 μmol/L 2 

Bilirubin persistent or increased to level ≥ 257 μmol/L 1 

INR=international normalised ratio 
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Clinical challenges and management in acute liver failure 
 

Introduction 

In the setting of critical care hepatology, the term acute liver failure (ALF) refers to a 

specific, rare and life-threatening disorder that occurs exclusively in persons without a 

known history of liver disease where health deteriorates from normal to critically ill over 

a short time interval due to extreme loss of hepatic function. Many definitions have 

been suggested, with most specifying a relatively short time-course over which the 

disorder develops as a means of avoiding misclassification of what is really a 

manifestation of chronic liver disease. While definitions differ somewhat with regard to 

what time period signals a chronic rather than acute pattern, most vary between 24 

and 28 weeks.1-4 Chronic liver disease (CLD) is far more common than ALF and has a 

distinctly different pattern of aetiology, management challenges, clinical course and 

range of outcomes. 

 

Key, generally accepted elements of ALF in adults are; 

• the absence of known pre-existing liver disease, 

• the presence of hepatic encephalopathy (in the absence of clear alternate 

explanations for neurological abnormalities) 

• the presence of abnormal haemostatic measures due to loss of liver synthetic 

function (usually a prolonged international normalised ratio (INR) or 

prolongation of the prothrombin time (PT)), and a  

• time interval from initial onset of illness to encephalopathy of less than 26 

weeks. 

 



 

 

130 

Together, these components of ALF form a highly typical syndrome and are always 

present, regardless of underlying aetiology, while the time course, pattern and 

outcomes remain very much determined by the underlying cause. 

 

It is generally accepted that ALF is specifically not liver injury that occurs secondarily 

to a serious systemic disorder where the primary insult is not primarily hepatic (e.g. 

liver injury in the setting of severe sepsis). Critically ill patients with multiple organ 

failure often have deranged measures of haemostasis,5 changes in mental state,6 

elevations in transaminase concentrations and hyperbilirubinaemia,7 however these 

do not constitute ALF if the underlying cause is not primarily a liver disorder. Neither is 

the term ALF correct for describing episodes of decompensation (with or without 

resulting critical illness) in patients with known chronic liver disease, where the terms 

acute on chronic liver failure (AoCLF) or decompensated chronic liver disease (DCLD) 

are preferred. Acute liver injury (ALI) may be conceptualised as a less severe form of 

ALF, where the features of ALF are present sans hepatic encephalopathy (HE).8 It may 

actually represent an early presentation of ALF and progress accordingly in many 

instances, but it otherwise simply a less severe form of acute liver failure and has a 

better prognosis. 

 

ALF may be further divided into various subcategories according to how rapidly the 

initial phase of illness progresses after jaundice first develops; 

• Hyper acute liver failure patients develop HE and become critically ill over a 

period of seven days from the onset of jaundice (typical of paracetamol 

overdose and amanita poisoning), 

•  Acute liver failure patients become unwell somewhat more gradually, 

progressing to HE over a period of 8 to 28 days (typical of many idiosyncratic 

drug reactions), 
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• Sub-acute liver failure follows a slower trajectory, with HE not becoming 

manifest until between 5 and 12 weeks of jaundice (commonly observed in 

autoimmune hepatitis) 

 

Regardless of aetiology or time-course, unless spontaneous liver regeneration occurs 

(because the patient can be treated with liver failure directed supportive care for a 

sufficient time to achieve ELT-free survival), progressive deterioration, generalised 

organ failure and complications such as refractory cerebral oedema and sepsis will 

ensue, and death will eventuate unless ELT is provided.  

 

Referral and retrieval to a specialised liver transplant unit 

A commonly observed phenomenon is that those patients with hyperacute 

presentations tend to have more extreme levels of derangement in most measures of 

critical illness and hepatic necrosis that is accompanied by rapidly progressive multiple 

organ failure severe HE, and yet still have the highest rate of ELT-free survival.9 If 

complications such as severe cerebral oedema and uncontrolled sepsis can be 

avoided or effectively treated, spontaneous liver regeneration may occur and ELT is 

not required for survival. This may largely reflect that the cause of the liver injury in 

such cases is a single massive insult of relatively brief duration, that does nor persist 

and cause sustained ongoing liver injury e.g. paracetamol overdose. This contrasts 

considerably with cases of subacute presentations, which have a slower, yet sustained 

pattern of deterioration, as less spectacular initial clinical features relentlessly progress 

to refractory multiple organ failure. The persistence of a sustained injurious process 

underlying such presentations means that this more insidious deterioration, whilst 

initially appearing less dramatic, has a much lower likelihood of ELT-free survival due 

to failure of spontaneous hepatic regeneration e.g. autoimmune hepatitis. 
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Importantly, whilst these patterns as described are generally well-recognised, the 

clinical course of an individual patient may be unpredictable and dramatic changes in 

clinical status may occur rapidly.10 This, combined with the complex nature of care 

required by ALF patients, suggests that it is prudent to consult experienced clinicians 

at a regional liver transplant service early during the course of illness and consider 

timely retrieval rather than waiting for overt liver failure with multiple organ failure to 

occur before transfer is considered. Discussions and subsequent transfer should not 

be confined to patients considered eligible for ELT but should ideally take place for all 

patients with ALF in order to provide the greatest chance for ELT-free survival or the 

possibility of ELT should this approach prove necessary (Figure 1).11 Another 

important consideration for healthcare systems is the long-term benefit that may 

accrue through managing ALF in a relatively small number of high-volume specialist 

centres. High volume centres with provide opportunities for clinicians working there to 

develop the specialised skills and experience necessary for the optimal management 

of these rare patients, whilst also promoting research and enhancing the iterative 

development of better treatment strategies.12,13 Suggested criteria for the transfer of 

ALF patients to specialised liver transplant centres are summarised in Table 1.14 

 

Figure 1. An emergency liver transplant recipient managed in a specialist 
transplant centre 

 

All identifying details have been obscured to ensure patient privacy and confidentiality are maintained. 
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Retrieval of critically ill patients necessitates specially trained clinical teams and 

integrated logistical platforms. Effective communication and planning for clinical and 

non-clinical problems during the mission are essential. Senior clinicians from the 

receiving specialist unit should advise on anticipated difficulties that may not always 

be apparent to either less experienced clinicians from referring centres or those tasked 

with managing the patient en route. Deterioration should be anticipated. In patients 

with worsening HE, it is often safer to undertake elective intubation prior to retrieval 

rather than deal with deterioration during the course of transport in an aircraft or road 

car. Adequate vascular access (usually via a multi-lumen central line) and an arterial 

line for direct blood pressure monitoring are also advisable. Reassurance regarding 

the safety of line insertion in a patient with abnormalities in measured haemostatic 

parameters suggestive of a bleeding tendency may be required. Supports such as 

vasoactive infusions, concentrated dextrose, n-acetylcysteine, osmotherapies and 

antimicrobials should all be initiated prior to departing the referring hospital or prepared 

for use as may be required. Gastric tubes, urinary catheters and protection for 

vulnerable skin areas forms part of usual care whilst readying for retrieval. 

 

Circulatory abnormalities and cardiovascular management in acute liver failure 

Changes in the systemic circulation are common in patients with severe chronic liver 

disease and also acute liver failure.15 It is recognised that most commonly, the overall 

pattern early during the course of critical illness in ALF is one of systemic vasodilation 

with preservation of cardiac output, resulting in a hyperdynamic circulation with low 

systemic vascular resistence.16-18 While there may also be a degree of blood pooling 

in a dilated splanchnic circulation in ALF patients, this is less florid than that which 

occurs in advanced chronic liver disease.19 It is also frequently found that ALF patients 

have relative or absolute hypovolaemia secondary to a combination of reduced oral 

intake, increased gastrointestinal losses (e.g. from vomiting), and leak of fluid from the 
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intravascular compartment to the interstitium as part of a generalised inflammatory 

process.20 Loss of hepatic synthetic function causes low levels of albumin and other 

plasma proteins resulting in reduced oncotic pressures that also contribute to fluid leak 

from capillaries. Whilst uncommon in hyperacute ALF presentations, some degree of 

ascites may also accumulate, especially in subacute ALF.9  

 

The classic pattern of circulatory disturbance may not manifest in all patients with ALF 

and is often not present throughout the course of their critical illness. Factors that may 

alter the usually expected haemodynamic abnormalities include the presence of pre-

existing cardiac disease or extreme critical illness (such as ALF complicated by severe 

sepsis) causing depression of cardiac function.21 

 

The pathophysiology of circulatory failure in critical illness is complex. Patients with 

liver failure also have unique and specific additional processes that drive derangement 

in cardiovascular function.15 Severe acute liver injury involves varying degrees of 

parenchymal inflammation and necrosis, both of which distort hepatic architecture 

inducing a degree of portal hypertension that is proportional to the extent of damage 

seen on histological examination.22 Using microaggregates of albumin, it has been also 

been demonstrated that Kupffer cell dysfunction occurs in ALF.23,24 It is also notable 

that Kupffer cell activity is likely a key element to the pathophysiological processes of 

liver injury in many causes of ALF.25 The combination of portal hypertension and 

Kupffer cell dysfunction is an important driver of processes that lead to haemodynamic 

disturbance in ALF. In health, gut-derived endotoxins that leak into the portal venous 

system are readily dealt with by normally functioning Kupffer cells within the liver. In 

the setting of ALF (and cirrhosis) complicated by portal hypertension, some portal 

blood will be shunted around the liver, allowing toxins arising from the gut to directly 

enter the systemic circulation. Additionally, portal blood that does follow the usual 
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course through the liver does not have its endotoxin content cleared effectively due to 

loss of Kupffer cells and dysfunction in those that remain. This mechanism may 

contribute to the phenotype of septic shock and organ injury in many instances.26 

Ultimately, there is a resultant accumulation of endotoxin in the systemic circulation 

and a systemic inflammatory response is initiated.27,28 Key mediators for this include 

cytokines such as TNF- α, IL-1, IL-6 and IL-17, all of which are recognised to circulate 

at increased concentrations in ALF.29-32 The inflammatory process ultimately proceeds 

via a final common effector pathway that generates nitric oxide (NO) through the 

stimulation of inducible nitric oxide synthase (iNOS) within the vascular endothelium.33 

While this understanding of the underlying processes is generally accepted, given the 

complexity and heterogeneity of ALF, there are elements that have been questioned.34 

Whether increased tissue oxygen demand also plays a role remains debatable and 

evidence is inconsistent. Further work is required to better understand the different 

components of inflammation and circulatory changes that may result in variation of 

clinical course and outcomes. 

 

Similar to most diagnostic groups in critical care, there is little evidence on which to 

make firm recommendations regarding the optimal approach to fluid resuscitation in 

ALF. Recommendations such as the need to avoid hypotonic fluids in patients at risk 

of cerebral oedema have been made and are emphasised in many guidelines.13 

Crystalloid use is recommended in the management of critically ill patients needing 

fluid resuscitation by most relevant guidelines.35 The use of 0.9% saline is 

recommended as initial resuscitation fluid by major ALF guidelines and avoids the risk 

associated with hypotonic fluid formulations.14,36 Hyperchloraemia is recognised as a 

potential complication and has also been identified as a potential cause of renal injury, 

although evidence for a direct link is both limited and inconsistent.37 Whilst utilised 

predominately as an osmotherapy in patients with cerebral oedema, hypertonic saline 
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may also provide a means of effective resuscitation volume expansion whilst 

minimising the risk of cumulative fluid overload.38 The use of albumin containing 

solutions has thus far not been comprehensively evaluated in ALF patients and most 

recommendations are based on the experience of its use other critically ill patients, 

such as those with decompensated cirrhosis or severe sepsis. One potential issue that 

remains unresolved is the possibility that, while albumin containing fluids might confer 

a benefit for patients with severe sepsis, they may be potentially detrimental to those 

patients with brain injury or inflammation within the central nervous system.39 This 

creates an interesting potential dilemma for treating clinicians who may observe 

pathological processes similar to both of these scenarios coexisting simultaneously in 

an ALF patient. Clinical decision making is probably best be guided by the dominant 

pattern of pathophysiology manifesting in an individual ALF patient at the time of 

assessment, with the selection of fluid undertaken by a suitably experienced senior 

clinician in order to minimise complications. A generally accepted concern is that of 

fluid excess and overload being potentially especially detrimental in the setting of ALF, 

and the risks of marked fluid accumulation contributing to right heart failure, impeded 

hepatic venous drainage, acute lung injury and cerebral oedema must be considered 

in all critically ill ALF patients receiving fluid therapy.40 Studies associating cumulative 

positive fluid balance over time with poor outcomes in critically ill patients are 

concerning, however causality is not necessarily firmly established and further 

research is required to clarify the link between abnormal fluid balance states and 

outcomes.41 In the meantime, after initial resuscitation has occurred it seems prudent 

to try to achieve an even fluid balance and avoid relentless fluid accumulation where 

possible.14,42 

 

It has been widely noted that the pattern of haemodynamic disturbance in ALF strongly 

resembles that of septic shock.43 While there are few recent reports regarding the 
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actual incidence of serious haemodynamic disturbance in ALF patients managed in 

ICU, it is accepted to occur in the majority of patients by all authoritative management 

guidelines.9,10,44-59 Studies from over forty years ago suggest that over 87% of ALF 

patients will develop hypotension (defined as a  systolic blood pressure of less than 80 

mmHg).60 The duration and frequency of hypotensive episodes in these early studies 

were such that they accounted for 16% of total time spent in a high grade 

encephalopathic state and were mostly not due to factors such as active bleeding or 

the terminal phase of dying. Such phenomenon would be challenging to study in 

contemporary ICU practice, given the clinicians will always actively treat low blood 

pressure resulting from hypovolaemia and vasodilatation such that prolonged periods 

of hypotension would not be tolerated. It is therefore more realistic and appropriate to 

assess the need for intervention, the use of different vasoactive agents, and the 

intensity of therapy required. These latter details are not widely reported however, with 

dosing particularly difficult to evaluate given that usual practice is inherently dynamic 

due to titration of therapy according to haemodynamic requirements and clinical 

response. Whilst some studies in ALF have reported the vasoactive-inotropic score or 

the vasopressor dependency index to address such challenges, this has not been 

widely adopted.61 

 

A recent report based on 1186 consecutive hyperammonaemic patients from the US-

ALFSG registry indicated that 25% of patients received vasopressor therapy.62 

Unsurprisingly, there was a strong association with the need for other critical care 

interventions, with 56% of patients requiring continuous renal replacement therapy 

also needing vasopressor support versus 14% for those who did not. A survey or 

European practice reported vasopressor support being provided to 64% of ALF 

patients.63 Dosing is seldom reported, although a 2004 study described doses of 

noradrenaline ranging from 0.1 to 0.5 µg.kg-1.min-1 to achieve a mean arterial pressure 
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of 80 mmHg or more in patients being cooled for severe intracranial hypertension when 

listed for ELT.64 

 

There is little robust evidence to guide the selection of vasoactive drugs to support the 

circulation of ALF patients (in a manner similar to most aspects of critical care 

vasoactive infusion practice).36 Most guidelines recommend noradrenaline, with 

suggested starting doses of 0.05 µg.kg-1.min-1, 14 and this is the most commonly 

reported agent utilised where such details are provided.59,65 Theoretical advantages 

include a lesser propensity to tachycardia and hyperlactataemia, preservation of 

splanchnic perfusion and ready titratability.66,67 

 

The role of vasopressin and related drugs in the management of critically ill patients 

with sepsis remains somewhat unclear, with little evidence of benefit when used in 

place of,68,69 or in conjunction with noradrenaline.70,71 While the addition of vasopressin 

to noradrenaline may allow a decrease in its rate of infusion, it is unclear that this 

confers benefit in terms of overall outcome. It may be that the addition of low dose 

intravenous corticosteroid to such a vasopressor combination confers some benefit, 

although this also requires further clarification.72 Previously, there have been concerns 

that vasopressin and its analogue terlipressin may exacerbate or precipitate cerebral 

oedema in ALF patients,73 however this has not been evident in a subsequent 

evaluations.74 On the basis of documented experience in patients with similar patterns 

of haemodynamic disturbance (such as septic shock) and current, albeit limited 

evidence from ALF patients, it seems reasonable to add vasopressin at a rate of 

between 1 and 2 units per hour to noradrenaline in situations where hypotension 

persists despite what are deemed escalating doses of the latter (in a manner 

consistent with current practice guidelines).14,36 Vigilant evaluation for potential 
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compromise of the splanchnic circulation is essential if such an approach is 

implemented. 

 

The role of low dose corticosteroids in critically ill patients has been the subject of 

considerable controversy and investigation for many years. Critically ill patients might 

theoretically benefit from supplementation with exogenous corticosteroids due to 

absolute or relative adrenal insufficiency, or because of end-organ resistance to 

circulating endogenous corticosteroids. Recent studies in patients with sepsis suggest 

that while overall patient outcomes are not altered, the practice appears to have few 

risks and leads to more rapid resolution of shock.75 A number of small studies and 

reviews have identified the possibility that adrenal insufficiency may occur often in both 

chronic liver disease and acute liver failure.76-80 However, many of these studies 

utilised the short synacthen test (SST). The optimal approach to undertaking 

assessment of adrenal function in the critically ill has not been defined and interpreting 

studies such as the conventional SST may be problematic, rendering it perhaps a 

useful test to exclude the possibility of adrenal insufficiency, but not an ideal way to 

diagnose it.81 Current recommendations and widespread practice is to add low dose 

intravenous hydrocortisone (usually 200mg total daily dose)82 to the therapy of patients 

who are deemed to have demonstrated an inadequate response to treatments such 

as noradrenaline with or without concomitant vasopressin. Clearly, any patient on long-

term corticosteroid therapy should receive adequate additional steroid support in the 

setting of serious illness, including ALF. 

 

While a vasodilated peripheral circulation with a preserved or elevated cardiac output 

is present in the majority of ALF patients, there are circumstances where less typical 

patterns may arise. For some patients, progressive critical illness with refractory 

multiple organ failure may complicate ALF and result in a terminal decline that cannot 
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be halted despite disease specific treatments and general physiological support. In 

such situations, especially where overwhelming sepsis occurs, a low cardiac output 

state may develop.83 Outcomes in the setting are often poor and this may represent a 

final pathway of demise for many ALF patients.46 Another situation in which there may 

be a major cardiogenic contribution to haemodynamic compromise is in the setting of 

the ALF patient with pre-existing heart disease. Patients with serious valvular heart 

disease, coronary insufficiency, pulmonary hypertension or cardiomyopathy may be 

unable to achieve or maintain a necessary cardiac output to meet the demands of 

critical illness or maintain systemic arterial pressure in the setting of vasoplegia. Such 

patients may also be vulnerable to cardiogenic pulmonary oedema and lung injury. 

Patients with ALF who have a background of serious underlying cardiac pathology or 

who develop cardiac dysfunction in the setting of critical illness will require 

individualised care that addressed the specific causes of their haemodynamic 

compromise. The use of titratable inotropic agents such as dobutamine, milrinone or 

levosimendan may be reasonable and selection will generally be guided by local 

preferences and familirity.84-87 Levosimendan may be somewhat difficult to titrate, 

however and the presence of a long-acting active metabolite may be problematic. 

Adrenaline may also represent a reasonable choice, however the tendency to 

hyperlactataemia may make interpretation of response difficult and tachyarrhythmias 

are more common.88,89 Overall, there is little evidence to guide the selection or 

administration of these agents in critical illness and even less in the setting of ALF; 

clinicians must instead generally rely on expert opinion and experience. In addition to 

clinical response monitoring may include measures beyond a central venous catheter 

and arterial line. Additional monitoring strategies to consider in ALF may include 

arterial pulse contour analysis,43 pulmonary artery catheterisation,90 and bed-side 

echocardiography (either transthoracic or transoesophageal).91 
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The appropriate target blood pressure in critical illness has not been defined and this 

is certainly true for ALF patients. In critically ill patients with sepsis, a target blood 

pressure of 80 to 85 mmHg was not associated with a survival benefit compared with 

a target of 65 to 70 mmHg, and atrial fibrillation was more common in the higher target 

group.92 However, patients with chronic hypertension managed with a higher blood 

pressure required less renal replacement therapy than such patients in the low target 

group suggesting that, as per subsequent research findings, an individualised 

approach that takes account of a patient’s previous blood pressure may be beneficial.93 

Given the many similarities between the pattern of haemodynamic disturbance in 

severe sepsis and the potential for ALF patients to develop sepsis as a complication, 

it seems reasonable to apply a similar approach and most guidelines generally make 

recommendation along these lines. An important additional caveat may be that a drive 

to higher blood pressure in order to achieve a cerebral perfusion pressure target in 

patients with cerebral oedema may be risky in ALF patients. Given that relative or 

absolute cerebral hyperaemia may be part of the underlying pathophysiology of the 

oedema processes, and high systemic arterial pressures might exacerbate this 

further.94-97 

 

Hepatic encephalopathy, cerebral oedema and intracranial hypertension 

Hepatic encephalopathy 

Hepatic encephalopathy (HE) is a defining feature of ALF. Overt acute hepatic 

insufficiency in the absence of HE is termed acute liver injury (ALI) and has a better 

overall prognosis unless it evolves into ALF. The clinical course may vary, and the 

earliest manifestations may be subtle and fluctuate considerably. Paediatric patients 

are often difficult to assess and may not demonstrate obvious evidence of classic HE 

until liver failure is advanced.98 Once established, it is well-recognised that progression 

may occur quite rapidly and become complicated by cerebral oedema and resulting 
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intracranial hypertension. While HE is also an important component of acute on chronic 

liver failure (AoCLF) and decompensated cirrhosis, cerebral oedema is an extremely 

uncommon complication in this setting. 

 

The earliest manifestations of HE in ALF may not be immediately recognised as 

signalling an evolving serious illness and in the setting of pre-existing psychiatric 

conditions, behavioural changes may be misattributed to these. Disinhibition, 

confusion, distractibility, recall and inattentiveness tend to all occur to varying degrees 

prior to overt reductions in conscious state.99 Other clinical features can include 

asterixis, hyperreflexia and clonus. Following from this, progressive coma often occurs. 

It is essential that other possible causes or contributing factors are evaluated for (some 

of which are also causes of or complications from ALF), including closed head injury, 

drug intoxication, hypoglycaemia, seizures and intracranial haemorrhage. In cases of 

high-grade encephalopathy, a head CT is often advisable, especially if there is a 

history of trauma or focal neurological deficits are present. 

 

Hepatic encephalopathy is often described according to the West Haven grading 

criteria (Table 2). While familiar to gastroenterologists and hepatologists, critical care 

clinicians may be more familiar with the Glasgow Coma Scale (GCS) and there may 

be advantages with regard to the additional granularity it provides (Table 3).100 

Regardless of the scale utilised, there are benefits to using one of the systems to asses 

and document the clinical course of HE, especially given that it generally is accepted 

as correlating well with disease progression and severity.101,102 Patients with a West 

Haven grade of III or worse, or a GCS of 8 or less are at high risk of airway compromise 

and it is recommended that intubation occur at or prior to this level of neurological 

obtundation.14,36 
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The pathophysiology of HE is complex. A range of different processes contribute to 

various aspects of the process. Disruption of the brain-blood barrier, loss of 

neurotransmitter regulation, inflammation within brain parenchyma, GABA-ergic 

pathway abnormalities, disturbed mitochondrial function, and loss of cerebral blood 

flow autoregulation are all contributing factors.103 Astrocytes (and their mitochondria) 

as well as microglial cells are especially affected and hence the cerebral oedema 

associated with HE is largely (but not exclusively) cytotoxic in nature as a result. 

 

Hyperammonaemia appears to play a key role, driving much of the pathophysiology of 

HE. In health, approximately 1000 mmol/L of ammonia is produced in adults on a daily 

basis.104 It is a potent neurotoxin and elevated blood levels are universal in acute liver 

failure.105 As a product of intermediary amino acid metabolism and also arising from 

the activity of colonic flora, ammonia is continually entering the circulation, with efficient 

mechanisms constantly employed to undertake rapid detoxification. Ureotelic 

organisms (including most land vertebrates) detoxify ammonia into urea via the urea 

cycle, a process which occurs predominately in the liver and to a lesser extent, in the 

kidney and other tissues. As a far less toxic vehicle for excreting nitrogenous waste, 

urea is also more efficient in terms of the amount of water required to achieve 

elimination compared to that utilised by ammonotelic organisms, which, being 

predominately water-dwelling organisms, can access the water ‘sink’ of their 

immediate aquatic environment. The urea cycle (also referred to as the ornithine cycle) 

is exists as an entire process within the liver, as well as existing as separate 

components in other tissues. The brain does not effectively possess any functional 

capacity to clear ammonia other than through glutamine synthesis. When liver injury is 

severe, hyperammonemia inevitably results due to lack of clearance and urea 

concentrations fall, as much less is synthesised by remnant liver function. The impact 

of ammonia on the brain is mediated through a range of diverse toxic mechanisms, 
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including deranged neurotransmission (both inhibitory and excitatory), impairment of 

cell membrane transport apparatus, and dysfunctional glucose metabolism.102,106 More 

specifically, animal studies indicate that ammonia impedes chloride efflux from 

postsynaptic neurons, inhibits glutamate handling by astrocytes and has effects at 

postsynaptic receptors as well as altered synthesis of other neurotransmitters, 

including noradrenaline, serotonin, dopamine and histamine.107 By interfering with 

various cell membrane transport mechanisms, hyperammonaemia also impacts on 

blood-brain-barrier integrity. 

 

Given the panoply of mechanisms and sites via which ammonia interferes with normal 

neurological function, it has been widely accepted as the key mediator of both HE and 

associated cerebral oedema in ALF. Ammonia is clearly not the only driving cause of 

HE in the setting of ALF however.99 Other neuroactive and neurotoxic substances 

include manganese, phenols, aromatic amino acids, mercaptans, octopamine, short-

chain fatty acids and even bilirubin. Measures to treat HE that target 

hyperammonaemia in isolation (such as sodium benzoate, lactulose or L-ornithine-L-

aspartate) are unlikely to directly impact on circulating levels of these other toxins and 

there may be benefits in blood purification therapies (including different modes and 

membrane types) that can address elevated levels of these substances also.108 In a 

manner analogous to urea in renal failure, ammonia makes a convenient surrogate for 

the wider range of neurotoxins that play a role in HE. It can be repeatedly measured 

and is therefore an attractive therapeutic target to guide the management of ALF 

patients with high grade HE who are at high risk of cerebral oedema and neurological 

injury.109 
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Cerebral oedema 

The most serious complication of high grade HE in ALF is the development of cerebral 

oedema.110,111 Between 50 and 80% of ALF patients with high grade HE are estimated 

to develop cerebral oedema and mortality has been reported to be high, with refractory 

intracranial hypertension a common cause of death.112-114 The incidence of severe 

cerebral oedema and associated deaths may have reduced over time however, with a 

single centre observational study from 2013 showing that the proportion of patients 

with intracranial hypertension fell from 76% to 20% over a 24-year period ending in 

2008.65 For those who developed intracranial hypertension in this study, mortality fell 

from 95% to 55%. Reasons exactly why this decrease has occurred are somewhat 

speculative, however it was notable that there was a concomitant reduction in markers 

of critical illness severity at the time of ICU admission, suggesting that earlier referral 

and commencement of supportive treatments as well as an increased use of 

emergency liver transplantation may have all played important roles (Figure 2). 

 
Figure 2. Complex care requirements of acute liver failure patient with cerebral 
oedema 

 

In addition to mechanical ventilation and continuous renal replacement therapy, critically ill 
acute liver failure patients require a complex suite of supportive therapies such as vasoactive 
infusions, sedation, electrolyte infusions and a range of other interventions 
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The mechanisms via which HE leads to cerebral oedema appear to be complex and 

multiple. An interesting observation that underscores this challenging complexity is that 

cirrhotic patients rarely develop cerebral oedema, even in the setting of acute on 

chronic liver failure with marked hyperammonaemia.115 Why this is the case remains 

unclear. This finding suggests that there must be important differences between the 

processes of HE in ALF versus those in decompensated chronic liver disease, such 

as differences in inflammatory response and the degree to which ammonia enters the 

central nervous system. 

 

Two major underlying mechanisms of cerebral oedema in ALF have long been 

recognised; cytotoxic processes and vasogenic processes.116 The former of these 

dominates the development of cerebral oedema in ALF, principally through the injury 

and swelling of astrocytes that is mediated in large part by the complex toxicity of 

hyperammonaemia. Those astrocytes distributed within grey matter seem to be most 

severely affected, with foot process involvement more common than the astrocyte 

body itself.117 Astrocytes constitute a third of brain parenchymal mass,118 so processes 

that cause them to swell can have a dramatic impact on brain volume and result in 

intracranial hypertension given the confined nature of the cranial contents. Other key 

contributors to oedema include neuroinflammation that may be triggered through the 

direct effects of ammonia on microglial cells and the resulting potentiated effects of 

inflammatory cytokines.119,120 Current understanding has long implicated ammonia as 

the central driver of almost all of these pathological processes.121 

 

Vasogenic oedema most likely plays an important secondary role in the evolution of 

cerebral oedema in ALF.111 In health, the blood brain barrier (BBB) ensures that the 

brain occupies a position of privileged isolation from many substances that may be 

present in the systemic circulation. It consists of the cerebral capillary endothelium, 
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pericytes and the foot processes of astrocytes.122 The endothelial cells are the most 

important component of the BBB, with tight junctions present between each cell. BBB 

function in ALF is impacted by a range of factors, most importantly hyperammonemia 

and inflammatory cytokines,111 with subtle disruption of BBB integrity rather than overt 

damage or total failure evident in both animal models and human studies of ALF.123 

 

In health, cerebral blood flow is automatically regulated to match the cerebral 

metabolic rate across a wide range of systemic circulatory states and this 

autoregulation is maintained in early HE. Autoregulation is lost in however in severe 

HE and absolute or relative cerebral hyperaemia can result.94,121,124-126 The 

combination of cerebral hyperaemia and a pervious BBB ultimately lead to leakage of 

fluid from the circulation onto the already inflamed brain parenchyma, synergistically 

contributing to worsening cerebral oedema.110 As noted previously, this makes the 

pursuit of higher systemic arterial pressure targets as a strategy to maintain cerebral 

perfusion pressure potentially problematic in patients with ALF related cerebral 

oedema, as it may actually exacerbate the tendency to vasogenic oedema. 

 

Once severe HE has led to cerebral oedema, the risk of neurological injury and death 

is high.111 The confining nature of the cranium constrains swelling such that any 

substantive change in the volume of its contents leads to elevations in pressure. 

Displacement of cerebrospinal fluid and venous blood occurs as adaptive responses 

that mitigates rising pressure for a time, however these mechanisms have limited 

ameliorating capacity and are readily overwhelmed. Sustained intracranial pressure 

elevations ultimately lead to uncal herniation and compression of brain stem structures 

resulting in death.127 
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Management 

The considerable risk of neurological complications in patients with high grade HE from 

ALF has led to the testing of a range of strategies that endeavour to reduce the risks 

of severe cerebral oedema from occurring and to control or reverse it when already 

present. Current guidelines emphasise the need to intubate when high grade 

encephalopathy (West Haven grade III or worse or a GCS of 8 or less).14,36 Patients 

should be nursed with elevation of their head to 30 degrees and be ventilated to 

achieve low PaCO2 (levels of 25 and 30 mmHg have been recommended128). 

Anticonvulsants may be required if clinical or EEG demonstrate seizure activity, 

however a prophylactic approach is not recommended.14 Options include 

levetiracetam or propofol, the latter of which is often utilised primarily for sedation. As 

for any critically ill patient at high risk of neurological deterioration, expert nursing care 

provided in a low stimulus environment with full physiological monitoring is essential.  

 

Control of hyperammonaemia 

A range of different blood purification therapies have been utilised in ALF in an attempt 

to remove neurotoxins and neuroactive substances thought likely to contribute to HE 

and cerebral oedema formation. Single pass albumin dialysis (SPAD) is the simplest 

form of albumin dialysis, whereby a standard CRRT device is used with concentrated 

albumin being added to a standard dialysate using a conventional ICU CRRT machine 

(Figure 3).129 The Molecular Absorbent and Recirculation System (MARS®) dialyzes a 

patient’s blood against an albumin rich intermediary fluid which is then in turn passed 

through a resin absorber and charcoal cartridge as well as being dialyzed against 

conventional dialysate.130 Prometheus® is a plasma filtration treatment coupling 

together adsorption and haemodialysis in tandem.131 After initial separation through an 

albumin-permeable membrane, plasma enters a secondary circuit where protein-

bound toxins are removed by a neutral resin followed by an anion exchange adsorber. 
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Plasma is then directed to the to the venous return line, where a haemodialyser 

removes water-soluble toxins via diffusion. ELAD® utilises hepatoblastoma-derived 

C3A cells in columns and operates as a temporary bio-artificial liver support132,133 and 

similar systems utilising porcine hepatocytes134 (bioartificial livers – BALs) have also 

been developed. While all of these technologies as well as several others have been 

evaluated in the setting of ALF, none have demonstrated improvements in survival 

outcomes.135-141 Extracorporeal liver supports do generally improve many markers and 

clinical findings in severe ALF and there may be individual situations in which they 

make an important contribution to outcome (e.g. by providing more time to obtain an 

organ for ELT). Given their expense, complexity, uncertain benefit (and potential safety 

considerations for xenoperfusion techniques), the use of novel blood purification 

techniques in liver failure should perhaps be limited to the setting of prospective clinical 

trials that assess outcomes such as ELT-free survival.142 High volume plasma (HVP) 

exchange has also been suggested as improving the likelihood of ELT-free survival. 

In a proof of concept, unblinded, prospective multi-centre Scandinavian/British study 

of 182 ALF patients from 2016, those who received at least one treatment session with 

HVP had a significantly improved ELT-free rate of survival.143  

 

Conventional renal replacement therapies (RRT) are long-established in the ICU 

environment and there are generally accepted advantages in using a continuous rather 

than intermittent approach, even though a survival benefit has not been 

demonstrated.144 Continuous renal replacement therapies (CRRT) are often 

recommended on the basis of having less haemodynamic impact, greater overall dose 

of therapy over the course of a 24-hour period and earlier renal recovery).145 

 

Continuous venovenous haemofiltration (CVVH) and continuous venovenous 

haemodiafiltration (CVVHDF) are common modes of CRRT used in ICU, utilising 
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purpose designed devices that are well-established in ICU practice (Figure 4). Both 

are frequently employed as routine interventions in the management acute renal failure 

in the critical care setting across many regions including for patients with ALF.146,147 

They have also been extensively studied in a number of patient populations, most 

notably in severe sepsis.148 Despite extensive use over several decades and wide-

spread application in ALF,63 there have been few studies specifically evaluating CRRT 

in this patient group. Acute renal failure (ARF) is common in patients with ALF,149-151 

and on this basis, many of them require RRT to address complications arising from 

renal insufficiency. Of note, overt uraemia is rare in ALF as much processing capacity 

of ammonia to urea is lost in severe hepatic insufficiency.152  

 

CRRT has a range of potential benefits in the management of ALF patients that extend 

beyond the other usual indications associated with ARF (such as hyperkalaemia and 

fluid overload). Specific benefits of note for ALF patients have been described as 

including control of temperature, metabolic control, electrolyte management (including 

sodium control), correction of acidosis, and control of hyperammonaemia.14 Several of 

these benefits are specific to CRRT rather than intermittent modalities and the latter is 

therefore less preferred.36,153,154 An international survey of European practice from 

2016 found that CRRT was the dominant approach to RRT in ALF (CRRT 86% versus 

intermittent haemodialysis 9%).63 Despite these purported advantages and the 

suggestion that CRRT should most appropriately be considered a neuroprotective or 

metabolic control intervention (or even as a liver replacement therapy),14 the 

commencement indications listed in guidelines often focus on issues pertaining to 

inadequate renal function.36,155 Such an approach still seems to be the normal strategy 

for many liver units, with indications to initiate treatment being dominated by renal 

failure-based concerns, such as acidosis (100%), oliguria (86%), hyperkalaemia 
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(86%), and fluid overload (77%), while phenomenon such as hyperammonaemia 

(55%) and hyperlactataemia (46%) ranked rather lower.63 

 

Even more interesting is the limited amount of research undertaken in the use of CRRT 

in ALF, especially with regard to the impact on HE and hyperammonaemia. In a single-

centre 2013 British study undertaken prospectively at a specialist liver centre, 24 

patients with blood ammonia concentration of more than 100 µmol/L were included in 

a prospective evaluation of CVVH only (no CVVHDF was provided) and its impact on 

urea clearance, ammonia clearance and hyperammonaemia.156 Ten patients had 

chronic liver disease, four were post- hepatic resection surgery, and ten were ALF, the 

latter mostly from paracetamol overdose. Two doses of CVVH were evaluated; 13 

patients were allocated to low intensity (35 ml/kg/hour) and 11 patients to high intensity 

(90 ml/kg/hour). Only 16 patients completed a full twenty-four hours of CRRT (9 low 

intensity and 7 high intensity). A close correlation was found between urea clearance 

and ammonia clearance and ammonia clearance was also found to correlate strongly 

with treatment intensity. This latter finding was evident early during treatment and 

persisted when measured after 24 hours. The overall proportional reduction in 

ammonia over 24 hours was 22%. The low intensity CVVH group achieved a 

proportion ammonia reduction of 19% and the high intensity CVVH group achieved a 

proportional reduction of 35% (p ≤0.0001). The relationship between treatment 

duration and control of hyperammonaemia was not assessed, nor was there an 

assessment of impact on clinical status such as grade of HE or patient outcomes. 

 

The only other research on CRRT and impact on hyperammonaemia comes from 

retrospective analysis of patients in the American Acute Liver Failure Study Group 

registry, reported in 2018 in which half of all patients had POD associated ALF.62 

Overall findings included confirmation of the relationship between hyperammonaemia, 
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grade of HE and poor outcome (including death from both neurological causes as well 

as all causes). Of the 1186 patients studied over the 18-year period ending in 2016, 

only 340 had serial ammonia levels checked. Sixty-one of these 61 (18%) received 

CRRT during the first two days of admission. Fifty-nine (17%) received intermittent 

haemodialysis, while 220 (65%) did not receive any RRT. The proportional reduction 

in ammonia levels over three days was greatest in CRRT treated patients (38%), 

whereas the fall in intermittent haemodialysis and no-RRT patients were lower and 

similar to one another (23% and 19% respectively). Of note, after adjusting for year of 

presentation, aetiology, illness severity and age, CRRT was associated with a 

reduction in ELT-free mortality, whereas intermittent haemodialysis was associated 

with an increase. The retrospective registry nature of this study meant that there was 

no description of the indication for RRT or the specific methods of application (such as 

CRRT mode, use of anticoagulation, treatment intensity, or duration of therapy) or 

complications in which RRT may be implicated.  

 

Whilst they are quite different in their approach, between them, the key findings from 

these two studies appear to strongly support the concept that hyperammonemia is a 

driver of neurological complications in ALF and that its control can be achieved with 

CRRT, perhaps leading to improved ELT-free survival. Further studies are likely 

required before early and sustained CRRT becomes the recommended approach 

accepted for managing ALF patients at high risk of cerebral oedema. Research to 

determine the optimal mode, duration, method of anticoagulation, treatment intensity, 

and ammonia thresholds for initiating and ceasing CRRT is also necessary to guide 

the optimal delivery of treatment.155 
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Figure 3. CRRT machine providing Single Pass Albumin Dialysis (SPAD) 

 

 
Figure 4. CRRT machine set up in CVVHDF mode 

 

 
Other interventions to control hyperammonemia in ALF 

A range of other strategies to impact on hyperammonaemia have been utilised in liver 

disease. Lactulose (beta-galactosidofructose) is a non-absorbable disaccharide. After 

oral ingestion, it is degraded by colonic bacteria to lactic acid and acetic acid, resulting 

in the acidification of gut luminal contents and an increase in the conversion of 

ammonia to ammonium, which then remains trapped within in the bowel. Acidification 
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also inhibits ammoniagenic flora and acts as a cathartic, reducing the total colonic 

bacterial load.157 It is often used in HE associated with advanced chronic liver disease, 

where its efficacy is established.158 However, studies in ALF have not demonstrated 

clear benefit159 and the development of diarrhoea and the potential for intestinal 

distension may be deleterious in a critically ill patients with multiple organ failure. 

Treatment guidelines do not therefore currently support the use of lactulose in 

ALF.14,36,46 

 

L-Ornithine L-Aspartate (LOLA) has been shown to have some impact on 

hyperammonaemia and HE in cirrhotic patients.160 The mechanisms responsible for 

the ammonia-lowering effects of LOLA include stimulation of urea synthesis by 

remnant hepatocytes and removal of ammonia from the circulation via glutamine 

synthesis in skeletal muscle. Despite theoretical benefits, not evidence of improvement 

with LOLA therapy is evident in ALF.161 

 

Sodium benzoate is a commonly used food preservative that is also an ammonia 

scavenger. It is thought to activate a non-urea cycle pathway for ammonia removal 

and potentially control hyperammonaemia,162 however there is no evidence to support 

its use in ALF and it is not recommended by current guidelines. 

 

Rifaximin is a broad-spectrum oral antibiotic that is effective against enteric bacteria. 

It undergoes minimal absorption from the gut and has an established role in the 

treatment of HE in patients with chronic liver disease.163 There have been few 

investigations of its potential benefits in ALF and it is not included in most current 

guidelines.164 
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The branched chain amino acids (BCAAs), valine, leucine and isoleucine are essential 

amino acids in humans. BCAAs can enhance ammonia detoxification in skeletal 

muscle by promoting the amidation process for glutamine synthesis.165 BCAA enriched 

enteral nutrition has been shown to improve HE in chronic liver disease, although it 

seems that this adds little benefit in patients already receiving lactulose or non-

absorbable antibiotics. Such findings making its use in ALF of questionable additional 

value if measures to control hyperammonaemia such as CRRT are utilised.166 

 

Measures to control cerebral oedema and intracranial hypertension 

Hypothermia 

Hypothermia has a range of potential benefits for patients with ALF complicated by 

high grade HE with risk of cerebral oedema. It may decrease cerebral metabolic 

rate,167 attenuate cerebral hyperaemia,168 reduce inflammation within the brain,169 

impede the conversion of glutamate to glutamine,170 reduce neuroexcitation,171 

improve cerebral glucose metabolism,172 reduce ammonia transfer across the BBB,173 

and reduce generation of ammonia by gut flora (Figure 5).174 The resulting control of 

cerebral oedema, reduction in intracranial pressure and improved regulation of 

cerebral blood flow should theoretically improve outcomes for patients with ALF. Some 

risks may be incurred from therapeutic cooling however, with concerns raised about 

risks of bleeding, immunosuppression, cardiac dysrhythmias and delayed hepatic 

regeneration.175,176 
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Figure 5. Neuroprotective mechanisms of hypothermia in acute liver failure 

 

A small Scottish interventional study of 7 patients with ALF who had increased 

intracranial pressure was published in 1999. Patients were cooled to between 32°C 

and 33°C (moderate hypothermia) until and during ELT, or for eight hours if not eligible 

for ELT. Intracranial pressure monitors were placed before cooling and median 

pressure was 45mmHg, which reduced to 16 mmHg with hypothermia, while cerebral 

blood flow decreased by 57% with cooling. Correspondingly, cerebral perfusion 

pressure increased by 56%, while cardiac index decreased by 48%. During the period 

of hypothermia, there was no significant relapse of intracranial hypertension. Absolute 

blood ammonia levels and cerebral uptake of ammonia also fell and no complications 

attributable to hypothermia occurred.177 

 

Using a retrospective cohort from the Acute Liver Failure Study Group Registry and 

published in 2015, another group evaluated 1232 ALF patients with high grade HE 

managed in specialist liver centres between 1998 and 2013.178 Therapeutic 

hypothermia (defined as deliberate therapeutic reduction of core temperature to 
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between 32°C and 35°C induced with an external cooling device utilising adhesive gel 

pads (Figure 6)) was applied to 97 patients (8%), however no protocols existed to 

specify timing, indication or duration. 

 

Figure 6. Adhesive cooling pads utilised by purpose designed cooling devices 

 

 

Over 47% of patients had ALF secondary to paracetamol overdose. Intracranial 

pressure monitoring was utilised in 38 of the therapeutic hypothermia group (usage 

that was nearly 80% more than those patients with ALF not managed with therapeutic 

hypothermia), however data on intracranial pressure and the incidence of intracranial 

hypertension was not collected. Therapeutic hypothermia was used more often in 

POD-ALF patients and was also associated with greater use of other ICU 

interventions, such as mechanical ventilation, RRT and vasopressor infusions. 

Bleeding complications occurred in 12%, bacteraemia in 17% and tracheal infections 

approximately 21%, being very similar between groups on the basis of therapeutic 

hypothermia use. Disturbances of cardiac rhythm also occurred at similar rates during 

the period of cooling (although there was an inexplicable increased incidence of 

dysrhythmia in those treated with hypothermia prior to the actual commencement of 

cooling). Those patients with documented episodes of severe hypothermia (less than 

33°C) did appear to incur more infections. Overall survival at day 21 was similar (62% 
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versus 60%) as was ELT-free survival (45% versus 39%) between those patients who 

were cooled and those who were not. Fresh frozen plasma use was used more often 

in patients who were cooled, with usage remaining similar between those cooled 

patients who did and did not have an intracranial pressure monitor. In a subgroup 

analysis of POD patients, survival was improved by therapeutic hypothermia in 

younger (those less than 25 years old) patients but was worse for elderly POD patients 

(those more than 64 years old). For non-POD patients, therapeutic hypothermia had 

no impact on outcomes. The authors concluded that while therapeutic hypothermia 

was not associated with a range of important complications, there was no consistent 

evidence of benefit in so far as non-POD patients did not seem to have improved 

outcomes and older POD-patients might in fact do worse if cooling was applied. Given 

that there was some evidence for benefit in younger POD-patients who make up a 

considerable proportion of ALF in many regions, the selective application of 

therapeutic hypothermia may still therefore be appropriate in specific circumstances. 

 

A prospective multicentre (non-blinded) randomised control study of therapeutic 

hypothermia was published in 2016.179 ALF patients with high-grade encephalopathy 

and intracranial pressure monitoring managed in three specialist intensive care units 

from the UK and Denmark were randomly allocated to therapeutic hypothermia (target 

temperature of 34°C) or a control group (target temperature of 36°C), for a period of 

72 hours, using body surface cooling and lowering the circuit temperature in patients 

receiving CRRT. Usual care included hypertonic saline, n-acetylcysteine and broad-

spectrum antibiotics for all patients. Recruitment occurred between 2005 and 2010, 

with the trial being halted after the enrolment of 46 (of a planned recruitment of 50) 

patients when an interim review suggested further recruitment was not likely to alter 

study findings. Due to the block randomisation approach utilised, there was 

unevenness in the treatment allocation such that 17 patients received therapeutic 
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hypothermia, whilst 26 were controls. Patients characteristics were well-matched at 

enrolment and 65% were POD-related ALF and young. There was no significant 

difference between the therapeutic hypothermia patients or controls with regard to 

sustained episodes of intracranial pressure (defined as higher than 25 mmHg for more 

than five minutes) which occurred in 35% versus 27% of patients respectively. The 

peak intracranial pressures were also similar between the treatment and control 

groups, with levels of intervention for intracranial hypertension that also did not differ. 

There was an overall trend to more intracranial hypertension in the patients managed 

with cooling (the study was halted partly on this basis at the second interim analysis). 

Adverse events potentially associated with cooling were assessed for and included 

thrombocytopaenia (platelet count of less than 30 x 109/L), bleeding, stroke, sepsis, 

cardiac problems, and pancreatitis; the incidence was similar in both the treatment and 

the control groups for all. Overall mortality was also similar, with 41% of cooled patients 

dying, versus 46% of control patients. Two patients from each group died from 

neurological complications. ELT-free survival was 30% in the hypothermia treated 

group, whilst it was 47% in the control group. Notably, those patients in the therapeutic 

hypothermia group more often had a core temperature of 33°C (lower than the target 

temperature of 34°C), suggesting that ‘overshoot’ was a common problem when 

cooling. Also, patients who were not cooled and underwent ELT had a higher mortality 

than those who were cooled and received a transplant, suggesting that patients who 

have ELT might perhaps benefit from therapeutic hypothermia. 

 

The results of these studies suggest that, in isolation, therapeutic hypothermia may 

only have a limited impact on outcomes for ALF. Whether some specific subgroups of 

ALF patients (e.g. those needing ELT, younger patients with POD -ALF or those with 

refractory intracranial hypertension) might benefit remains to be established. One 

important possibility is that it is not cooling to significantly sub-physiological 
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temperatures that confers benefit, but rather the absolute avoidance of fever in patients 

with brains that are vulnerable to injury that matters. Findings pertaining to initial 

survivors of cardiac arrest managed in ICU, whereby targeting a temperature of 33°C 

conferred no benefit compared to strict adherence to a temperature of 36°C or less, 

lend support to this concept.180 Furthermore, aiming for a slightly sub physiological 

temperature of 35°C may offer whatever actual benefits may be provided by lower 

temperatures, whilst avoiding both the risks of complications associated with more 

marked hypothermia and also protecting the patient from neurological injury 

associated with fever in the setting of cerebral oedema.40 Existing guidelines suggest 

that active cooling to temperatures below 35°C be reserved for patients in whom other 

neuroprotective measures have failed.14,36 

 

Hyperventilation 

The relationship between PaCO2 and cerebral blood flow has long been recognised 

as providing an opportunity to manipulate intracranial pressures in the setting of 

cerebral oedema.181 The dynamic reactivity of cerebral vessels in response to 

changing arterial carbon dioxide tension is part of the normal autoregulatory 

mechanisms of cerebral blood flow, with cerebral blood flow falling by approximately 

3% per 1 mmHg of reduction in PaCO2.182 The influence of CO2 on cerebral vessel 

diameter and resistance to flow is mediated through changes in the pH of extracellular 

fluid.183 A reduction in cerebral blood flow reduces the volume of blood within the 

cranial cavity, thereby reducing the intracranial pressure. While cerebral oxygen 

delivery is also reduced, cerebral oxygen consumption is preserved until very low flow 

states occur, as would be seen only in extreme hypocarbic states.184 

A key limitation of hyperventilation when used in critically ill patients with elevated 

intracranial pressure, is the transient nature of its impact. The change in pH within the 

extracellular space of the brain is accommodated over a matter of hours, such that the 
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effects on cerebral blood flow and intracranial pressure do not persist much beyond 

this timeframe. It has been recommended that extreme hyperventilation is reserved as 

a directed response to discrete episodes of intracranial hypertension.185 

 

Studies of cerebral blood flow in ALF have yielded somewhat mixed results, although 

overall it seems that there is an initial reduction commensurate with a decrease in 

conscious state until such time as HE becomes severe and cerebral oedema with 

intracranial hypertension then ensues.124,186 Animal models suggest that the process 

whereby the hyperaemia develops appears to be gradual and concordant with the 

progression of HE and cerebral oedema.187 Notably, spontaneous hyperventilation is 

common in ALF patients, even when high grade HE causes neurological 

obtundation.188 

 

A small Danish study published in 1999 sought to establish the relationship between 

hyperventilation and vascular reactivity in ALF patients with high grade HE.189 In seven 

patients with acute liver failure and WH grade IV HE, cerebral blood flow was evaluated 

using transcranial doppler ultrasound during a dynamic blood pressure manoeuvre 

driven by noradrenaline infusion, with the assessment then repeated after a short 

period of hyperventilation. In most patients, hyperventilation resulted in restoration of 

normal cerebral vascular reactivity to PaCO2, suggesting that such an approach may 

be useful as a neuroprotective strategy in ALF complicated by severe HE. 

 

Preliminary research demonstrated that hyperventilation could temporarily reverse the 

clinical signs of severe cerebral oedema in ALF.190 A subsequent single centre British 

study published in 1986 randomised ALF patients to either deliberate hyperventilation 

to a PaCO2 of 26 to 38 mmHg, or spontaneous ventilation.191 Fifty-seven patients were 

evaluated, with the most common cause of ALF being POD. During the course of the 



 

 

162 

study, no significant difference in the incidence of cerebral oedema or intracranial 

hypertension was apparent between the two groups and no survival benefit was 

evident. 

 

Further to these studies, additional small trials have demonstrated that modest 

hyperventilation reduces overall cerebral blood flow in ALF without compromising 

cerebral oxygen uptake. In addition, modest hyperventilation temporarily normalised 

cerebral nitrogen balance.186 Such findings are reassuring given that earlier reports 

suggested that hyperventilation induced cerebral vasoconstriction might possibly 

exacerbate cerebral oedema by causing cerebral hypoxia.192 Existing guidelines 

recommend that hyperventilation be reserved for use in patients refractory to other 

measures for control of severe cerebral oedema complicated by intracranial 

hypertension, but also suggest that ALF patients who are spontaneously 

hyperventilating should not have this deliberately suppressed.36 

 
Osmotherapies 

Observations from 100 years ago identified the ability of hypertonic solutions to reduce 

brain volume and intracranial pressure193 and the use of hyperosmolar treatment for 

patients with cerebral oedema at risk of intracranial hypertension is well-established 

practice in neurocritical care.194 Brain parenchyma has a higher water content than 

tissues in other organs, rendering its volume more likely to vary according to its 

hydration status.195 The fundamental principle of osmotherapy is the reliance on the 

blood brain barrier (BBB) excluding the administered solute from entry into the brain. 

Expressed as the reflection coefficient, this variable ranges from 0.0 (complete 

permeability) through to 1.0 (complete impermeability). For an agent to be effective as 

an osmotherapeutic, a high reflection coefficient is essential. Both sodium chloride 

(reflection coefficient= 1.0) and mannitol (a sugar-alcohol with a reflection coefficient= 
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0.9) are commonly used in the clinical setting (Figure 7), while osmotically active 

agents such as urea and glycerol have been abandoned for this purpose. 

 

Figure 7. Examples of osmotherapeutic agents available for clinical use: 20% 
mannitol and 20% saline 

  

Osmotherapies induce brain dehydration. By increasing serum tonicity, water is 

dragged across the BBB osmotic gradient, from brain parenchyma and into the 

circulation. The resulting in reduction in brain volume from the egress of water leads 

to reduced intracranial pressure. This effect is maximal during the initial period of 

infusion and wanes as serum hyperosmolarity recedes and the brain undergoes a 

poorly understood process of adaptation associated with an increase in intracellular 

solute concentration.196 If an osmotherapeutic agent seeps across the BBB and into 

brain parenchyma, a reverse osmotic drag can occur, resulting in a highly undesirable 

paradoxical increase in brain swelling resulting in worsening intracranial hypertension. 

Such concerns have been documented with regard to mannitol, but may be much less 

of a risk with hypertonic saline administration.197 With regard to their ability to lower 

intracranial pressure, there is little apparent difference in clinical response, although 

hypertonic saline may be somewhat more effective198,199 and succeed in instances 
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where mannitol has failed.200 Many experts and several current recommendations 

promote hypertonic saline as the preferred osmotherapeutic agent for managing 

intracranial hypertension.201-204  

 

There may be other benefits from osmotherapy in the setting of patients with cerebral 

oedema at risk of intracranial hypertension. Hyperosmolar therapy reduces blood 

viscosity, leading to improved microcirculatory blood flow, resulting in a degree of 

vasoconstriction and reduced intracranial pressures.205 Other proposed mechanisms 

whereby benefit occurs include neuro-anti-inflammatory effects206 and improved red 

cell rheology.207,208 

 

Mannitol has the advantage of being safe for infusion via a peripheral venous catheter 

and is a free-radical scavenger, but also has a range of potential disadvantages, 

additional to the theoretical risk of rebound cerebral oedema. These include potential 

problems associated with osmotic diuresis (although this may not occur in oligo-anuric 

ALF patients), and rare but possible allergic reactions. 

 

Hypertonic saline may have fewer problems associated with repeated use compared 

with mannitol. The risk of reverse fluid shifts within the brain is not a concern and 

repeated administration is safe, subject to maintaining serum sodium levels below a 

generally recommended level of 160 mmol/L.195 

 

The potential importance of osmotic shifts in the pathophysiology of cerebral oedema 

in ALF was confirmed in a US 2018 observational study.209 Utilising a retrospective 

approach, CT imaging and clinical data were evaluated for 140 patients with ALF or 

acute on chronic liver failure with severe HE admitted to tertiary ICUs between 2012 

and 2017. CT evidence of CSF volume changes and cerebral oedema correlated well 
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with changes in measured osmolality, and the investigators recommended that acute 

declines in serum osmolality (as might occur with RRT initiation) should be prevented 

to avoid neurologic deterioration. 

 

A small, single centre British prospective controlled trial from 2004 studied the effects 

of induced hypernatremia on the incidence of intracranial hypertension in 30 patients 

with ALF and high grade HE who had an intracranial pressure monitor.210 Fifteen 

patients were allocated to receive an infusion of 30% saline to target a serum sodium 

concentration of between 145 and 155 mmol/L, whilst the control group received 

standard care. Serum sodium levels became significantly higher in the treatment group 

at six hours, with an average peak serum sodium concentration of 153 mmol/L. The 

average amount of sodium infused during the first 24 hours was approximately 780 

mmol. Over the first 24 hours, vasopressor requirements increased from baseline in 

the control group, but not in the treatment group, suggesting that hypertonic saline by 

infusion exerts significant cardiovascular effects that lead to sparing of vasopressors. 

The incidence of intracranial hypertension (defined as an increase of 25mmHg or 

more), was significantly higher in the control group and while intracranial pressure 

decreased from baseline over in the treatment group, it did not in the control group. 

Overall, the investigators concluded that the use of hypertonic saline was effective as 

a management strategy for ALF patients with severe HE.  

 

In a retrospective 2016 US study, investigators undertook a retrospective case-control 

analysis of CT imaging to evaluate the impact of bolus hypertonic saline on cerebral 

oedema in ALF patients with severe HE.211 Eleven patients treated with 23.4% 

hypertonic saline and matched control patients who did not receive hypertonic saline 

were assessed. Using a validated technique, images taken before and after hypertonic 

saline were compared, seeking associations with total CSF volume and ventricular 
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volume. Serum sodium and conscious state were also reviewed in all patients. Eleven 

patients with 18 administrations of 23.4% hypertonic saline (as a 30 ml bolus over 10 

minutes) met inclusion criteria. Total cerebrospinal fluid volume and ventricular 

volumes increased while GCS scores improved after the administration of hypertonic 

saline, while the opposite was found with regard to imaging findings in the matched 

controls. Consistent with previous reports, it was the magnitude of increase in serum 

sodium that was most associated with improved findings on imaging, rather than the 

absolute amount of sodium administered.212 

 

The use of hypertonic saline in ALF is suggested by case reports213 and guidelines to 

prevent hyponatraemia and minimise the risk of cerebral oedema. The suggested 

target range varies, but is generally between 140 and 150 mmol/L14 or 145 and 155 

mmol/L.36 Uncertainties persist however, such as the optimal target sodium level, when 

to initiate and cease therapy, how to manage patients presenting with hyponatraemia 

and optimal use alongside other neurocritical care interventions and treatments such 

as RRT. 

 

Steroids 

Corticosteroids may be effective in some patients with ALF due to autoimmune 

hepatitis or to support the circulation in patients who do not respond to vasopressor 

therapy, however they have no role in the prevention or treatment of ALF associated 

cerebral oedema and existing guidelines do not recommend them for this purpose.214 

 

Indomethacin 

Animal studies,187 case reports215 and small single-centre studies216 (without 

randomisation or controls) suggest that there may be a benefit from indomethacin in 

ALF patients with intracranial hypertension that is refractory to other measures. 
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International guidelines recommend it as a potential rescue therapy in this setting, 

although the limited evidence for its use in this setting is noted. 

 

Role of invasive intracranial pressure monitoring 

The use of invasive intracranial pressure monitoring in neurocritical care is 

contentious. Studies have not demonstrated a survival benefit from the use of this 

approach across a range of patient subgroups,217 including ALF.218 There are also 

important concerns about the potential for complications, which albeit relatively rare, 

can have severe consequences for affected patients.219 Patients with intracranial 

pressure monitors inserted are also more likely to receive FFP, which has some 

potential for associated risk which might otherwise be avoided.220 None-the-less, use 

of invasive ICP monitoring remains prevalent, with 55% of European specialist liver 

centres using invasive intracranial pressure monitoring to varying degrees in ALF 

patients.63 International guidelines still support its use in some patient subgroups, such 

as those undergoing ELT36 and those considered to be at the highest risk of 

neurological injury.14 Given that patient outcomes without invasive intracranial 

pressure monitoring are reported to be good221 and interventions for elevated 

intracranial pressures are limited, the clinical imperative for their use may be waning. 

Other monitoring strategies such as transcranial doppler ultrasound, jugular venous 

bulb monitoring, optic nerve ultrasound, near infra-red spectroscopy, EEG and 

biological markers for neurological injury require further evaluation before they can be 

recommended.222 

 

Haematological abnormalities, complications and management 

Abnormalities in measures of haemostasis are included in most definitions of ALF. 

Most clotting factors and their inhibitors are synthesised by the liver, hence abnormal 

clotting parameters are essential to the syndrome. Typically, definitions include 
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elevation of the international normalised ratio (INR) that is not due to Vitamin K 

deficiency or antagonists, a prolonged prothrombin time (PT) or a reduced factor V 

concentration.223 Of these, the INR is the most frequently utilised indicator of hepatic 

insufficiency, most likely because of its ready availability for the purpose of monitoring 

warfarin therapy. Derangement of INR is a reliable measure of liver injury and loss of 

synthetic function and is a major focus of monitoring and management in ALF. Is has 

been suggested however that elevations in INR may not be reliably associated with 

bleeding risk, despite clear associations other circumstances (e.g. during warfarin 

therapy). As the understanding of abnormalities associated with ALF progresses, it 

has become clearer that interpretation of patterns of abnormality also requires a new 

understanding as conventional approaches that extrapolate from circumstances other 

than ALF are a poor fit.224 

 

A small, single centre British study of 20 ALF patients (55% from POD) and 20 healthy 

volunteers from 2012 evaluated the patterns of haemostatic derangement and 

bleeding potential in ALF using conventional clotting parameters as well as individual 

factor concentrations, microparticle assay and thromboelastography.225 As expected, 

prothrombin time was significantly prolonged, but there was poor correlation with TEG 

parameters, which were consistent with a hypocoagulable, normal and 

hypercoagulable state in 20%, 45%, and 35% of the patients respectively. Levels of 

both procoagulants and anticoagulant proteins were reduced considerably, and there 

were significant elevation in levels of factors-VIII and Von Willebrand factor as well as 

microparticles and heparinoids. Thrombin generation occurred more rapidly in the ALF 

patients than in the healthy volunteers. There were no clinical bleeding or thrombotic 

episodes and no patient received a blood transfusion. Over a third of patients received 

FFP to meet a unit protocol INR target of 3.0 or less. Intracranial pressure monitors 

were not inserted in any patients. These findings suggest that, while derangement in 
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conventional measures of haemostasis may suggest a potential bleeding tendency in 

ALF, the situation may be more in keeping with what has been termed a “re-balanced” 

paradigm of haemostasis in liver disease, where reduced concentrations of clotting 

factors are offset to some degree by reduced hepatic synthesis of natural anti-

coagulant factors and reduced fibrinolysis.226 

 

Another British single-centre study published in 2014 also studied the relationship 

between measured haemostatic derangement and functional performance of 

coagulation pathways in thirty-two patients with either ALI or ALF as well as forty 

healthy controls.227 Measurement of the INR, the activated partial thrombin ratio, D-

dimer, fibrinogen, protein C, protein S, antithrombin and factor VIII were performed and 

thrombin generation was evaluated using automated thrombography. Patients with 

ALF had derangement of all haemostatic parameters and a decrease in all clotting 

factors compared to healthy controls, except for Factor VIII, which was substantially 

higher. Endogenous thrombin potential was significantly lower in ALF patients 

compared with controls, however, when thrombomodulin was added, the results 

became similar. The endogenous thrombin potential ratio was significantly higher in 

ALF patients than healthy controls and inversely proportional to protein C and Factor 

V concentrations. This finding suggests that part of the rebalancing mechanism of 

clotting in ALF is mediated through an element of protein C resistance due to 

decreased levels of protein C, decreased Factor V and increased levels of Factor VIII. 

Similar findings were reported in 2012 by another group who evaluated fifty mixed ALF 

and ALI patients managed at a US specialist centre.228 ALF patients demonstrated an 

intact capacity to generate thrombin and a decreased capacity for fibrinolysis. The 

same group also reported on levels and functionality of von Willebrand factor (vWF) 

and ADAMTS13 in the same cohort (of whom 50% were POD related) as well as forty 

healthy controls.229 Von Willebrand factor antigen levels were highly elevated in 
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patients with ALI, whereas collagen-binding activity and the ratio between ristocetin 

cofactor activity with VWF antigen was significantly decreased compared with healthy 

controls. Despite severely decreased ADAMTS13 levels, the proportion of high 

molecular weight vWF multimers was reduced. Platelet function was heightened by 

the plasma of patients with ALF patients compared with healthy control plasma. Low 

ADAMTS13 activity was associated with poor outcome in patients with ALF. Neither 

vWF nor ADAMTS13 levels were associated with bleeding or thrombosis. These 

findings further demonstrate the complexity of disordered haemostasis in ALF by 

showing that relative functional deficiencies in vWF are offset to a significant degree 

by increased activity. The association between low ADAMTS13 and progressive 

deterioration may be because the resulting microthrombi play an important role in the 

pathophysiology of disease progression in ALF. 

 

A 2012 US based study evaluated thromboelastographic measures of clot formation 

and integrity in 51 patients with mixed ALI and ALF.230 While the INR was markedly 

elevated in keeping with liver failure, most patients maintained fairly normal measures 

of functional haemostasis as measured by thromboelastography (Figure 8). The 

maximum amplitude was higher in patients with more severe illness and correlated 

ammonia levels and systemic inflammation. Factors V and VII levels were decreased 

in a manner proportional to decreases in key natural anticoagulants, while factor VIII 

levels were elevated. These findings further support the concept of re-balanced 

haemostasis in acute liver failure. 

 

Given the frequent complication of ALF by acute renal failure and the suggested use 

of CRRT as a neuroprotective strategy, factors influencing thrombosis and filter lifer in 

ALF are potentially very important. A British group evaluated these issues in 2013 and 

reported on 20 ALF patients where extended haemostatic parameters were 
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measured.231 Patients with renal failure were found to have worse thrombocytopaenia 

and lower levels of factor V and antithrombin, Protein C and Protein S, whilst vWF, 

tissue factor and microparticle concentrations were elevated. Despite worse 

thrombocytopaenia and greater extrinsic pathway activation in renal failure patients, 

bleeding rates were not increased and circuit clots during CRRT are likely due to pro-

coagulant imbalance. 

 

The potential role for microparticles in the pathogenesis of ALF and associated 

complications was confirmed in a report from 2013, where US researchers identified a 

strong association between the presence of membrane fragments of 0.1-1.0 µm size 

and outcomes in 50 ALF patients, whereby specific ALF complications and patterns of 

progression correlated with microparticle size and concentration.232 

 

The management approach to disordered haemostasis in ALF requires recognition 

that despite measured parameters (especially INR) suggesting a bleeding tendency, 

this is usually not borne out in actual numbers of bleeding complications or by the more 

detailed assessments of functional performance of haemostasis as outlined above. At 

a practical level, the prophylactic administration of exogenous clotting factors is likely 

unnecessary and may cause complications and make subsequent interpretation of 

results (such as INR, which is a crucial marker of both deterioration and recovery) 

difficult. Specific thresholds for haemostatic parameters at which safety is optimised 

(in terms of balancing bleeding risk with prothrombotic tendency) have not been 

determined and consequently recommended therapeutic targets are based on expert 

consensus rather than robust evidence. In chronic liver disease, thrombocytopaenia 

and hypofibrinogenaemia seem to be a better predictor of bleeding risk than INR233,234 

and this may also be true for ALF, however evidence for this is currently lacking. 

Existing guidelines suggest avoidance of prophylactic clotting factors in most 
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circumstances and that, in the event of bleeding, it is recommended to target fibrinogen 

levels of 1.5-2.0 g/L and a platelet count of >60 x 109/L14 as well as routine 

administration of Vitamin K.235 The role of specific factors, such as recombinant Factor 

VII (activated) remains unclear. rFVIIa has been evaluated in small single centre 

studies (to cover intracranial pressure monitor insertion) and seems effective, with a 

good safety profile.236 However, it remains extremely expensive and concerns about 

potential thrombotic complications persist. 

 

The requirement or otherwise for prophylaxis against deep venous thrombosis (DVT) 

with anticoagulation has not been evaluated in ALF and clinicians must use their own 

judgement according to the specific circumstances of each individual patient on a 

regular basis.14 While there important differences between patients with ALF and those 

with advanced cirrhosis, a recent study suggested that prophylaxis against is safe in 

this latter group.237 

 

Figure 8. Point of care thromboelastography 

 

Available in many specialised transplant centres and is increasingly used to guide management 
of haemostatic derangement and bleeding complications 
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Pulmonary complications and respiratory support 

Overt respiratory complications are not common early in the course of ALF.46 Problems 

may occur later during the course of the illness however, such as during the period of 

liver regeneration, after ELT, or when sepsis related complications occur. Up to three 

quarters of patients will require mechanical ventilation, mostly because of severe 

HE.238 Causes of respiratory failure in ALF include aspiration pneumonitis, pulmonary 

atelectasis, fluid overload, non-cardiogenic pulmonary oedema (ARDS), transfusion 

related lung injury (TRALI e.g. from FFP administration), ventilator associated 

pneumonia, pleural effusions and pulmonary embolism in hypercoagulable patients. 

 

Concerns regarding respiratory complications in ALF patients stretch back over forty 

years. Evidence of non-cardiogenic pulmonary oedema was evident in thirty-seven 

patients from a cohort of consecutive patients with ALF admitted to a British specialist 

liver unit.239 A correlation between pulmonary and cerebral oedema was also noted. 

Nuclear medicine studies were undertaken in 11 patients and demonstrated elevated 

levels of pulmonary extravascular water volume in when ARDS was present. While 

mortality was numerically more common in patients with ARDS, the difference was not 

statistically significant. 

 

Another British observational study from 1995 looked at acute lung injury in 24 patients 

over a single year with POD-related ALF.240 Of twenty-four patients, eight had severe 

lung injury in the absence of left atrial hypertension and two died as a result of severe 

hypoxia. Patients with lung injury had higher HE grades and higher illness severity. 

Vasopressor support was required in all patients with lung injury, whereas only 40% of 

the non-lung injured patients required it. Elevations in intracranial pressure were 

detected in every patient with lung injury but in only 27% of the other patients. While 
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mortality was only 13% in patients without severe lung injury, it was 89% in those with 

ARDS.  

 

Another British observational study investigated patterns of acute lung injury in 200 

ALF patients (of whom 74% received mechanical ventilation) admitted to a specialist 

liver unit over four years ending in 2011.238 Twenty-one per cent had ARDS within the 

first 72 hours after admission of which 17 cases were mild 9 were moderate, and 5 

were severe. ARDS patients required higher positive end-expiratory and had an 

increased number of ventilator days and ICU length of stay. Forty-two percent 

achieved ELT-free survival, while 24% died and 34% underwent ELT (of whom many 

likely still had acute lung injury). Extravascular lung water index as measured with a 

transpulmonary thermodilution technique had a sensitivity of 0.65 and specificity of 

0.77 for the prediction of ARDS. 

 

Existing guidelines recommend early intubation when HE progresses to high grade 

levels,36 and suggest that non-invasive ventilatory support is inappropriate given the 

high probability of rapid deterioration.14 The recommended approaches to mechanical 

ventilation incorporate strategies that protect against ventilator associated lung injury, 

including low tidal volumes (<6ml/kg with plateau pressures of no more than 30 

cmH2O) and the use of PEEP, which should be used at the lowest effective levels to 

avoid exacerbating intracranial hypertension36 and impeding hepatic blood flow.241 In 

order to avoid worsening cerebral hyperaemia and precipitating intracranial 

hypertension, specific attention must be paid to ensuring hypercarbia never occurs and 

that PaCO2 is maintained at a low-normal14 or slightly sub-physiological levels.40 

Physiotherapy and surveillance cultures of tracheal aspirates are important to address 

risks of pneumonia. 
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Acute renal failure and renal replacement therapy 

Acute kidney injury occurs commonly in patients with ALF, either from the severe 

inflammatory response and haemodynamic disturbance that is generated or from the 

same insult that caused the original liver injury. Depending on the criteria used and the 

population studied, the incidence varies between 67% and 79%.149,242-244 POD 

associated ALF more often involves renal failure due to direct renal toxicity from the 

same toxic metabolite that causes liver injury.243 

 

The Acute Liver Failure Study Group reviewed 1604 patients from their registry over a 

twelve-year period to 2010 using the Acute Kidney Injury Network (AKIN) criteria.244 

Acute kidney injury occurred in 70% of patients and 30% received RRT. Markers of 

liver injury and critical illness such as INR, HE grade and need for vasopressor support 

were worse in patients with AKI. POD-related ALF had higher rates both of severe AKI 

and need for RRT. More than half of patients with POD ALF achieved ELT-free 

survival, even those needing RRT, whilst this only occurred in 19% of patients with 

non-POD ALF. Long-term dialysis dependence was rare, only occurring in only 4% of 

patients. 

 

A recently published retrospective observational study from a German specialist liver 

centre evaluated 134 patients with ALF for AKI using AKIN classification from an eight 

year period ending in 2013.245 Patients with sepsis were excluded from analysis. 

Cryptogenic ALF and non-POD drug induced ALF occurred at similar rates and 

accounted for roughly half of the cases evaluated and most patients had high grade 

HE. Just over 40% of patients demonstrated AKI at the time of ICU admission, while 

63% developed AKI during their ICU admission and it was highly associated with 

multiple organ failure. In patients who survived, serum creatinine was slightly 

increased compared to baseline levels. Nearly 34% of patients were treated with RRT 
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overall. Seventy-seven per cent of patients failed to achieve ELT-free survival. AKIN 

stage 3 at the time of ICU admission was the strongest independent predictor of 

mortality at 28-days and failure to achieve ELT-free survival. 

 

While kidney injury is common in patients with ALF, it may be unwise to await evidence 

of overt renal failure prior to initiating RRT. CRRT offers a range of benefits for patients 

at high risk of neurological injury and it should perhaps be more appropriately 

commenced early. Notably, however, the optimal timing of CRRT commencement in 

ALF has not been studied. Guidelines suggest that RRT should be considered in 

situations of severe HE, but do not mandate it.14 Existing guidelines do not state that 

prophylaxis with clotting factors is necessary prior to vascular access being obtained 

for RRT, however the incidence of bleeding complications in this specific context has 

not been reported. Similarly, the optimal approach to anticoagulation has not been fully 

evaluated, however citrate-based approaches may be problematic in the setting of ALF 

(although this is increasingly being investigated as a potentially safe option to 

consider).246 

 

Gastrointestinal dysfunction and critical care support 

Gastrointestinal care for ALF patients follows similar principles to those applied to other 

critically ill patients in the ICU. Enteral nutrition is recommended, and placement of a 

nasogastric feeding tube is required for intubated patients. The use of feeding 

formulations enriched with branch chain amino acids is sometimes recommended in 

patients with HE. While there is evidence of some benefit in patients with cirrhosis who 

decompensate,166 the impact if BCAA is limited when other measures are also applied, 

and there are no studies of this approach in ALF.247 Ammonia levels must be checked 

regularly in all patients and especially when feeding commences to check for possible 

worsening hyperammonaemia. 
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Stress ulcer prophylaxis via suppression of gastric acid production using proton pump 

inhibitors (PPI) (or, less commonly, with H2-blockers) is recommended for ALF 

patients.14,36,40 Whilst a mortality benefit with this approach was not found in a recent 

study of pantoprazole administered to critically ill patients, there was a reduction in the 

number of clinically significant upper gastrointestinal bleeding episodes, and 

complications related to PPI therapy were uncommon.248 Suppression of gastric acid 

production has been previously found to have a favourable effect on stress related 

gastric bleeding rates in the setting of ALF.249 

 
Metabolic abnormalities and critical care support 

Disturbances of metabolic function are common in ALF and can result in serious 

complications. Hypoglycaemia is an important complication in ALF with underlying 

mechanisms including loss of hepatic gluconeogenesis, loss of hepatic glycogen 

stores and increased peripheral insulin levels due to failed hepatic uptake and 

pancreatic hypersecretion.152,250 It is especially common in POD-associated ALF251 

and portends a poor prognosis, with risk of renal failure complicating progressive liver 

failure.252,253 Clinical features of hypoglycaemia are difficult to detect in 

encephalopathic critically ill patients and vigilant regular testing is the only reliable 

means of detection. Treatment requires the continuous infusion of concentrated 

glucose (e.g. 25% glucose via a central line (Figure 9)), while hypotonic fluids such as 

5% dextrose must be avoided as they lack sufficient glucose content and may risk 

worsening cerebral oedema by lowering serum osmolarity. 
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Figure 9. 25% Dextrose for infusion 

 

25% Dextrose solution administered by continuous infusion can be used to maintain blood glucose 
concentrations within the normal range whilst avoiding hypotonic fluids and volume overload. A dedicated 
central line lumen is required as it cannot be administered into a peripheral vein. 
 

Metabolic acidosis is common in ALF, often relating to hyperlactataemia, which is 

especially prevalent in POD-ALF. Lactate accumulates due to increased production 

and reduced clearance254, being both a marker of illness severity and also potentially 

predictive of outcome.251,255 Hyperlactatemia does not require specific treatment per 

se, while CRRT is sometimes recommended for metabolic acidosis in ALF.14 

 

Electrolyte abnormalities occur in almost all ALF patients. Serum sodium 

concentrations are sometimes low and must be corrected to reduce the risk of 

worsening cerebral oedema.14 Hypokalaemia, hypomagnesaemia and 

hypophosphataemia are also very common and diligent testing is required along with 

supplementation as required to normalise levels. Hypophosphataemia bodes a better 

prognosis, probably as it signals hepatic regeneration,256 however it is not a sufficiently 

reliable finding that it can reliably guide decisions regarding need for ELT.255,257 Levels 

may fall very low if CRRT (especially high dose) is being provided and it is essential 

that particular care is taken to supplement adequately.258 Administration of intravenous 
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potassium dihydrogen phosphate by slow infusion allows repletion of both potassium 

and phosphate. 

 

Immune failure, infective complications and management 

Defects in immune defences occur commonly during the course of ALF and contribute 

to the risk of severe sepsis and death. Infections with gram negative bacteria 

(especially enteric pathogens such as E.coli) and fungal pathogens (mainly candida 

species) are now amongst the most common causes of death in ALF.40,54,259-262 

Bacterial infections are reported in up to 80% of ALF patients, while fungal infections 

develop in up to 32%.9 Specific deficiencies in immune function for ALF patients 

include monocyte dysfunction,263,264 impaired complement synthesis,265 diminished 

neutrophil function266 and reduced fibronectin levels267, and it seems likely that further 

abnormalities await discovery. The overall sequence of the immune response in ALF 

appears to involve an intense intra-hepatic phase, followed by a major systemic 

inflammatory response phase, and finally, a compensatory anti-inflammatory response 

syndrome.268 This last phase is characterised by profound immunoparesis and creates 

extreme vulnerability to overwhelming infection.269 The overall pattern of massive and 

uncontrolled inflammation during the peak of liver injury followed by an exaggerated 

anti-inflammatory response creates a situation ripe for severe infection and 

progressive multiple organ failure. Such a maladaptive response of the immune 

defences in ALF requires considerable ongoing research to better understand why 

systems that are usually exquisitely well-balanced are so catastrophically damaging in 

the setting of severe acute liver injury.268 It is possible that a more comprehensive 

understanding may also discover novel therapeutic targets, however, such possibilities 

seem rather distant given that no immunomodulatory agents have demonstrated to 

have a favourable impact on disease course in ALF thus far. 
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As there are no specific interventions to manage the dysfunctional inflammatory 

response and altered immune function in ALF, clinicians must anticipate and manage 

the complications that often arise as a consequence. Typical foci of infection in ALF 

patients include pneumonia, the urinary tract, central venous line associated blood 

stream infections and spontaneous bacteraemia. These complications often arise 

during the recovery phase of hepatic regeneration or in the setting of refractory multiple 

organ failure after ten or more days of ICU management. Infections frequently involve 

pathogens that exhibit resistance to broad spectrum antimicrobials.270 The role of early 

initiation of antimicrobials in a prophylactic manner does not have a strong evidence 

base, but it is often recommended and widely practised.63 High and low volume centres 

seem to use antibiotics in a similarly high proportion of patients, whereas anti-fungal 

drugs appear to be used more commonly in high volume centres.63 In a retrospective 

cohort analysis from the Acute Liver Failure Study Group registry, 1551 patients were 

evaluated for the impact that antimicrobial prophylaxis might have on blood stream 

infection and mortality during the ten year period concluding in 2009.271 Six-hundred 

patients received prophylactic antimicrobials, and 226 developed a blood stream 

infection. There was no difference in the rate of blood stream infection between those 

treated and those not treated with prophylactic antimicrobials, although those patients 

who did receive them had a slightly higher rate of proceeding to ELT. Use of 

prophylaxis did not impact on overall mortality. Blood stream infections impacted 21-

day mortality more in non-POD ALF patients than those associated with POD. 

Similarly, a prospective interventional study from 1993 that studied 104 ALF patients 

at a British specialist liver centre found whilst pre-emptive enteral and parenteral 

antibiotics impacted on the incidence of infection, there was no discernible survival 

benefit of using this approach.272 While the presence of infection seems to predispose 

to worsening HE,273 and could worsen intracranial hypertension,274 there is currently 

no evidence that a pre-emptive approach lessens these complications in ALF. Based 
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on such findings and concerns that routine use of broad spectrum prophylaxis in acute 

care may engender resistance, many guidelines advocate rather for close surveillance 

(with diligent clinical assessment, imaging and regular cultures from relevant sites) and 

prompt initiation of treatment if there is suspicion of infection, rather than a pre-emptive 

approach.14,36,40,271,275-277 It is notable that this view is not universal and some centres 

continue to use and recommend a prophylactic approach and even major international 

guidelines make an exception for those patients listed for ELT where sepsis might 

result in loss of an opportunity to transplant.14,278 When antibiotics are used, all major 

guidelines emphasise the need to use local knowledge of likely pathogens and 

resistance patterns to guide therapy, whilst avoiding potentially hepatotoxic and 

nephrotoxic agents. 

 

Conclusions 

The phenotype of ALF has been well-characterised and, regardless of aetiology or 

patient specific pre-morbid characteristics, the clinical course and many of the 

management challenges are both predictable and amenable to treatment. Treatment 

of the specific aetiology of ALF is clearly important but may often not be the key 

determinant of outcome once overt acute liver failure with associated complications is 

established. It remains the case that no individual intervention has yet been proven to 

improve survival except ELT. None-the-less, observational data indicates that patterns 

of illness and survival outcomes are improving in ways that are not entirely attributable 

to ELT. For rare and complex conditions such as ALF, it may be unrealistic to expect 

that an individual study could ever demonstrate significant improvement in outcome 

and it has been suggested that perhaps it is a coordinated approach to the early 

initiation of measures that deal with all manifestations of ALF that will lead to improved 

ELT-free survival.279 Such a recommendation lends support to the concept that an 

iterative process that utilises a guideline-based approach which incorporates existing 
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best evidence and is implemented across a range of specialist centres would provide 

the best opportunity to enhance patient care and develop better treatments for this 

uncommon disorder that still carries a high mortality. 
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Table 1. Suggested criteria for the transfer of ALF patients to a specialised 
liver centre 

POD and hyperacute aetiologies Non-POD and acute or subacute 
presentations 

Arterial pH <7.30 or HCO3 <18 mmol/L pH <7.30 or HCO3 <18 mmol/L 
INR >3.0 day 2 or >4.0 thereafter despite Vit K INR >1.8 
Oliguria and/or elevated creatinine Oliguria/renal failure or Na <130 mmol/L 

Altered level of consciousness Encephalopathy, hypoglycaemia or metabolic 
acidosis 

Hypoglycaemia or need for dextrose infusion Bilirubin >300 µmol/L 
Elevated lactate despite to fluid resuscitation Reducing liver volume on imaging (e.g. CT) 

POD= paracetamol overdose, INR= international normalised ratio 
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Table 2. The West Haven grading of hepatic encephalopathy 

Grade 0  No obvious changes other than potentially mild decrease in intellectual 
ability and coordination 

Grade 1  Trivial lack of awareness; euphoria or anxiety; shortened attention span; 
impaired performance of addition or subtraction 

Grade 2  Lethargy or apathy; minimal disorientation for time or place; subtle 
personality change; inappropriate behaviour 

Grade 3  Somnolence to semi-stupor, but responsive to verbal stimuli; confusion; 
gross disorientation 

Grade 4  Coma 
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Table 3. The Glasgow Coma Scale 

Eye Opening Response  

Spontaneous–open with blinking 4 

Opens to verbal command 3 

Opens to pain, not applied to face 2 

None 1 

Verbal Response  

Oriented 5 

Confused conversation, but able to answer 

questions 
4 

Inappropriate responses, words discernible 3 

Incomprehensible speech 2 

None 1 

Best Motor Response  

Obeys commands for movement 6 

Purposeful movement to painful stimulus 5 

Withdraws from pain 4 

Abnormal flexion, decorticate posture 3 

Extensor (rigid) response, decerebrate 

posture 
2 

None 1 
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Abstract 

Background 

Knowledge about patients with Acute Liver Failure (ALF) in Australia and New Zealand 

(ANZ) is lacking. We hypothesised that the pattern of disease would be similar to 

previous studies and that, despite low transplantation rates, mortality would be 

comparable. 

 

Methods 

We obtained data from the ANZ Intensive Care Society Adult Patient Database and 

the ANZ Liver Transplant Registry for ten years commencing 2005 and analysed for 

patient outcomes. 

 

Results 

During the study period, 1 022 698 adults were admitted to intensive care units (ICUs) 

across ANZ, of which 723 had ALF. The estimated annual incidence of ALF over this 

period was 3.4/million people and increased over time (p=0.001). ALF patients had 

high illness severity (APACHE III 79.8 vs. 50.1 in non-ALF patients; p<0.0001), and 

were more likely to be younger, female, pregnant and immunosuppressed. ALF was 

an independent predictor of mortality (OR 1.5 (1.26-1.79); p<0.0001). At less than 

23%, the use of liver transplantation was low, but the mortality of 39% was similar to 

previous studies. 

 

Conclusions 

ALF is a rare but increasing diagnosis in ANZ ICUs. Low transplantation rates in ANZ 

for ALF do not appear to be associated with higher mortality rates than reported in the 

literature. 
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Introduction 

Acute liver failure (ALF) is relatively uncommon,1 but leads to a characteristic pattern 

of critical illness with multiple organ failure and a high associated mortality2,3 in the 

absence of transplantation.4-6 Admission to an intensive care unit (ICU) is almost 

always required.3 Despite the potential risk of a poor outcome and a period of extreme 

critical illness, patients who survive ALF may return to good health.7 While some 

studies evaluating the patterns of presentation and incidence of ALF have been 

undertaken in several regions or specialised centres,4-6,8-29 little is known about the 

characteristics of these patients in Australia and New Zealand.30,31 However, an 

understanding of the characteristics, management and outcomes of these patients 

would help develop a binational research agenda and interventional trials aimed at 

improving outcomes.32-34 Accordingly, we sought to describe the key characteristics, 

incidence and outcomes of patients with ALF admitted to Australian and New Zealand 

(ANZ) ICUs over a ten-year period using data from the ANZ Intensive Care Society’s 

(ANZICS) Centre for Outcome and Resource Evaluation (CORE) Adult Patient 

Database (APD). 

 

We hypothesised that patients with ALF admitted to ANZ ICUs would have similar 

characteristics, and survival outcomes to those reported in previous studies from other 

regions despite lower emergency liver transplantation (ELT) rates. 

 

Methods 

This study was approved by the Alfred Hospital Research Ethics Committee as a low 

risk project without need for individual patient consent. 

 

We conducted a retrospective cross-sectional study using data extracted from the 

ANZICS CORE APD. The APD is a high-quality database35 that receives prospectively 
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collected contributions from over 180 participating ICUs across ANZ, including more 

than 80% of tertiary referral units during the study period and all five liver transplant 

centres. De-identified individual patient data are submitted for 109 variables. 

 

All completed adult ICU admissions that were submitted to the APD over the period 

2005 to 2014 were included in the analysis, excluding re-admission episodes to ICU 

during an index hospital admission and palliative care patients. Patients with ALF were 

identified as having admission diagnosis APACHE III-J sub-code 301.01 (Acute Liver 

Failure), excluding those also recorded as having cirrhosis or chronic liver disease as 

a pre-existing chronic health condition. We obtained data regarding baseline 

physiological conditions (age, gender, weight, pregnancy status), comorbidities, 

arterial blood gases, fraction of inspired oxygen (FiO2), respiratory rate, need for 

mechanical ventilation (MV), and haemodynamic characteristics within the first 24 

hours of ICU admission. In addition, we obtained data on adverse events (respiratory 

or cardiac arrest in the 24 hours prior to ICU admission, acute renal failure occurrence 

during the first 24 hours of ICU stay), ICU admission source, admission unit (ICU or 

high dependency unit (HDU)) and admission type (emergency response admission or 

not). The Acute Physiology And Chronic Health Evaluation (APACHE) III and the 

Australian and New Zealand Risk of Death (ANZROD)36 scores were calculated to 

measure critical illness severity. The key patient outcomes of interest were ICU and 

in-hospital mortality. Data on ICU and hospital length of stay, mortality outcome and 

discharge destination were also collated, with in-hospital 30-day mortality calculated 

by excluding deaths with a hospital length of stay greater than 30 days. 

 

To estimate emergency transplantation rates, data on ELT use during the period 

analysed were obtained from the Australian and New Zealand Liver Transplant 

Registry,37 which records all liver transplant related activity in ANZ, including all 
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instances of liver transplantation for ALF. These data were not linked to those obtained 

from the APD. 

 

Data Analysis 

We analysed presentation type, comorbid medical conditions, patterns of 

pathophysiological derangement and need for ventilator support. We evaluated 

differences between survivors and non-survivors and compared ALF patients with all 

other patients admitted with non-ALF diagnoses during the ten-year period. Data are 

reported as numbers and percentage for binomial variables, means with standard 

deviation when reporting normally distributed continuous data, and medians with 

interquartile ranges [IQRs] when reporting non-normally distributed data. We 

evaluated all hospital outcomes, including mortality and discharge destination. We 

performed group comparisons using chi-square tests for equal proportion, student’s t 

test for parametric variables and Wilcoxon rank sum tests otherwise. To facilitate a 

measure of illness severity that was independent of liver failure, patient risk of death 

was calculated in accordance with ANZROD,36 with ALF related components removed 

from the calculation (hepatic failure, cirrhosis, chronic liver disease).  

 

To determine independent predictors of mortality within the ALF population, we 

developed multivariable models for features at both presentation to ICU (baseline 

demographics) and after 24 hours. To identify independent baseline differences that 

may exist between ALF and non-ALF patients, a multivariable logistic regression 

model was developed with the resulting probability then used to reflect each patient’s 

propensity of presenting to ICU with ALF. To determine if ALF was an independent 

predictor of survival amongst all ICU patients, we used both logistic and Cox-

proportional hazard regression models that adjusted for year, severity of illness and 

propensity for ALF. Change in hospital outcomes over time were determined using 
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logistic regression, adjusting for illness severity, propensity to present with ALF and 

year. To ascertain if changes in outcome over time differed between ALF and non-ALF 

patients, an interaction term between ALF and year of admission was fitted with year 

of admission treated both as a categorical variable and as a continuous variable. All 

regression models were constructed in SAS Version 9.4 (SAS Institute Inc., Cary, NC, 

USA) using mixed hierarchical regression with patients nested within site and site 

treated as a random effect. Unless otherwise stated, multivariable models were 

developed using stepwise selection procedures (p<0.001) and validated using 

backwards elimination procedures with logistic regression results presented as odds 

ratios (95%CI) while Cox-proportional hazards regression models are presented as 

hazard ratios (95%CI). A two-sided p-value of 0.01 was used to indicate statistical 

significance. 

 

To calculate the population prevalence of ALF, we used end-of-year population 

estimates for Australians and New Zealanders above age 16 from the Australian 

Bureau of Statistics (3101.0 Table 59) and Statistics New Zealand Infoshare 

(http://www.stats.govt.nz/infoshare/ViewTable.aspx), adjusting for annual APD 

coverage of ANZ ICU admissions of 80%. This study is reported in accordance with 

the STROBE statement guidelines for observational epidemiologic studies.38 

 

Results 

Identification of ALF patients 

A total of 1,022,698 patients aged 17 years or older were admitted to contributing ICUs 

across ANZ from 2005 until 2014 inclusive. During this period, data were submitted for 

an average of more than 80% of eligible intensive care beds. ICU and hospital 

outcomes were available for all patients. After excluding re-admissions and patients 

with pre-existing chronic liver disease or cirrhosis, 723 patients with the diagnosis of 
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acute liver failure (APACHE III-J 301.01) were admitted to ICU over the study period, 

accounting for 0.07% of all ICU admissions. This correlates to an estimated average 

of 3.4 admissions to intensive care with the diagnosis of ALF per million people across 

ANZ each year. The number of ALF admissions to ANZ ICUs increased over the ten-

year period (Figure 1) at a rate that was significantly greater than population growth 

(p=0.001). 

 

Differences between patients with and without ALF 

Differences between patients with ALF and all other ICU patients are summarised in 

Table 1. ALF patients were more likely to be younger, female, pregnant and 

immunosuppressed by disease or medical treatments. They were also less likely to 

have chronic severe cardiopulmonary conditions. During the first day of ICU 

admission, patients with ALF had higher illness acuity as measured by APACHE III 

and ANZROD than non-ALF ICU patients. Fewer than five per cent of ALF patients 

were indigenous (Australian aboriginal, Torres Strait Islander or New Zealand Maori), 

slightly less than the general ICU population. ALF patients were less likely to have 

been admitted from home and more likely to be admitted to ICU following transfer from 

another hospital than non-ALF patients. ALF patients exhibited hyperventilation 

(higher respiratory rates and lower PaCO2), thrombocytopaenia and developed acute 

renal failure more often than non-ALF patients, while limitations of treatment were 

similar between both groups.  

 

Multivariable propensity analysis confirmed several key differences at the time of 

admission. More common amongst ALF patients were younger age, female gender, 

immune suppression from co-morbid disease and emergency response admissions 

from general wards (p<0.0001 for all). 
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Patient Outcomes 

A comparison of patient outcomes is outlined in Table 2. ICU and hospital mortality for 

ALF patients occurred in 32% and 39% respectively (similar to that predicted by the 

mean APACHE III (38%) or ANZROD (34%), whereas it occurred in only 6% and 10% 

of non-ALF patients (p<0.0001 for both). Patients died early and mostly in the ICU. 

ALF was an independent predictor of mortality, with ALF patients being significantly 

more likely to die in hospital (OR 1.5 (1.26-1.79); p<0.0001) and at 30 days (OR 1.63 

(1.36-1.95); p<0.0001), than patients admitted to intensive care with other diagnoses. 

This finding was confirmed by survival analysis (HR 1.57 (1.38-1.78); p<0.0001) 

(Figure 2). Independent predictors of death for ALF patients at time of admission to 

ICU and twenty-four hours after admission to ICU are outlined in Table 3.  

 

Over the ten-year study period, illness severity adjusted mortality in the non-ALF ICU 

population decreased by 5% per year (OR 0.95 (0.95-0.95); p=<0.0001); however, no 

significant reduction in mortality was observed for patients admitted with ALF (OR 1.01 

(0.95-1.08); p=0.72) (Fig 3). While this temporal trend is potentially concerning, it did 

not meet our threshold for statistical significance. 

 

A comparison between patients with ALF who survived versus those who died is 

presented in Table 4. ALF patients who survived were considerably younger and had 

lower rates of chronic comorbidities. Non-survivors had a higher proportion of 

admissions to ICU from general wards and spent longer there than those who survived. 

Both specific (e.g. bilirubin) and non-specific (e.g. pH, bicarbonate and platelet count) 

markers of liver failure were deranged to a greater extent in those ALF patients who 

died.  
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Data obtained from the Australian and New Zealand Liver Transplant Registry 

(ANZLTR) indicate that only 8.9% (n=164) of the 1842 liver transplants during the 

period of our study were undertaken for acute liver failure37. Thus, it is estimated that 

less than 23% of ANZ ICU patients with ALF underwent ELT during the study period. 

Thirty-day mortality for ALF patients who were transplanted was during the study 

period was 12.8% (n=21), with more than 80% of these deaths occurring within the 

first week. Most of these deaths were due to cerebral oedema, intraoperative 

complications or refractory multiple organ failure. Causes of ALF in patients 

undergoing ELT in Australasia over the ten-year period from 2005 are outlined in Table 

5. 

 

Discussion 

Key findings 

In Australian and New Zealand (ANZ) data from 2005 to 2014, we found that the 

number of patients admitted to ICU with ALF increased at a rate exceeding population 

growth. Such ALF patients are younger in age, more often female, and more often 

require retrieval from the hospital of presentation than other ICU patients. Early during 

admission to ICU, they have greater illness severity and much greater mortality. While 

outcomes have improved for other ANZ ICU patients over time, this may be less clearly 

the case for patients with ALF. Finally, although the incidence, patient characteristics 

and overall outcomes of ALF patients admitted to ICU are similar to those reported in 

other regions, the ELT rate is lower than reported from other developed countries. 

 

Relationship to previous studies 

Research on the characteristics and outcomes of ALF patients is overwhelmingly 

dominated by northern hemisphere experience (Table 6). The majority of such studies, 

however, are single centre and small; assess specific causes of ALF (e.g. drug 
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induced22,39 or viral40) or very specific sub-groups of ALF patients13,5,32 or children,41-43 

and include patients without hepatic encephalopathy.33 Some high-volume transplant 

centres, have published large single centre observational studies7,13,29,44 or 

collaborations with similar centres.5,18,45 Thus, very few studies arise from an analysis 

of both retrospective1,17,25,46 and prospective28 databases dedicated to the study of 

severe hepatic failure. Moreover, even when they do originate from the largest and 

most inclusive studies, such as The Acute Liver Failure Study Group (ALFSG), they 

cannot evaluate an entire population (the ALFSG enrolled only about 6.5% of potential 

ALF cases across the United States) and derive their data only from select specialist 

liver centres.28 This approach creates a major selection bias and likely markedly 

influences ELT rates. In addition, over forty different definitions of ALF have been 

described,47 limiting the potential comparative and external validity of such studies. Of 

further relevance to our study, recent data are scarce, with very few studies covering 

the period up to 2014. In addition, only five previous studies evaluated a larger number 

of ALF patients than assessed in our study; however, these were also either single 

centre, included only a very small proportion of the overall number of ALF patients in 

the relevant region, or were heavily skewed to specialist liver transplantation hospitals. 

In contrast to the above studies, our investigation is highly inclusive, recent, and 

captures almost all acute liver failure admissions to ICU in ANZ. As such, our findings 

are less affected by the over representation of highly specialised liver centres and are 

the first to provide population data for two countries. Finally, in several previous studies 

including high-activity transplantation centres, the approach to reporting overall 

survival, transplant-free survival and ELT survival varied considerably so that direct 

comparisons are challenging. Nonetheless, the number of ALF patients receiving ELT 

in most studies has consistently been approximately 50% or more,14,15,18,23,29 In this 

regard, the ELT rate in ANZ is amongst the lowest reported in the literature from 

developed countries where mature cadaveric organ donation programs exist. 
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Knowledge of the definition and dominant causes of ALF for each region would be 

required to best interpret and validly compare ELT utilisation rates, however. Given the 

possibly limited role for ELT in paracetamol induced ALF48 and the potentially high 

rates of this cause of ALF in Australia,31,49,50 the low overall use of ELT in ANZ may 

reflect such differences in the aetiology of ALF. 

 

Despite the above limitations, women made up 60% of ALF patients in ANZ, a finding 

that is strikingly similar to previous reports (Table 6). Hospital mortality for ALF in ANZ 

was 39%, also very similar to studies. The average age of patients with ALF in our 

study was nearly 50 years, which is older than that reported in any previous study. 

Given that older age is an independent predictor of poor outcome, the mortality rate 

we observed in ANZ may compare favourably with those from previous reports. 

 

Implications 

Our findings imply that the population incidence of ALF patients treated in ICU is 

increasing in ANZ. While data on aetiology was not available, other important 

characteristics of ALF patients in ANZ are similar to those reported in other developed 

countries, except for the older age of ANZ patients. They also imply that mortality for 

these patients may not be declining over time, unlike for other critically ill ANZ patients 

during this period,51 suggesting that disease specific interventions are important 

drivers of better outcomes.52 Finally, they imply that ELT rate in ANZ are much lower 

than reported in other developed countries, but that despite such low rates of ELT, 

overall mortality is at least equivalent to that reported from other developed countries. 

 

Strengths and weaknesses 

Our study has several strengths. First, the data were derived from one of the largest, 

most inclusive and comprehensive intensive care databases in the world, with very 
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high levels of data completeness and reliable recording of patient outcomes.53 The 

findings come from over one million ICU patient episodes and describe patient 

characteristics at the time of ICU admission, illness severity and hospital outcomes 

across the entire population of two countries for the whole of a ten-year period. 

Through the exclusion of patients coded for pre-existing liver disease, we can be 

confident of ALF classification. Second, through the collection of 109 clinical variables 

on every patient, we could define illness severity and patient outcomes in detail. This 

allows comparisons between patient groups across a range of parameters and 

provides insights on clinically relevant differences. Third, the data collected for 

submission to the CORE APD includes APACHE III variables (including age, acute 

physiology, admission diagnosis and chronic health status) that are widely collected 

by ICU clinicians around the world. This provides an opportunity for future comparisons 

with studies from other jurisdictions where APACHE III data are routinely collected as 

part of existing practice. Finally, data obtained from the ANZ Liver Transplant Registry, 

which records all liver transplant related activity in ANZ, including all instances of liver 

transplantation for ALF allowed us to derive an approximate population-based ELT 

rate for both countries. 

 

Our study has several potential weaknesses. As with all retrospective research based 

on administrative processes for data collection, there is the possibility of miscoding or 

other similar errors. The incidence of ALF might be underestimated if the reason for 

admission was incorrectly recorded as overdose, coma or severe sepsis. However, as 

the data are used for comparative benchmarking purposes, units that submit data 

ensure that processes are accurate and reliable and data quality is regularly evaluated 

for the purposes of quality improvement. This system also has data quality processes 

to evaluate for systemic errors and provide regular reporting to all submitting units 

regarding errors. Another weakness is that the database records only the admission 
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diagnosis (acute liver failure in this case), but not the underlying cause. As such, we 

are unable to determine the aetiology of ALF in our cohort, preventing exploration of 

the relationship between aetiology and outcomes, and limiting the comparison with 

other reports. A further issue is that while most ALF patients are critically ill and require 

ICU admission, it is possible that a small number are managed on general wards and 

therefore not captured by the CORE APD. While we evaluated over one million ICU 

admissions, the actual number of patients with ALF was very small, limiting our ability 

to draw firm conclusions about some comparisons, such as changes in outcome over 

time, which failed to reach our criteria for statistical significance. Finally, we could only 

analyse data about illness and therapies as collected for the purposes of routine 

submission to the database which means that potentially relevant information (lactate, 

INR, liver function tests) was not available for analysis. Several previous studies have 

demonstrated that outcomes for ALF are highly dependent on these factors,5,26,54,55 

and a more detailed analysis that is inclusive of these additional considerations may 

assist in predicting outcomes and the advancement of treatment strategies.  

 

Conclusion 

In conclusion, the current study is one the largest and, to our knowledge, the most 

inclusive study of ALF to date. Our findings confirm that ALF patients are a unique 

population amongst the critically ill, with a high mortality despite relatively young age. 

Gender patterns and patient characteristics are consistent with previous studies, but 

ANZ patients are older and, in keeping with our hypothesis, less likely to undergo ELT 

than patients in other regions. However, their overall outcomes are similar to those 

previously reported in the literature. These findings provide the basis for future 

interventional trials of ALF management among such patients in ANZ. 
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Figure 1. Acute liver failure (ALF) admissions to Australasian intensive care 
units over the period 2005–2014. 
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Table 1. Comparison between characteristics of ALF patients and non-ALF 
patients admitted to intensive care 

 

 Reported ALF 
(n=723) 

Non-ALF 
(n=1021975) p value 

Age (years) Mean (Std) 49.7 (16.3) 61.6 (17.9) <0.0001 
Female gender Percentage (n) 60% (437) 42% (426162) <0.0001 
Weight (kg) Mean (IQR) 72.5 [60-86] 80 [67.2-94] <0.0001 
Indigenous status Percentage (n) 5% (33) 6% (65527) 0.04 
Pregnant Percentage (n) 1% (8) 0.2% (2204) <0.0001 
Comorbidities     

Chronic respiratory disease Percentage (n) 3% (19) 8% (76966) <0.0001 
Chronic cardiovascular disease Percentage (n) 3% (22) 10% (106579) <0.0001 
Chronic renal failure Percentage (n) 2% (12) 3% (33381) 0.02 
Metastatic cancer Percentage (n) 3% (25) 3% (33882) 0.83 
Immunosuppressing disease  Percentage (n) 3% (24) 1% (14934) <0.0001 
Immunosuppressing therapies Percentage (n) 5% (39) 3% (35116) 0.004 
Diabetes mellitus (insulin requiring) Percentage (n) 2% (15) 3% (33701) 0.07 

Admissions source     
Hospital admission source     

Home Percentage (n) 51% (369) 74% (760642) <0.0001 
Other hospital Percentage (n) 36% (259) 17% (169371) <0.0001 
Chronic care Percentage (n) 0.7% (5) 1% (11741) 0.25 

ICU admission source     
Emergency Department Percentage (n) 39% (280) 26% (267663) <0.0001 
Ward Percentage (n) 31% (222) 14% (138323) <0.0001 

Hours in hospital prior to ICU Median [IQR] 5.9 [0.1-26.9] 10.8 [4.4-31] <0.0001 
Emergency Response Admission Percentage (n) 13% (91) 7% (67682) <0.0001 

Other ICU Percentage (n) 29% (209) 31% (138) <0.0001 
Treatment limitations Percentage (n) 4% (29) 3% (30606) 0.11 
Markers of illness severity     

APACHE III score Mean (Std) 79.8 (35.7) 50.08 (26.82) <0.0001 
APACHE III Risk of Death (%) Median [IQR] 30 [13-63] 4 [1-5] <0.0001 
ANZROD (%) Median [IQR] 24 [10-56] 2 [1-9] <0.0001 
Conscious state     

Glasgow Coma Score Median [IQR] 12.2 (4.0) 13.4 (3.4) <0.0001 
Cardiovascular     

Heart rate (beats/min) Mean (Std) 108 (31) 87 (31) <0.0001 
Lowest MAP (mmHg) Median [IQR] 68 [59-104] 69 [62-104] 0.004 

Respiratory/Ventilation     
Respiratory Rate (breaths/min) Mean (Std) 23.4 (9.8) 19.14 (9.5) <0.0001 
Worst PaO2 (mmHg) Median [IQR] 93 [74-134] 103 [78-154] <0.0001 
Worst PaCO2 (mmHg) Mean (Std) 34.8 (12) 42.4 (12) <0.0001 
FiO2 Median [IQR] 0.40 [0.27-0.7] 0.45 [0.3-0.6] 0.003 
Intubation Percentage (n) 37% (268) 39% (393754) 0.42 

Acute renal failure Percentage (n) 30% (219) 5% (54972) <0.0001 
Biochemical/Metabolic parameters     

pH Mean (Std) 7.30 (0.18) 7.34 (0.11) <0.0001 
Sodium (mmol/L) Mean (Std) 136 (8.6) 139 (5.0) <0.0001 
Potassium (mmol/L) Mean (Std) 4.2 (1.2) 4.3 (0.8) <0.0001 
Bicarbonate (mmol/L) Mean (Std) 18.5 (7.2) 23.5 (5.5) <0.0001 
Creatinine (μmol/L) Median [IQR] 149 [82-255] 83 [64-117] <0.0001 
Urea (mmol/L) Median [IQR] 9.5 [4.7-15.3] 6.2 [4.5-9.5] <0.0001 
Bilirubin (μmol/L) Median [IQR] 87 [47-173] 12 [8-19] <0.0001 
Glucose (mmol/L) Median [IQR] 7.8 [5.5-10.4] 9.4 (5.0) <0.0001 

Haematological parameters     
Haematocrit Mean (Std) 0.31 (0.08) 0.34 (0.07) <0.0001 
White cell count (x 109/L) Median [IQR] 12.0 [7.3-17.4] 12.1 [9-16.3] 0.049 
Platelets (x 109/L) Mean (Std) 127 (93) 197 (95) <0.0001 

All data collected at time of ICU admission or worst values during the first 24 hours of ICU management. 
Indigenous: Aboriginal, Torres Strait Islander or Maori, ICU: Intensive Care Unit, APACHE III: Acute Physiology And 
Chronic Health Evaluation- revision III, PaO2: Arterial partial pressure of oxygen, PaCO2: Arterial partial pressure of 
carbon dioxide, FiO2: Fraction of inspired oxygen, A-a gradient: alveolar to arterial oxygen gradient, MAP: mean arterial 
pressure, Acute renal failure defined by presence of oliguria 24 hour urine output <410 ml and serum creatinine >133 
μmol/L, Std: Standard deviation, IQR: Interquartile range  
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Table 2. Comparison of outcomes for ALF patients and non-ALF patients 
admitted to intensive care 

 
 Reported ALF 

(n=723) 
Non-ALF 

(n=1021975) 
p value 

Mortality     
Intensive Care Unit Percentage (n) 32% (230) 6% (64712) <0.0001 
Hospital Percentage (n) 39% (282) 10% (100762) <0.0001 

Length of stay     

Intensive Care Unit (hours) Median [IQR] 69.1 [28.2-157] 42.3 [21.9-81] <0.0001 
Hospital (hours) Median [IQR] 209 [83-417] 205 [113-387] 0.2 

Hospital discharge destination     
Home Percentage (n) 37% (267) 72% (731102) <0.0001 
Rehabilitation facility Percentage (n) 5% (37) 8% (79627) <0.0001 
Other hospital (ward) Percentage (n) 14% (98) 10% (97658) <0.0001 
Other hospital (ICU) Percentage (n) 5% (39) 1% (12826) <0.0001 

ALF= acute liver failure, ICU= intensive care unit, IQR= interquartile range 
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Figure 2. Kaplan-Meier curve survival analysis of patients admitted to intensive 
care with ALF compared to those admitted with non-ALF diagnoses 
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Table 3. Independent predictors of mortality for Acute Liver failure (ALF) 
patients admitted to ICU 

Variable OR 95% CI p 
On admission to ICU (AUC=0.72)    

Need for ICU versus Need for HDU 3.63 2.25-5.88 <0.0001 
Cardiac arrest in previous 24 hours 9.19 1.94-43.45 0.005 
Metastatic cancer 10.17 2.85-36.37 0.0004 
Immune suppressing comorbid disease 4.68 1.73-12.69 0.02 
Age 45-64 years versus patients <45 years 2.34 1.60-3.43 

<0.0001 Age 65-84 years versus patients <45 years 3.88 2.41-6.26 
Age ≥85 years versus patients <45 years 7.93 1.98-31.84 

24 hours after admission to ICU (AUC = 0.84)    
ANZROD* 4.64 3.64-5.92 <0.0001 

 
ICU: intensive care unit, HDU: high dependency unit, ANZROD: Australia and New Zealand 
Risk of Death mortality prediction model 
*The Australian and New Zealand Risk of Death (ANZROD) was log-transformed prior to 
analysis 
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Figure 3. Mortality for ALF versus non-ALF intensive care admission 
diagnoses over period 2005 to 2014 
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Table 4. Comparison of patient characteristics for survivors and non-survivors 
of ALF admitted to intensive care 

 Reported Survivors 
(n=441) 

Non-survivors 
(n=282) p value 

Age (years) Mean (Std) 45.7 (15.8) 55.8 (15.1) <0.0001 
Female gender Percentage (n) 62% (272) 59% (165) 0.40 
Weight (kg) Mean (IQR) 70 (60-84) 79 (65-92) 0.05 
Indigenous Percentage (n) 4% (18) 5% (15) 0.44 
Pregnant Percentage (n) 2.0% (8) 0% (0) 0.03 
Comorbidities     

Chronic respiratory disease Percentage (n) 2% (7) 4% (12) 0.03 
Chronic cardiovascular disease Percentage (n) 2% (10) 4% (12) 0.13 
Chronic renal failure Percentage (n) 1% (6) 2% (6) 0.43 
Metastatic cancer Percentage (n) 1% (3) 8% (22) <0.0001 
Immunosuppressing disease  Percentage (n) 2% (7) 6% (17) 0.001 
Immunosuppressing therapies Percentage (n) 4% (16) 8% (23) 0.009 
Diabetes mellitus (insulin requiring) Percentage (n) 2% (9) 2% (6) 0.94 

Admissions source     
Hospital admission source     

Home Percentage (n) 50% (221) 52% (148) 0.53 
Other hospital Percentage (n) 35% (155) 37% (104) 0.64 
Chronic care Percentage (n) 1% (3) 1% (2) 1.00 

ICU admission source     
Emergency Department Percentage (n) 40% (175) 36% (101) 0.51 
Ward Percentage (n) 27% (121) 38% (96) 0.02 

Hours in hospital prior to ICU  5.5 (0-21.5) 6.9 (0.3-35.0) 0.03 
Emergency Response Admission Percentage (n) 10% (46) 16% (45) 0.03 

Other ICU Percentage (n) 31% (138) 25% (71) 0.08 
Treatment limitations Percentage (n) 1% (5) 9% (24) <0.0001 
Markers of illness severity     

APACHE III score Mean (Std) 64.2 (28.0) 104.2 (32.6) <0.0001 
APACHE III Risk of Death (%) Mean [IQR] 18 [8-35] 64 [36-82] <0.0001 
ANZROD (%) Mean [IQR] 14 [6-27] 59 [28-8] <0.0001 
Conscious state     

Glasgow Coma Score Median [IQR] 13.1 (3.3) 10.7 (4.6) <0.0001 
Cardiovascular     

Heart rate (beats/min) Mean (Std) 104 (30) 113 (31) <0.0001 
Lowest MAP (mmHg) Mean (Std) 71.5 (13.6) 59.9 (14.8) <0.0001 

Respiratory/Ventilation     
Respiratory Rate (breaths/min) Mean (Std) 22.4 (9.7) 25.0 (10.4) 0.001 
Worst PaO2 (mmHg) Median [IQR] 92 [73-133] 93 [74-144] 0.52 
Worst PaCO2 (mmHg) Mean (Std) 33.8 (9.7) 36.1 (13.9) 0.02 
FiO2 Median [IQR] 0.3 [0.21-0.5] 0.6 [0.32-1.0] <0.0001 
Intubation Percentage (n) 27% (118) 53% (150) <0.0001 

Acute renal failure Percentage (n) 21% (91) 45% (128) <0.0001 
Biochemical/Metabolic parameters     

pH Mean (Std) 7.35 (0.14) 7.23 (0.20) <0.0001 
Sodium (mmol/L) Mean (Std) 135 (8) 136 (9) 0.54 
Potassium (mmol/L) Mean (Std) 3.9 (1.0) 4.6 (1.3) <0.0001 
Bicarbonate (mmol/L) Mean (Std) 19.9 (6.8) 16.3 (7.2) <0.0001 
Creatinine (μmol/L) Median [IQR] 123 [71-230] 185 [116-269] <0.0001 
Urea (mmol/L) Median [IQR] 8.1 [4-13.3] 11.4 [6.1-18.8] <0.0001 
Bilirubin (μmol/L Median [IQR] 79 [41-141] 102 [57-248] <0.0001 
Glucose (mmol/L) Median [IQR] 7.7 [6.0-10.4] 7.8 [4.0-10.4] 0.03 

Haematological parameters     
Haematocrit Mead [Std] 0.32 (0.08) 0.29 (0.08) <0.0001 
White cell count (x 109/L) Median [IQR] 11.0 [7.3-15.4] 14.0 [7.9-21.0] <0.0001 
Platelets (x 109/L) Median [IQR] 118 [72-181] 87 [51-139] <0.0001 

Mortality     
Intensive Care Unit Percentage (n) - 82% (230)  
Hospital Percentage (n) - 100% (282)  

Length of stay     
Intensive Care Unit (hours) Median [IQR] 75 [31-167] 60 [26- 130] 0.02 
Hospital (hours) Median [IQR] 276 [120-527] 125 [47-297] <0.0001 

Hospital discharge destination     
Home Percentage (n) 61% (267) -  
Rehabilitation facility Percentage (n) 8% (37) -  
Other hospital Percentage (n) 22% (98) -  
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All data collected at time of ICU admission or worst values during the first 24 hours of ICU 
management. 
Indigenous: Aboriginal, Torres Strait Islander or Maori, ICU: Intensive Care Unit, APACHE III: 
Acute Physiology And Chronic Health Evaluation- revision III, PaO2: Arterial partial pressure of 
oxygen, PaCO2: Arterial partial pressure of carbon dioxide, FiO2: Fraction of inspired oxygen, 
A-a gradient: alveolar to arterial oxygen gradient, MAP: Mean arterial pressure, Acute renal 
failure defined by presence of oliguria 24 hour urine output <410 ml and serum creatinine >133 
μmol/L, Std: Standard deviation, IQR: Interquartile range 
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Table 5. Causes of ALF for patients undergoing ELT in Australasia over ten-
year period from 2005 (from the Australian and New Zealand Liver Transplant 
Registry) 

 
Aetiology Total 

Wilson's Disease 10 

Herbal Therapies 4 

Non A-G viral hepatitis 21 

Autoimmune hepatitis 2 

Non-paracetamol drugs 15 

Cryptogenic Acute Liver Failure 53 

Paracetamol overdose 13 

Trauma related 1 

Non-drug toxins 4 

Hepatitis A virus 2 

Hepatitis B virus 38 

Post-operative iatrogenic liver injury 1 

Total 164 
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Table 6. Observational studies of ALF presentations (exclusive of paediatric 
only studies) 
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Abstract 

Objective 

Acute liver failure (ALF) leads to severe illness and usually requires admission to ICU. Despite 

its importance, little is known about ALF patients in Australia and New Zealand (ANZ). 

 

Design 

Bi-national observational study to evaluate the aetiology, base-line characteristics, patterns of 

illness, management, and outcomes for patients with ALF admitted to ANZ ICUs. 

 

Setting 

All six ANZ ICUs in liver transplant centres submitted de-identified data for ten or more 

consecutive ALF patients. Data were obtained from the clinical record and included base-line 

characteristics, aetiology, mode of presentation, illness severity, markers of liver failure, critical 

care interventions, utilisation of transplantation and hospital outcome. 

 

Results 

We studied 62 ALF patients. Paracetamol overdose (POD) was the underlying cause in 53% 

(33/62) patients, with staggered ingestion in 42% (14/33)). Among POD patients, 70% (23/33) 

were young women, most had psychiatric diagnoses, and most presented relatively early with 

overt liver failure. This group were transplanted in only 6% (2/33) cases and had an overall 

mortality of 24% (8/33) cases. The remaining ALF patients had less common conditions such 

as hepatitis B and non-paracetamol drug-induced ALF. These patients presented later and 

exhibited less extreme evidence of acute hepatic necrosis. Transplantation was performed in 

38% (11/29) patients in this subgroup. The mortality of non-transplanted non-POD patients 

was 56% (10/29) cases. Illness severity at ICU admission, initial requirement for organ support 

therapies and length of hospital stay were similar between POD and non-POD ALF patients. 
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Conclusion 

POD is the major cause of ALF in ANZ liver transplant centres and is a unique and separate 

form of ALF. It has a much lower associated mortality and treatment with liver transplantation 

than non-POD ALF. Non-POD patients have a poor prognosis in the absence of 

transplantation.  
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Introduction 

Acute liver failure (ALF), also referred to as fulminant hepatic failure, is an uncommon but 

devastating illness. It is defined by the onset of severe liver dysfunction within a period of less 

than eight weeks in the setting of no previous known liver disease.1 Regardless of the 

underlying cause of severe liver injury, a typical pattern of multiple organ failure generally 

ensues as hepatic function is lost. Severe metabolic disturbances, susceptibility to infection, 

vasodilatory shock and acute kidney injury are extremely common in severely affected 

patients.2-5 Nearly all patients with ALF become critically ill and require admission to an ICU.6 

While admissions for ALF account for less than one percent of patients cared for in ANZ ICUs, 

it is an important condition because patients tend to be young, have few serious chronic 

illnesses and are at high risk of death.7 The only intervention that demonstrably reduces 

mortality is emergency liver transplantation (ELT), however, this is a highly specialised service 

that is not available at most hospitals. In addition, ELT is limited by the availability of suitable 

organs for transplantation and necessitates life-long immunosuppression. Despite the 

importance of this condition, little is known about the characteristics, treatment and outcomes 

of patients admitted to ANZ liver transplantation centres with ALF. Concerningly, incidence of 

ALF requiring ICU admission may be increasing and mortality may not have improved7 despite 

increasing access to liver transplantation associated with better donation rates8 and significant 

reductions in poor outcomes for other critically ill ICU patients.9-11 

 

Accordingly, we conducted a detailed study of patients admitted to all ANZ liver transplant 

centres. Our primary hypothesis was that ALF patients admitted to ELT capable ANZ ICUs 

would have similar causes, baseline characteristics, and patterns of critical illness to those 

described in studies from comparable regions. Our secondary hypothesis was that there would 

be less frequent utilisation of ELT in ANZ, but that clinical outcomes would be similar to those 

of comparable settings where there is access to comprehensive critical care services and 
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mature liver transplant programs. Finally, we hypothesized that ALF from paracetamol 

overdose (POD) would be common and have a pattern of presentation, clinical course and 

outcome that is distinctly different from other causes of ALF. 

 

Method 

Study design 

The ICUs from all six ANZ hospitals that provide adult liver transplantation services were 

invited to submit detailed de-identified clinical data relating to a series of the last ten adult 

patients admitted to ICU for management of acute liver failure, using a standardised collection 

tool. The six hospitals were: Austin Health (Melbourne, Australia), Sir Charles Gairdner (Perth, 

Australia), Royal Prince Alfred (Sydney, Australia), Flinders Medical Centre (Adelaide, 

Australia), Princess Alexandra (Brisbane, Australia) and Auckland City Hospital (Auckland, 

New Zealand). All are university affiliated academic teaching hospitals that provide a state-

wide (or nation-wide in the case of New Zealand) liver transplant service. Information for each 

patient was obtained from the patient’s clinical record and only included data that was routinely 

documented as part of usual patient care. Local requirements governing the collection and 

collaborative sharing of de-identified clinical data for research purposes were adhered to at 

each participating site. Each ICU submitted ten or more consecutive patients coded as ALF in 

APACHE III diagnostic code 301.01, with onset of overt liver failure over a period of less than 

eight weeks in the absence of known pre-existing liver disease.  

 

Variables collected included gender, age, comorbidities, cause of ALF, time to first 

presentation for medical care, time to ICU admission, APACHE III illness severity, vital signs, 

key biochemical and haematological test results, provision of physiological support, fluid 

balance, blood product administration, duration of ICU stay and patient outcomes including 

death and ELT. A sample size of sixty patients was decided upon on the basis of convenience 

and feasibility. The selection of at least ten consecutive patients from each site, regardless of 
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outcome or aetiology of ALF, was undertaken to achieve a representative sample of ALF 

presentations. The design and reporting of this study is aligned with the Strengthening the 

Reporting of Observational Studies in Epidemiology (STROBE) recommendations.12 A search 

of the Medline database for observational studies of acute liver failure in adults was 

undertaken to assist with the interpretation of findings from the analysis of Australasian data.  

 

Statistical analysis 

Statistical analysis was performed using IBM SPSS statistics for Macintosh, version 25 (IBM 

Corporation, Armonk, NY, USA). Continuous variables are expressed as medians with inter-

quartile ranges (IQR), categorical variables as frequencies with percentages. Continuous data 

were compared using Mann-Whitney test. Categorical data were compared using Chi Square 

analysis or Fisher’s exact test where appropriate. Kaplan-Meier and Mantel-Cox log rank 

analyses were performed to assess differences in survival and utilisation of ELT between 

groups. A p-value of less than 0.05 was considered significant. 

 

Results 

Patient characteristics prior to ICU admission 

A total of 62 patients from across the six transplant centres over the period 2012 to 2016 were 

evaluated (Table 1). Most patients were female (36/62), and the median age was 36 years. 

Overall, slightly more than half of patients (33/62) had a past history of psychiatric problems 

or substance abuse. Other important comorbidities included prior hepatitis B virus (HBV) and 

hepatitis C virus (HCV) infections. More than a quarter of patients (17/62) had no pre-existing 

chronic medical problems documented. Twenty-seven per cent of patients (17/62) were 

deemed ineligible for ELT by treating clinicians on the basis of comorbid conditions and/or 

extreme illness severity at presentation. 
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The cause of ALF was identified by treating clinicians in 89% (55/62) of cases. Slightly more 

than half were due to POD (33/62) , of which 58% (19/33) were from a single major overdose, 

while the remainder (14/19) were due to the ingestion of multiple supratherapeutic doses with 

an interval period of more than eight hours (‘staggered overdose’)13. The total ingested dose 

of paracetamol was known or reliably estimated in 88% of patients (29/33), with a median of 

30 grams. At the time of admission to ICU, the median paracetamol concentration in blood of 

those with ALF secondary to paracetamol was 40 mg/L (265 µmol/L). HBV caused ALF in 

11% of patients (7/62), with most being newly acquired infections. Non-paracetamol drug-

induced ALF was the next largest identified cause, accounting for 8% of ALF (5/62). The drugs 

responsible and the other less common causes of ALF are listed in Table 1.  

 

Nearly three quarters of patients (45/62) initially presented to hospital that did not have liver 

transplant capability. Sixty percent of patients (37/62) presented to a tertiary referral hospital 

(including the ELT capable reporting hospitals). In contrast, 26% (16/62) and 14% (9/62) of 

patients first attended an outer metropolitan or rural hospital respectively. 

 

Several important differences between POD and non-POD patients were apparent. POD 

patients tended to be younger, were much more likely to be female and were nearly four times 

as likely to have psychiatric or substance abuse problems than non-POD ALF patients. Most 

POD patients had at least one chronic comorbidity (inclusive of psychiatric and substance 

abuse problems), while nearly half of all non-POD patients had no documented long-term 

health problems. POD patients were admitted to intensive care units at ELT capable hospitals 

considerably earlier than non-POD patients.  

 

Clinical findings and investigation results at time of ICU admission 

On admission to intensive care, illness severity was high (Table 2), with an overall median 

APACHE III score of 76.5 and median APACHE III risk of death of 0.32. POD patients had a 
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lower median pH and a greater lactate concentration compared to non-POD patients. The 

patterns of liver injury varied, with significantly higher ALT and INR in POD patients, while 

bilirubin concentrations were more elevated in non-POD patients. Blood urea concentrations 

were greater in POD patients than those of non-POD patients. The median fibrinogen 

concentration and platelet count were low for all patients, while the median blood ammonia 

level was high. 

 

Critical Care Interventions 

High level treatments were commonly required immediately on admission to the ICU, with 

treatment patterns broadly similar between POD and non-POD ALF patients (Table 3). At the 

time of admission to ICU, 29% (18/62) of all patients were intubated and mechanically 

ventilated, 27% (17/62) received immediate renal replacement therapy, 34% (21/62) required 

noradrenaline infusion, and antimicrobial agents were administered to 65% (40/62) of all 

patients. Most but not all POD patients were receiving an intravenous infusion of n-acetyl 

cysteine (NAC) at the time of admission to the ICU (88%) (29/33), whilst only about a third 

(10/29) of non-POD patients were receiving this therapy on admission to ICU. Of the four POD 

patients who were not receiving NAC at the time of admission to ICU, two had it commenced 

during the subsequent twelve hours, one of these patients survived to hospital discharge 

without ELT, while the other died. Two POD patients did not receive NAC during their period 

of care within ICU, with one of them surviving to hospital discharge without ELT and the other 

dying within a matter of hours from admission to the ICU. 

 

Outcomes 

Median ICU length of stay was just under 5 days, whilst median hospital length of stay was 

10.5 days. ELT was performed in 13 21% (13/62) patients, with a median time from ICU 

admission to surgery of 78 hours. Ninety-two percent (12/13) of the liver transplant recipients 

survived to hospital discharge. ELT was rarely utilised in POD patients, with only 6% (2/33) 
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receiving a transplant (Fig. 1). For non-POD patients without a contraindication to ELT, the 

transplantation rate was 48% (11/23) (Table 4). 

 

Overall hospital mortality was 31% (19/62), with all deaths occurring within the ICU and no 

significant difference in mortality between POD and non-POD patients (Fig. 2). Forty-seven 

per cent (9/19) who died had a contraindication to ELT. Six of these were POD patients, while 

three of them were non-POD patients. One non-POD patient died after undergoing ELT. Two 

POD and seven non-POD patients who did not have contraindications to ELT died prior to 

potential transplantation. Transplant-free survival was far more common for POD patients (Fig. 

3), with non-POD patients having twice the mortality rate in the absence of ELT. (Table 4) 

 

The Medline search for observational studies of ALF in adults identified thirty publications. 

These studies describe patients over a forty-year period from 1973 and report outcomes from 

North America, South America, Australasia, Asia, Western Europe, Eastern Europe, 

Scandinavia and India. Most studies were relatively small and single centre. There were also 

several publications from multicentre collaborations and registry databases. Key attributes of 

these studies with their reported outcomes are summarised in Table 5. 

 

Discussion 

Key findings 

Patients with ALF admitted to the ICU of ANZ liver transplant centres are young, have a high 

illness severity, require high-level critical care interventions, and have a high overall mortality. 

Moreover, patients with POD-induced ALF differ considerably from those with ALF from other 

causes, with pre-existing mental health problems, higher lactate, ALT, and INR at presentation 

and higher survival rates despite low ELT rates. POD patients are a unique and substantial 

subset of those admitted to ICU with ALF and have a different pattern of presentation, clinical 

course, and transplant free survival outcomes from most other causes of ALF. Non-POD ALF 
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patients had a poor transplant-free survival with more than half dying in the absence of ELT, 

while 90% of those transplanted survived to hospital discharge. Finally, nine patients who were 

potentially eligible for ELT died without undergoing this procedure. 

 

Comparisons with previous studies 

No multi-centre data detailing the current characteristics, treatment or outcomes of critically ill 

ALF patients admitted to liver transplant centres in ANZ have been previously published. 

Compared to a 2004 single centre study from one of the participating transplant units,14 the 

proportion of POD ALF has increased and the proportion of female patients has decreased, 

while patient age, utilisation of ELT, and survival outcomes appear similar. It is well recognised 

that the aetiology, the use of ELT and the outcome of ALF differ between countries15 (Table 

5). Paracetamol is the dominant cause of ALF in the United States,16 Britain,17 and Australia,14 

with affected patients often surviving without ELT.18 By contrast, studies from elsewhere in 

Europe19-23 as well as Asia24-27 report a low incidence of paracetamol overdose, with 

hepatotropic viruses, non-paracetamol drugs, and toxins being the major causes of ALF. This 

current study confirms that Australia is similar to the northern hemisphere anglophone 

countries and suggests that New Zealand may be more like continental Europe and Asia in 

terms of ALF aetiology, with HBV quite common (70%) and POD relatively rare (10%). We 

found a higher proportion of POD patients affected by a staggered overdose than reported in 

previous studies. Whilst this group are described as having poorer outcomes than those with 

ALF from a single major overdose13,18,28 overall survival and use of ELT for POD were similar 

to previous reports. Given that more than half of all ALF in Australasia is associated with 

paracetamol, the introduction of additional public health measures to reduce both deliberate 

and inadvertent POD warrants further consideration. 

 

Access to ELT is a major determinate of outcome for ALF due to causes other than POD.16 In 

some regions, ELT is provided to nearly half or more of all ALF patients,20,22,29-32 while it has 
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limited utilisation24 or is not available at all elsewhere.25,33,34 Access to ELT has also varied 

over time17 as transplant services become established and organ donation rates improve. Our 

findings regarding overall ELT and survival outcomes are consistent with previous ANZ data14 

and comparable to US observational studies16,35 where the proportion of POD patients was 

very similar (Table 5). These findings suggest that in a region where ELT is rarely utilised for 

POD patients and is utilised in less than half of non-POD ALF, outcomes are at least as good 

as previously reported,16,27,35,36 and are indeed similar to regions with substantially higher rates 

of transplantation.19,20,22,29,32,37 

 

Strengths and limitations 

All liver transplant capable ICUs in ANZ participated in this study and only patients with definite 

ALF were included. Highly complete and clinically relevant data were obtained, including 

aetiology of ALF, patient characteristics, comorbidities, illness severity, biochemical findings, 

haematological parameters, critical care interventions, ELT utilisation and survival outcomes 

for all patients. Data were collated by experienced clinical researchers at each centre using a 

consistent methodology to ensure accuracy and completeness. Given that the findings, are 

remarkably consistent with a recent evaluation of ALF in ANZ undertaken using a very large 

and entirely separate dataset, it seems likely that the findings of this study are representative 

and robust.7 

 

While this study reports data from every liver transplant unit in ANZ, only a relatively small 

number of ALF patients were evaluated. As a convenience-based, fixed-size sample of ALF, 

there is the possibility that the patients studied were not truly representative of ALF patients 

overall, thus limiting the certainty of the findings. However, participating ICUs selected ten or 

more sequential patients based solely on having ALF at the time of admission to ICU, limiting 

the potential for selection bias. Also, many previous ALF studies are quite small, and most are 

single centre reports, limiting the external validity of their findings. Another potential limitation 
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of our study is the retrospective, chart-based nature of the review. The accuracy of 

documented findings and clinical data is sometimes uncertain, and it is possible that errors 

occurred during the process of clinical documentation. However, all patients were managed 

within large, experienced, university affiliated ICUs with rigorous systems for clinical data 

collection. In addition, all diagnoses were carefully checked, and a comprehensive review of 

all data submitted was completed prior to analysis.  

 

Conclusion 

In summary, more than half of all current ALF cases admitted to ANZ liver transplantation 

ICUs is related to POD. The majority of patients with POD survive without needing ELT, 

despite being extremely ill at ICU admission. Patients with non-POD ALF present with a 

different pattern of liver injury and have a much lower likelihood of survival in the absence of 

ELT. These findings strongly imply that POD and non-POD associated ALF are best 

considered as distinctly separate forms of ALF with specific implications for treatment and 

prognosis. Despite relatively low overall utilisation of ELT in ANZ, overall outcomes are similar 

to most previous reports, including those from higher ELT use regions. While the survival 

benefit associated with ELT for non-POD ALF seems clear, the appropriateness of this 

intervention in POD patients is unclear.  
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Table 1. Patient characteristics prior to ICU admission at a liver transplant hospital 

 

Variable All (n=62) POD (n=33) non-POD (n=29) p 

Age 36 [28-47] 34 [28-44] 44 [29-52] 0.07 

Female 58% (36) 70% (23) 45% (13) 0.048 

Any psychiatric or substance abuse 53% (33) 82% (27) 21% (6) <0.0001 

Depression/Anxiety 32% (20) 52% (17) 10% (3) 0.001 

Schizophrenia 10% (6) 18% (6) 0% (0) 0.026 

Alcohol abuse 10% (6) 12% (4) 7% (2) 0.68 

IVDU 8% (5) 12% (4) 3% (1) 0.36 

Bipolar Disorder 8% (5) 12% (4) 3% (1) 0.36 

Previous self-harm 6% (4) 12% (4) 0% (0) 0.12 

Personality Disorder 3% (2) 3% (1) 3% (1) 1.00 

HBV carrier 8% (5) 0% (0) 17% (5) 0.018 

Hypertension 8% (5) 3% (1) 14% (4) 0.18 

Chronic Pain Syndrome 10% (6) 15% (5) 3% (1) 0.20 

Thyroid Disease 8% (5) 9% (3) 7% (2) 1.00 

Asthma 8% (5) 12% (4) 3% (1) 0.36 

Diabetes 6% (4) 9% (3) 3% (1) 0.62 

IHD 6% (4) 9% (3) 3% (1) 0.62 

Obesity 6% (4) 3% (1) 10% (3) 0.33 

Cancer 3% (2) 6% (2) 0% (0) 0.49 

HCV infection 2% (1) 3% (1) 0% (0) 1.00 

No documented comorbidities 27% (17) 12% (4) 45% (13) 0.004 

Contraindications to ELT 27% (17) 33% (11) 21% (6) 0.26 

Paracetamol overdose (all) 53% (33) - -  

Paracetamol staggered 23% (14) 42% (14) -  

Paracetamol single ingestion 31% (19) 58% (19) -  

Paracetamol ingested dose known 88% (29) 88% (29) -  

Paracetamol ingested dose (g) - 30 [8-42] -  

Paracetamol level mg/l^ - 40 [27-148] -  

HBV new acquisition 8% (5) - 17% (5)  

HBV flare of chronic 3% (2) - 7% (2)  

Non-paracetamol drugs* 8% (5) - 17% (5)  

Amanita poisoning 5% (3) - 10% (3)  

HLH syndrome 3% (2) - 7% (2)  

BCS 2% (1) - 3% (1)  

AFLP 2% (1) - 3% (1)  

Iatrogenic PV injury 2% (1) - 3% (1)  

Leptospirosis 2% (1) - 3% (1)  

Cryptogenic 11% (7) - 24% (7)  
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Presented to non-LTU hospital 73% (45) 76% (25) 69% (20) 0.55 

Presented to/transferred from tertiary 
hospital 

60% (37) 58% (19) 62% (18) 0.72 

Transferred from community hospital 26% (16) 24% (8) 28% (8) 0.76 

Transferred from rural hospital 14% (9) 18% (6) 10% (3) 0.48 

Time from first presentation to admission 
to Specialist Transplant Hospital ICU (hr) 

25.5 [7.7-48.8] 16.6 [5.9-34.3] 42.7 [18.9-112.2] 0.011 

 

Results reported as percentage (number), and median (interquartile range) 
 
POD = paracetamol overdose, ICU = Intensive Care Unit, IVDU = intravenous drug use, HBV = 
hepatitis B virus, HT = hypertension, IHD = ischaemic heart disease, HCV = hepatitis C virus, ELT = 
emergency liver transplantation, OD = overdose, HLH = haemophagocytic lymphohistiocytosis, BCS 
= Budd-Chiari Syndrome, AFLP = acute fatty liver of pregnancy, PV = portal vein, LTU = liver 
transplant unit, ICU= intensive care unit, hr = hour 
 
^ Multiple by 6.62 to convert paracetamol units of measurement from mg/L to µmol/L 
 
* Drugs involved include buprenorphine, agomelatine, infliximab, methylenedioxymethamphetamine 
(‘ecstasy’ or MDMA) and methamphetamines. 
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Table 2. Clinical data and test results at time of ICU admission 

Variable All (n=62) POD (n=33) non-POD (n=29) p 

APACHE III Score 76.5 [57.3-102.0] 73 [55-106] 81 [58-99] 0.64 

APACHE III Risk of Death 0.32 [12-54] 0.26 [0.11-0.53] 0.40 [0.15-0.67] 0.23 

Temperature (C) 36.3 [35.6-36.9] 36.0 [35.3-36.9] 36.4 [36.0-36.9] 0.14 

pH 7.41 [7.26-7.45] 7.35 [7.22-7.43] 7.43 [7.33-7.37] 0.01 

CO2 (mmHg) 31 [26-36] 30 [25-35] 32 [29-36] 0.18 

Na mmol/L 137 [134-142] 138 [135-140] 137 [133-143] 0.83 

Lactate mmol/L 4.9 [3.2-8.5] 7.2 [3.6-9.3] 4.1 [2.3-6.3] 0.03 

ALT IU/L 4020 [1800-6458] 5234 [3152-7569] 1987 [1217-5530] 0.005 

GGT IU/L 88 [55-180] 109 [59-188] 70 [55-145] 0.17 

ALP IU/L 129 [92-165] 119 [90-191] 137 [105-192] 0.26 

Bilirubin mmol/L 75 [48-148] 61 [46-80] 148 [68-273] 0.001 

Creatinine µmol/L 127 [68-231] 169 [93-266] 113 [56-189] 0.06 

Urea mmol/L 6.5 [2.8-10.7] 7.8 [5.2-11.4] 3.4 [1.5-8.8] 0.034 

INR 4.6 [3.2-6.8] 5.5 [3.8-9.2] 3.7 [2.5-5.5] 0.002 

aPTT (seconds) 51 [43-66] 49 [40-64] 54 [46-68] 0.25 

Fibrinogen g/L 1.4 [0.9-1.8] 1.4 [1.0-2.0] 1.3 [0.9-1.6] 0.60 

Haemoglobin g/L 123 [100-137] 121 [100-130] 1240[100-140] 0.31 

White Cell Count 109/L 9.3 [6.8-15.0] 10.6 [7.0-15.9] 8.0 [6.6-14.6] 0.48 

Platelets 109/L 131 [82-194] 130 [84-206] 137 [80-157] 0.98 

Ammonia µmol/L* 119 [82-170] 133 [84-187] 108 [81-141] 0.40 

 

Results reported as percentage (number), and median (interquartile range) 
 
APACHE=Acute Physiology and Chronic Health Evaluation, ALT=alanine aminotransferase, 
GGT=gamma glutamyltransferase, ALP=alkaline phosphatase, INR=international normalised ratio, 
aPTT=activated partial thromboplastin time 
 
*normal range 35-60 µmol/L 
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Table 3. Critical care interventions at time of ICU admission 

Variable All (n=62) POD (n=33) non-POD (n=29) p 

Intubation and mechanical ventilation 29% (18) 27% (9) 31% (9) 0.74 

Renal replacement therapy 27% (17) 33% (11) 21% (6) 0.26 

Active Cooling 5% (3) 3% (1) 7% (2) 0.59 

Noradrenaline infusion 34% (21) 33% (11) 34% (10) 0.92 

Antibiotic use 65% (40) 64% (21) 66% (19) 0.88 

N-acetyl cysteine infusion 63% (39) 88% (29) 34% (10) <0.0001 

 

Results reported as percentage (number) 
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Table 4. Outcomes of study patients 

Variable All (n=62) POD (n=33) non-POD (n=29) p 

ICU length of stay (hours) 116 [48-217] 144 [61-230] 102 [48-96] 0.39 

Hospital length of stay (days) 10.5 [4.8-18.3] 11.0 [4.8-17.6] 9.1 [4.0-18.2] 0.49 

Emergency Liver Transplantation 21% (13) 6% (2) 38% (11) 0.002 

ICU mortality 31% (19) 24% (8) 38% (11) 0.24 

Hospital mortality 31% (19) 24% (8) 38% (11) 0.24 

Non-transplanted ICU mortality 37% (18) 26% (8) 56% (10) 0.037 

Non-transplanted Hospital mortality 37% (18) 26% (8) 56% (10) 0.037 

 

Results reported as percentage (number), and median (interquartile range) 

ICU= intensive Care unit, POD= paracetamol overdose 
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Figure 1. Kaplan-Meier paracetamol overdose versus non-paracetamol overdose time 
to emergency liver transplantation 

 

 

POD=paracetamol overdose; ELT=emergency liver transplantation 
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Figure 2. Kaplan-Meier analysis of survival by paracetamol overdose status 

 

POD=paracetamol overdose; ELT=emergency liver transplantation 
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Figure 3. Kaplan-Meier analysis of time to either emergency liver transplant or death 
by paracetamol overdose status 

 

POD=Panadol overdose; ELT=emergency liver transplantation 
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Table 5. Observational studies of acute liver failure presentations (exclusive of 
paediatric only studies) 

Study Country/Region Year Type 
Patients 

(n) 
Population 

Aetiology % 

Female 
% 

Age 
years 

ELT Mortality 

POD 
non-
POD 

% 
of 
All 

% of 
POD 

% of 
non-
POD 

% 

of 

All 

% of 
POD 

% of 
non-
POD 

Bernal et al17 
UK 

1973-
2008 

Single 
centre 3305 ALF and ALI 65 35 60 33 12 7 21 43 36 56 

Shakil et al29 
USA 

1983-
1995 

Single 
centre 

177 All ALF 19 81 63 39 49 30 51 37 33 38 

Bhatia et al33 
India 

1986-
2006 

Single 
centre 

1015 All ALF <4* 96 58 26 † † † 57 - - 

Acharya et al25 
India 

1987-
1993 

Single 
centre 423 All ALF 0 100 53 30 † † † 66 - - 

Gow et al14 
Australia 1988-

2001 
Single 
centre 

80 All ALF 36 64 80 38 33 7 47 38 28 43 

Khuroo et al34 
India 

1989-
1996 

Single 
centre 

180 All ALF <1* >99 62 31 † † † 73 - - 

Brandsaeter et al38 
Scandinavia 

1990-
2001 

Single 
centre 

315 
ALF listed 

for ELT 
17 83 60 - 73 39 79 58‡ 31 13 

Hiramatsu et a27l 
Japan 1990-

2006 
Single 
centre 

50 All ALF <6* >94 34 46 20ˆ 33ˆ 19ˆ 60 - 60 

Khuroo26 
India 

1992-
1996 

Single 
centre 

119 All ALF <1* >99 61 - † † † 74 - - 

Escorsell et al30 
Spain 

1992-
2000 

Multi-
centre 

267 All ALF 2 98 56 37 56 - - 42 - - 

Areia et al20 
Portugal 

1992-
2006 

Single 
centre 61 All ALF 2 98- 57 37 54 - - 31 - - 

Marudanayagam et al39 
UK 1992-

2008 
Single 
centre 

1237 All ALF 61 39 55 37 21 - - 27‡ - - 

Wei et al40 
Sweden 

1994-
2003 

Multi-
centre 

279 All ALF 42 58 61 47 15 5  22   

Yantorno et al31 
Argentina 

1995-
2004 

Single-
centre 

64 
All ALF 
(paeds 

excluded) 
0 100 - 35 66 - - 17 - - 

Adukauskiene et al21 
Lithuania 1996-

2004 
Single 
centre 

28 All ALF 4 96 57 44 4 100 0 61 0 63 

Fujiwara et al41 
Japan 

1998-
2003 

Multi-
centre 

634 All ALF - - 50 47 21 - - 52 - - 

Larson et al36 
USA 

1998-
2003 

Database 275 POD ALF 100 0 74 37 NA 8 - 29 29 NA 

Taylor et al42 
USA 

1998-
2005 Database 29 HAV ALF 0 100 48 48 31 - - 14 - - 

Forde et al35 
USA 1998-

2006 
Database 927 All ALF 47 53 32 38 27 - - 31 - - 

Reuben et al37 
USA 

1998-
2007 

Database 133 
non-POD 
DILI ALF 

0 100 71 44 42   34 NA  

Reuben et al16 
USA 

1998-
2013 Database 2070 All ALF 46 54 64 39 22 - - 29 - - 

Koskinas et al43 
Greece 2000-

2006 
Multi-
centre 

40 All ALF 5 95 70 37 45 - - 43 - - 

Fabrega et al22 
Spain 

2000-
2010 

Single-
centre 

17 All ALF 6 94 65 45 65   35   

Reddy et al44 
USA 

2000-
2013 

Database 617 
ALF listed 

for ELT 
28 92 68 39 64 36 74 23 24 - 

Canbay et al23 
Germany 

2002-
2008 

Single-
centre 134 All ALF 16 84 63 41 19 - - 19 - - 

Warrillow et al7 Australia & New 
Zealand 

2005-
2014 

Database 723 All ALF - - 60 50 - - - 39 - - 

Hadem et al32 
Germany 

2008-
2009 

Multi-
centre 

109 All ALF 9 91 63 46 47 - - 28 - - 

Koch et al45 
USA 

2008-
2013 Database 386 ALI only 50 50 61 38 12 2 23 5 2 8 

Sugawara et al24 
Japan 2010 Multi-

centre 
220 All ALF <5* >95 - - 13 - - 47 - - 
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*combination of all drugs and toxins (specific agents not reported and may contain only a very small 
number or no paracetamol affected patients) 
†ELT not available 
‡Non-ELT patient mortality 
ˆliving donor ELT 
- not reported 
NA not applicable 
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Predictive criteria applied to acute liver failure patients in Australian and New 
Zealand 
 

Introduction 

Acute Liver Failure (ALF) is associated with a high mortality that varies according to the 

underlying aetiology, availability of emergency liver transplantation (ELT), and the ability to 

provide critical care support to sustain life and avoid or manage complications until either 

spontaneous liver regeneration or ELT occurs. During the 1980s and 1990s, it became 

apparent that ELT could save the lives of patients who would otherwise die from refractory 

acute liver failure.1 Since then, it has also become clear that many ALF patients may achieve 

ELT-free survival if critical care interventions can bridge them through the initial phase of 

extreme critical illness. It is possible that some patients who were previously saved with ELT 

may now achieve spontaneous recovery as they can be sustained for longer periods with 

improved intensive care support.2 This is most likely in the setting of aetiologies that involve a 

single insult occurring as a discrete time point that does not then cause persisting liver injury. 

Examples of this pattern are typically ‘hyperacute’ and include ALF from paracetamol 

overdose, many instances of acute hepatitis A virus and acute fatty liver of pregnancy, where 

ELT-free survival is the most common outcome. These cases contrast markedly with 

aetiologies where there is persisting and occasionally relentless liver damage over time, 

usually in the form of a ‘subacute’ presentation. Survival without ELT occurs in less than half 

of such cases, with example of this latter pattern including Wilson’s disease, idiosyncratic drug 

reactions and some cases of autoimmune hepatitis. 

 

ALF is a rare disorder and clinical decision making is challenging. When managing a patient 

with ALF, no decision is of greater consequence that the decision to proceed or not to proceed 

with ELT. Wherever possible, ELT should be provided to eligible patients in whom it is highly 

certain that survival is not otherwise possible. By way of corollary, it is also extremely important 

that ELT is avoided in patients for whom spontaneous liver regeneration is likely and can 
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ultimately be discharged from hospital with their own regenerated liver rather than a 

transplanted organ. Obviously undesirable outcomes include the death of a patient who would 

likely have survived through a timely transplant or the transplantation of a patient who would 

have been likely to survive through the provision supportive care alone. Organs for 

transplantation are a rare and precious resource and there is a considerable opportunity cost 

to another potential recipient where a graft is utilised unnecessarily in an ALF patient. A lifetime 

of immunosuppressive therapy and associated complications is far better than the alternative 

for a patient destined to die for want of a transplant, however it is a highly unfortunate outcome 

for a patient who might have otherwise survived without transplantation. To further complicate 

the decision-making process is the often time-pressured nature of the assessment and a 

requirement to proceed with a chosen pathway under circumstances of considerable urgency. 

Deciding too early risks not being properly certain of the likely outcome, whilst deciding too 

late may result in a patient who is too sick with refractory multiple organ failure and/or 

overwhelming sepsis and cannot be supported through the rigors of major surgery.3 To 

underscore the high stakes involved, survival after timely ELT is over 80% but falls to less 

than half of this in cases where the procedure is delayed.4 

 

Given these challenges and to support consistency in decision making there have been 

numerous attempts to develop prognostic criteria to assist clinicians in the determination of 

who should undergo an ELT to prevent death from ALF, from those who are likely to recover 

with high level supportive care alone. The most widely used approaches are the Kings College 

Criteria (KCC),5 the Clichy criteria6,7 and the Model for End-Stage Liver Disease (MELD).8 A 

multinational survey from 2016 found that KCC were used in 86% of participating centres and 

all of the high-volume liver transplant centres.9 In 46% of centres, the KCC were the only 

criteria used, whilst others applied them in conjunction with other models such as the Clichy 

criteria. Notably, the Clichy criteria were seldom used in isolation. The same survey found that 

half of all patients fulfilled criteria for ELT, with three-quarters of these then proceeding to ELT. 
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Transplanted patients survived to hospital discharge in 90% of cases. Nearly two-thirds of 

those who satisfy the criteria for ELT but were not transplanted died. This contrasts with nearly 

three-quarters of those not meeting criteria achieving ELT-free survival. 

 

A 2012 review of prediction models in ALF identified the most common indicators utilised in 

criteria as bilirubin concentration, patient age, grade of hepatic encephalopathy, prothrombin 

time, serum creatinine, sex and ALT levels.10 Variables identified as correlating with outcome 

in ALF are summarised in Table 1 and the indicators utilised in the most common ELT 

prognostic criteria are compared in Table 2. 

 

Apart from the selection of variables that are included, there are several different approaches 

to the development of prognostic criteria in ALF. In broad terms, prediction models may be 

classified as; 

• those purpose designed for ALF (e.g. KCC or BiLE), 

• those using biomarkers, imaging, biopsy results or function assessments, 

• those adapted from chronic liver disease (e.g. MELD), 

• and those designed to predict outcome in a general ICU patient population and have 

been subsequently evaluated specifically with regard to their application in ALF (e.g. 

APACHE II, APACHE III and SOFA). 

 

It has been noted that many of the studies involved less than 100 patients, that most are single 

centre, that validation and calibration are infrequent and that deficiencies in statistical 

modelling and reporting are common.10 

 

The applicability and usefulness of various predictive criteria have been questioned in the 

context of Australian practice. The predictive value of early and post-resuscitation lactate 

concentrations have not been borne out in Australian ALF patients,11 and shortcomings have 
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been described with regard to the KCC, whilst the current UK Registration Criteria for Super-

Urgent Liver Transplantation (UKRC) for super-urgent ELT performed somewhat better.12 How 

these criteria and several others perform in liver transplant capable ICUs more broadly across 

Australia and New Zealand (ANZ) has not been evaluated. It was hypothesised that there 

would be considerable variation in the predictive capabilities of the criteria evaluated and that 

none would perform to a standard that would permit clinicians to rely solely on them for clinical 

decision making. 

 

Methods 

All six intensive care units based at adult liver transplant hospitals across Australia and New 

Zealand were invited to submit non-identifiable data using a standardised collection tool for 

ten or more patients with confirmed ALF and coded as APACHE 301.01. The six hospitals 

were: Austin Health (Melbourne, Australia), Sir Charles Gairdner (Perth, Australia), Royal 

Prince Alfred (Sydney, Australia), Flinders Medical Centre (Adelaide, Australia), Princess 

Alexandra (Brisbane, Australia) and Auckland City Hospital (Auckland, New Zealand). All are 

university affiliated academic teaching hospitals that provide a state-wide (or nation-wide in 

the case of New Zealand) liver transplant service. Information for each patient was obtained 

from the patient’s clinical record and only included data that was routinely documented as part 

of usual patient care. Local requirements governing the collection and collaborative sharing of 

de-identified clinical data for research purposes were adhered to at each participating site.  

 

Variables collected included gender, age, comorbidities, cause of ALF, illness severity score, 

biochemical and haematological test results, interventions, blood product utilisation, length of 

ICU stay and patient outcomes including death and ELT. Data for interventions, vital signs 

and investigations was collected at the time of ICU admission, six hours after admission, 

twelve hours after admission, twenty-four hours after admission and then every day for one 

week. A sample size of approximately sixty patients was decided upon on the basis of 
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convenience and feasibility. The selection of at least ten consecutive patients from each site, 

regardless of outcome or aetiology of ALF, was undertaken to achieve a representative 

sample of ALF presentations. Based on the data collected, it was possible to evaluate the 

following predictive criteria: 

• Kings College Criteria5 

• APACHE II13 

o using cut-off of 2014 

• APACHE III15 

o using cut-off of 9016 

• BiLE (Bilirubin, Lactate and Etiology) Score 

o using cut-off of 6.917 

• MELD (Model for End-stage Liver Disease- without sodium modification)8,18 

o Using cut-off of 3319 

• Early lactate 

o lactate >3.5 mmol/L at time of admission to ICU20 

• Late lactate 

o post-resuscitation lactate >3.0 mmol/L, 12-hours after admission to ICU20 

• UK Registration Criteria for Super-Urgent Liver Transplantation (UKRC)21 

 

All cut-off points were selected according to those found to be most discriminating for ALF 

outcomes in previous studies. A number of less commonly used criteria were not evaluated 

due to required components either not being part of routine clinical care for ALF patients in 

ANZ (e.g. Factor V is not routinely checked by most units), or not being collected as part of 

the original data collection process. Criteria that were therefore not evaluated included the 

Clichy criteria, ALFED,22 the Acute Liver Failure Study Group Index,23 the Scottish prediction 

model for ALF,24 the sequential organ failure assessment (SOFA),25 serum phosphate,26 the 

Japanese non-POD prognostic scoring model,27 ketone body ratio,28 alpha-fetoprotein29 and 

GC protein.30 
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The design and reporting of this study is aligned with the Strengthening the Reporting of 

Observational Studies in Epidemiology (STROBE) recommendations.31 

 

Statistical analysis 

Statistical analysis was performed using IBM SPSS statistics for Macintosh, version 25 (IBM 

Corporation, Armonk, NY, USA) and Microsoft Excel for Mac version 16.29.1 (19091700) 

(Microsoft Corporation, Redmond, Washington, USA). Categorical variables are presented as 

frequencies with percentages and were compared using Chi Square analysis or Fisher’s exact 

test where appropriate. Confidence intervals for sensitivity, specificity and accuracy are exact 

Clopper-Pearson confidence intervals, whilst the confidence intervals for the predictive values 

are the standard logit confidence intervals. A p-value of 0.05 or less was considered 

significant. 

 

Results 

Data was submitted for a total of 62 patients from across the six participating specialist liver 

ICUs and predictive criteria and scoring could be completed in nearly all patients for the eight 

sets of criteria. Patient characteristics and aetiology are summarised in Table 3. 

 

KCC 

The KCC status was determined in all 62 patients. Twenty-five patients did not fulfil the KCC, 

whilst 37 did. Of those who did not fulfil the KCC, 19 achieved ELT-free survival, whilst six did 

not. For those who did fulfil the criteria, 12 achieved ELT-free survival, whilst 25 did not (Table 

4). Overall, the KCC demonstrated a sensitivity of 0.81 (95% CI 0.67-0.95), a specificity of 

0.61 (95% CI 0.44-0.78), a PPV of 0.68 (95% CI 0.52-0.83), an NPV of 0.76 (95% CI0.59-

0.93) and accuracy of 0.71 (95% CI 0.58-0.82). Its performance for POD patients was similar, 

but with slightly better sensitivity and NPV, but worse PPV. Performance differed slightly for 

non-POD patients, with slightly lower sensitivity, but better sensitivity, and better PPV. An 
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important and notable consideration with regard to KCC is the potential for various critical care 

interventions to alter many of the variables used in the prediction model (especially INR, pH, 

and creatinine), which may alter the utility of this approach and may in part explain the 

suboptimal performance of the model in circumstances where early CRRT and use FFP are 

common. 

 

APACHE II 

The APACHE II score was available for 59 patients. Thirty-five patients had an APACHE II 

score of less than 20, whilst 24 had a higher score (Table 5). Of those in the group with a 

score less than twenty, 23 of them achieved ELT-free survival, while 12 did not. For patients 

in the higher group, 7 achieved ELT-free survival, whilst 17 did not. Overall, the APACHE II 

with a cut-off score of 20 demonstrated a sensitivity of 0.59 (95% CI 0.39-0.76), specificity of 

0.77 (95% CI 0.58-0.90), PPV of, 0.71 (95% CI 0.54-0.83), NPV of 0.66 (95% CI 0.54-0.75) 

and accuracy of 0.68 (95% CI0.54-0.79). For POD patients, it was more sensitive, with similar 

specificity, worse PPV and better NPV and accuracy. For non-POD patients, sensitivity was 

slightly worse, but specificity and PPV were better. 

 

APACHE III 

The APACHE III score was available for all 62 patients. Thirty-eight patients had a score of 

less than 90 and of these, 24 achieved ELT-free survival, whilst 14 did not (Table 6). Twenty-

four patients had a score of more than 90, with 7 achieving ELT-free survival and 17 not 

achieving this outcome. Overall, the sensitivity of APACHE III with a cut-off score of 90 was 

0.55 (95% CI 0.36-0.73), whilst sensitivity was 0.77 (95% CI 0.59-0.9), PPV was 0.71 (95% 

CI0.54-0.83), NPV was 0.63 (95% CI 0.53-0.73) and accuracy was 0.66 (95% CI 0.53-0.78). 

Sensitivity, specificity, NPV and accuracy were similar or better for POD patients, whilst PPV 

was somewhat worse. Specificity and PPV were better in non-POD patients, whilst sensitivity, 

NPV and accuracy were worse.  
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BiLE Score 

The BiLE score could be calculated in 60 patients. Overall, 29 patients had a BiLE score of 

less than 6.9, whilst 31 had a score that was higher (Table 7). Of those less than the 6.9 points 

cut off, 22 achieved ELT-free survival, whilst only 8 of the patients with a higher score survived 

in the absence of ELT. The overall sensitivity was 0.77 (95% CI 0.58-0.90), whilst specificity 

was 0.73 (95% CI 0.54-0.88), PPV was 0.74 (95% CI 0.61-0.84), NPV was 0.76 (95% CI 0.61-

0.86) and accuracy 0.75 (95% CI0.62-0.85). Between POD and non-POD patients, sensitivity, 

and accuracy were similar, while there was greater specificity and NPV in the POD group and 

higher PPV in the non-POD group. 

 

MELD Score 

The MELD score could be calculated in all 62 patients after conversion to the necessary units 

of measure for bilirubin and creatinine (Table 8). Twenty-six patients had a score of less than 

the cut-off of 33 and ELT-free survival occurred in 12. Thirty-six patients had a MELD score 

of 33 or more and 19 achieved ELT-free survival, whilst 17 required transplantation and/or 

died. Reflecting this, overall sensitivity was only 0.55 (95% CI 0.36-0.73) and specificity was 

only 0.39 (95% CI 0.22-0.58). The PPV and NPV were 0.47 (95% CI 0.37-0.58) and 0.46 (95% 

CI 0.32-0.61) respectively with an overall accuracy of 0.47 (95% CI 0.34-0.60). Performance 

in POD ALF patients was worse than non-POD patients. 

 

Early Lactate 

Arterial lactate results at the time of admission to ICU were available for 55 ALF patients. Of 

these, only 19 had a lactate result less than 3.0 mmol/L and 15 of them survived without ELT 

(Table 9). Forty patients had a lactate concentration of greater than 3.0 mmol/L and of these, 

15 achieved ELT-free survival. Whilst sensitivity was 0.83 (95% CI 0.65-0.94), specificity was 

poor, at 0.48 (95% CI 0.29-0.67), with PPV, NPV and accuracy being similar. Early lactate 

demonstrated good sensitivity in POD patients (1.00 (95%CI 0.66-1.00)), however specificity, 
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PPV and accuracy were poor. For non-POD patients, early lactate was better, with higher 

specificity, PPV and accuracy than was evident for POD-patients. 

 
Late lactate 

Arterial lactate results taken at twelve hours after admission to ICU were available for 55 

patients (Table 10). The result was less than 3.0 mmol/L in 15 patients, of whom 9 achieved 

ELT-free survival. Forty patients had an arterial lactate concentration of more than 3.0 mmol/L 

after twelve hours of ICU resuscitation and of these, 16 achieved ELT-free survival. Hence, 

the overall sensitivity was 0.8 (95% CI 0.61-0.92), however specificity was only 0.36 (95% CI 

0.18-0.57) and PPV, NPV and accuracy were all similar (Table 10). For POD patients, 

sensitivity and NPV were high, however PPV and accuracy were quite poor, whilst for non-

POD patients, PPV was high and other measures were lower. 

 

UKRC 

Data was available to enable assessment of 61 patients against the UK Registration Criteria 

for Super Urgent Emergency Liver Transplantation (UKRC) (Table 11). Overall, 23 patients 

did not meet the criteria and 18 of them achieved ELT-free survival. Of the 38 patients who 

did meet the criteria, only 12 achieved ELT-free survival. Overall, sensitivity was 0.84 (95% 

CI 0.66-0.95) and specificity was 0.60 (95% CI 0.41-0.77). PPV, NPV and accuracy were 0.68 

(95% CI 0.58-0.78), 0.78 (95% CI 0.61-0.89) and 0.72 (95% CI 0.59-0.83) respectively. 

Specificity and NPV were high for POD patients, but somewhat lower for non-POD patients, 

with overall accuracy similar across both groups. 

 

Comparisons between criteria 

Comparisons between scoring systems across all 62 ALF patients are summarised in Figures 

1a to 1e. All systems demonstrated considerable limitations, with trade-offs between 

sensitivity and specificity apparent for most. While KCC, BiLE, both lactate criteria and the 

UKRC all demonstrated sensitivity greater than 0.75 (Figure 1a), of these only BiLE had a 
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specificity of greater than 0.70 (Figure 1b), with the others all considerably less than this. BiLE 

also demonstrated the highest PPV (Figure 1c) and accuracy (Figure 1e) whilst its NPV that 

was also close to the highest (Figure 1d). 

 

Comparisons of criteria across only POD ALF patients are summarised in figures 2a to 2e. In 

terms of POD affected ALF patients, KCC, both lactate criteria and UKRC demonstrated very 

high sensitivity, whilst BiLE performed slightly less well in this regard (Figure 2a). However, 

specificity for both lactate criteria was poor, and BiLE was substantially better than KCC or 

UKRC (Figure 2b). None of the criteria had a high PPV, with MELD performing particularly 

poorly (Figure 2c). NPV was high for all criteria except MELD (Figure 2d), which was the 

lowest. In terms of accuracy (Figure 2e), BiLE performed better than others. 

 

Comparisons of criteria in only non-POD ALF patients are summarised in Figures 3a to 3e. 

KCC, BiLE, both lactate criteria and UKRC had similar sensitivity (Figure 3a), however 

specificity was less than 0.7 for all except KCC (Figure 3b). The PPV was high (Figure 3c) 

and NPV was fairly low (Figure 3d) for all criteria in non-POD patients, across. The early 

lactate criteria had the highest accuracy, followed by KCC, BiLE, late lactate and UKRC 

(Figure 3e). 

 

Discussion 

The commonly used diagnostic criteria to guide decision making with regard need for ELT in 

ALF patients vary considerably in their predictive capabilities. Whilst the KCC were amongst 

the better performing criteria, they suffered from only modest specificity. Both APACHE 

systems demonstrated reasonable specificity, but poor sensitivity across ALF both POD and 

non-POD ALF. The BiLE score was more effective and demonstrated similar or better 

capability than the KCC across different measures and aetiologies. MELD performed poorly 

across both POD and non-POD ALF patients and whilst both lactate criteria were quite 
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sensitive, specificity for each was poor. The UKRC demonstrated slightly improved 

performance over the original KCC for POD patients, whilst this was not evident for non-POD 

patients. 

 

These results are consistent with previous attempts to measure the performance of various 

criteria in settings different from where they were derived.6,10-12,20,25,26,32-42 In most instances, 

the ability to differentiate between those ALF patients who will die without ELT from those 

capable of ELT-free survival accurately using the various criteria is inconsistent across 

settings, even when efforts are made to adjust for aetiology and other factors. In that regard, 

these current findings are consistent with previous similar studies for the most part. 

 

Comparisons with previous studies 

 

KCC 

With regard to the KCC, we found it performed differently in a cohort of ANZ ALF patients than 

previous validation studies performed in the 1990s from the UK5,43, Europe6 and the USA34. In 

these studies, the PPV ranged from 0.73 to 0.84 in POD patients, which is higher than our 

finding of 0.47. For the same studies, the NPV for POD ALF varied between 0.71 and 0.86, 

whilst we found an NPV of 0.93. For non-POD ALF patients, the PPV varied from between 

0.68 and 0.98, such that our finding of a PPV of 0.89 is mid-range. These studies found an 

NPV for POD that varied widely, between 0.25 and 0.89, such that our finding of an NPV in 

this groups of 0.55 was also roughly in the middle of this range. A systematic review of KCC 

in POD ALF from 201044 evaluated 14 studies and reported a high pooled specificity of 0.95 

(95%CI 0.93-0.96), however the pooled sensitivity was only 0.58 (95% CI 0.53-0.63). More 

recently, a systematic review of 23 studies from 2016 reported a pooled sensitivity of 0.59 

(95% CI 0.56-0.61) and specificity of 0.79 (95% CI 0.77-0.82).42 The same review reported 

that for POD ALF, the sensitivity was 0.58 (95% CI 0.51-0.65) and specificity was 0.89 (95% 
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CI 0.85-0.93), whilst for non-POD patients the findings were almost identical for sensitivity, but 

specificity was less, at 0.74 (95% CI 0.69-0.78). On pooled analysis, change over time was 

evident, with specificity improving over time, and specificity becoming reduced when 

comparing pre-2002 studies with those performed after this date. An Australian single centre 

evaluation of the KCC in POD patients reported a sensitivity of 1.00 (95% CI 0.75-1.00) and 

a specificity of 0.43 (95% CI 0.29-0.58) for POD ALF, which are fairly similar to the current 

findings from ANZ patients. 

 

Our findings imply that especially for POD patients, the KCC may have a useful role in ANZ 

by virtue of its NPV, whereby patients who do not fulfil criteria are unlikely to die or require 

ELT. 

 

APACHE II and APACHE III 

APACHE II has been previously evaluated in POD ALF patients in a 2005 multicentre US 

study where a cut-off value of 20 demonstrated sensitivity of 0.68, specificity of 0.87, PPV of 

0.77, NPV of 0.81 and an accuracy of 0.80,14 which is similar to the findings from our ANZ 

POD ALF cohort where the same cut-off was used. In a subsequent  single centre evaluation 

of APACHE II in POD ALF,25 a cut-off value of 12 or more yielded a sensitivity of 0.67, 

specificity of 0.76, PPV 0.69 and NPV of 0.75, which are similar to our study which also used 

a cut-off of 20. 

 

APACHE III has been evaluated in a non-POD ALF population from a German single centre 

study where, using a cut-off of 90, sensitivity was 0.33, specificity was 0.98, the PPV was 

found to be 0.75 and the NPV was 0.89.16 Our findings using the same cut-off confirmed poor 

sensitivity, good specificity and a good positive predictive value, however we found NPV to be 

less than half the previously reported value. 
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BiLE score 

The original study in which the BiLE score was derived used a cut-off value of 6.9 to achieve 

a sensitivity of 0.79, specificity of 0.84, PPV of 0.89 and NPV 0.71 in an ALF group where 

POD was responsible for less than a third of cases.17 Our findings confirm similar sensitivity, 

PPV and NPV, however we found slightly lower specificity for the same cut-off across all ALF 

aetiologies. A subsequent British single centre evaluation of BiLE in an ALF cohort where 

more than half were due to POD used the same cut-off and found poorer performance with 

regard to sensitivity, which was only 0.55, and NPV, which was only 0.43, whilst specificity of 

0.89 and PPV of 0.93 were similar.45 

 

MELD 

MELD has been evaluated extensively in ALF. An Irish single centre evaluation of MELD in 

POD patients from 2006 used a cut off of 30 and found sensitivity of 0.97, a specificity of 0.66, 

PPV of 0.72 and NPV of 0.95, with an accuracy of 0.80.38 In a single centre Indian evaluation 

from 2007 with mainly viral ALF where a cut-off of 33 was used, reported findings included 

sensitivity 0.76, specificity 0.67, PPV 0.80, NPV 0.61 and accuracy of 0.72.19 Using the same 

cut-off, MELD demonstrated much poorer predictive performance in our ANZ cohort than 

reported in either of these studies. 

 

Lactate criteria 

Using the lactate at admission to ICU and after 12-hours of resuscitation, a large British centre 

reported prognostic utility in POD ALF.35 For early lactate of greater than 3.5 mmol/L they 

reported a sensitivity of 0.67, specificity of 0.95 and accuracy of 0.89, whilst for a 12-hour 

lactate of more than 3.0, the same values were 0.76, 0.97 and 0.93 respectively. A 2005 study 

also from a British transplant centre evaluated the same criteria in an a cohort of ALF patients, 

of whom two thirds were POD.20 For the early lactate criteria in POD patients, they reported a 

sensitivity of 0.73, specificity of 0.56, PPV of 0.38, NPV of 0.85 and accuracy of 0.61, whilst 
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for 12-hour lactate criteria, the same values were 0.87, 0.66, 0.48, 0.93 and 0.71 respectively. 

An Australian transplant centre assessed the same criteria in POD patients.11 For the early 

criteria, they reported sensitivity of 1.00, specificity of 0.48, PPV 0.36, NPV 1.00 and accuracy 

of 0.60, whilst for the late criteria, the values were 1.00, 0.38, 0.30, 1.00 and 0.52 respectively. 

We found similarly high sensitivity and low specificity in our cohort of POD ALF, confirming 

that these lactate criteria in isolation are of limited value in determining who to list for ELT.  

 

UKRC 

The UK Registration Criteria (UKRC) for super-urgent liver transplantation were recently 

evaluated in an Australian single centre POD ALF cohort.12 In this study, the UKRC sensitivity 

was 0.92 (95% CI 0.64-1.00) and specificity was 0.80 (95% CI 0.70-0.90). These results are 

similar to the current study in terms of sensitivity, whilst the specificity in the current ANZ 

cohort is somewhat lower. 

 

Strengths and weaknesses 

This study has several strengths. It is representative of ALF presentations to specialist liver 

centres across two countries and only includes patients with confirmed ALF. By collecting 

detailed data at many time-points, it was possible to describe patients in considerable detail 

and assess a total of eight different prognostic criteria. It is important to acknowledge that 

there are also several limitations of this study. The small size of the patient cohort limits the 

certainty of these findings. Given that ALF is a rare disorder however, the convenience-based 

sample size approximates the number of patients admitted to ICU with ALF across ANZ during 

the course of a year. Findings from similar previous studies that have evaluated these 

prognostic criteria have been quite heterogenous, with considerable variation in across 

different measures of diagnostic accuracy. Our results generally fall well within the range of 

those previously reported for each criteria, suggesting that they can be relied upon to the same 

extent. For those criteria that generate a continuous value or score (e.g. APACHE, MELD, 
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BiLE, lactate), no evaluation of different cut-off values was undertaken. Previous studies 

utilising approaches such as the receiver operator characteristic curve analysis have found 

that using different cut-off values from those originally described in the derivation cohort may 

improve performance when applied in another setting. Ideally, it would be better to minimise 

conversion of continuous measures into categorical criteria when designing future models so 

as to avoid such problems.  

 

Conclusions 

Judging the performance of the various criteria for ELT is strongly determined by whether 

positive or negative predictive accuracy is valued more highly. Preferencing positive predictive 

accuracy will ensure that ALF patients in need of a transplant will at least be listed for one 

(actually proceeding with transplantation is dependent on the availability of a suitable organ 

and patient background characteristics). A clear risk, however, is that some of these patients 

will be transplanted unnecessarily. This error is difficult to detect in clinical practice as for those 

who survive with ELT, it is not possible to know with certainty whether they survived because 

of the transplant. Prioritising negative predictive accuracy reduces the risk of unnecessary 

ELT which benefits patients who, despite being critically ill, are capable of spontaneous 

recovery with supportive care alone and avoid an unnecessary organ transplant with its 

attendant life-long health consequences. An additional benefit is that organs remain available 

for transplantation into other patients, such as those with end stage cirrhosis in whom 

spontaneous hepatic regeneration will most certainly not occur. Errors made with this 

approach will directly impact on individual patients however, as some may die through missing 

the opportunity to receive an ELT that would have likely saved their life. 

 

These current findings reinforce the recommendations made in most international ALF 

management guidelines; that none of the currently available prognostic criteria demonstrate 

sufficient accuracy to be the sole determinant of whether to proceed with ELT.46,47 Our findings 
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suggest that lactate criteria, APACHE criteria and MELD are not suitable for use in ANZ with 

the cut-off values used in our evaluation. The KCC, BiLE and UKRC might have utility as 

flagging high risk for a poor outcome in individual patients who should then be regularly 

reviewed by experienced clinicians to evaluate response to treatment and assess their overall 

trajectory so as to best whether it is necessary to proceed with ELT. In future, the development 

of improved prognostic criteria for ALF may be best achieved through a combination of 

dynamic and functional assessments that employ continuous variables rather approaches 

which are static and / or essentially categorical in their approach. Even with better prognostic 

tools however, for the foreseeable future it seems likely that clinical experience and expert 

judgement will remain the most important means for deciding on important aspects of clinical 

management. 
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Table 1. Variables that correlate with acute liver failure outcome 

Category Variable 
Demographic • Age 

• Aetiology 
 

Clinical • Hepatic encephalopathy grade 
• Time from jaundice to onset of hepatic encephalopathy 
• Cerebral oedema 
• Need for intensive care supports 

o Mechanical ventilation 
o Vasopressor support 
o Renal Replacement Therapy 

 
Illness Severity • APACHE II 

• APACHE III 
• SOFA 

 
Biochemical • Bilirubin 

• Creatinine 
• pH 
• Lactate 
• Phosphate 
• Ketone body ratio 

 
Haematological • International normalised ratio 

• Prothrombin time 
• Factor V 
• Platelet count 

 
Biomarkers • GC globulin 

• M30 
• Alpha Fetoprotein 

 
Functional • 13C-methacetin test 
Radiological • Hepatic artery resistance index on doppler US 

• Estimated liver volume on CT 
 

Morphological • Necrosis on liver biopsy 

APACHE= Acute Physiology, Age, Chronic Health Evaluation 
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Table 2. Variables utilised in Acute Liver Failure Scoring Systems 

Variable 
KCC 
non-
POD 

KCC for 
POD MELD APACHE 

II 
APACHE 

III 
BiLE 
score 

UKRC 
non-POD 

UKRC 
POD 

Early 
and late 
lactate 
criteria 

Age ✓   ✓ ✓  ✓   

Aetiology ✓     ✓ ✓   

HE Grade  ✓  ✓ ✓   ✓  

Arterial pH  ✓  ✓ ✓   ✓  

Time to onset of HE ✓      ✓   

Factor V          

INR or PT ✓ ✓ ✓    ✓ ✓  

Serum creatinine  ✓ ✓ ✓ ✓   ✓  

Serum bilirubin ✓  ✓  ✓ ✓ ✓   

Serum electrolytes    ✓ ✓     

White cell count    ✓ ✓     

Haematocrit          

Vital signs    ✓ ✓     

Oxygenation    ✓ ✓     

Albumin     ✓     

Urea     ✓     

Glucose     ✓     

Lactate      ✓  ✓ ✓ 

 

KCC= Kings College Criteria, POD= paracetamol overdose, MELD= model for end-stage liver disease, APACHE= acute 
physiology and chronic health evaluation, BiLE= bilirubin, lactate and etiology score, UKRC= UK Registration Criteria for Super 
Urgent Liver Transplantation, HE= hepatic encephalopathy, INR=international normalised ratio, PT=prothrombin time, Vital 
signs= blood pressure, heart rate, temperature, respiratory rate 
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Table 3. Acute Liver Failure patient characteristics and aetiology 

Characteristic All ALF patients 
(n=62) 

Patient Characteristics  
Age 37 [28-47] 
Female 58% (36) 
Aetiology of ALF  
Paracetamol overdose (POD) 53% (33) 
HBV new acquisition 10% (6) 
HBV flare of chronic 3% (2) 
Non-paracetamol drugs† 8% (5) 
Amanita poisoning 5% (3) 
HLH syndrome 3% (2) 
BCS 2% (1) 
AFLP 2% (1) 
Iatrogenic PV injury 2% (1) 
Leptospirosis 2% (1) 
Cryptogenic 11% (7) 

 

Data presented as median [interquartile range] and % (n) 

 
ALF= acute liver failure. HBV = hepatitis B virus, HT = hypertension, IHD = ischemic heart disease, 
HCV = hepatitis C virus, ELT = emergency liver transplantation, OD = overdose, HLH = 
hemophagocytic lymphohistiocytosis, BCS = Budd-Chiari Syndrome, AFLP = acute fatty liver of 
pregnancy, PV = portal vein, KCC= Kings College Criteria, APACHE III= Acute Physiology and 
Chronic Health Evaluation III, ELT= emergency liver transplant 
 
†Drugs involved include: buprenorphine, agomelatine, infliximab, methylenedioxymethamphetamine 
(‘ecstasy’ or MDMA) and methamphetamines. 
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Figure 1a. Sensitivity for prognostic criteria for ALF- all patients 

 

Error bars indicate 95% CI 
KCC=Kings College Criteria, APACHE= Acute Physiology and Chronic Health Evaluation, BiLE=Bilirubin, Lactate 
and Etiology Score, MELD=model for end stage liver disease, UK= UK Registration Criteria for Super Urgent 
Emergency Liver Transplantation 
 
Figure 1b. Specificity for prognostic criteria for ALF- all patients 

 

Error bars indicate 95% CI 
KCC=Kings College Criteria, APACHE= Acute Physiology and Chronic Health Evaluation, BiLE=Bilirubin, Lactate 
and Etiology Score, MELD=model for end stage liver disease, UK= UK Registration Criteria for Super Urgent 
Emergency Liver Transplantation 
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Figure 1c. Positive Predictive Value for prognostic criteria for ALF- all patients 

 

Error bars indicate 95% CI 
KCC=Kings College Criteria, APACHE= Acute Physiology and Chronic Health Evaluation, BiLE=Bilirubin, Lactate 
and Etiology Score, MELD=model for end stage liver disease, UK= UK Registration Criteria for Super Urgent 
Emergency Liver Transplantation 
 
Figure 1d. Negative Predictive Value for prognostic criteria for ALF- all patients 

 

Error bars indicate 95% CI 
KCC=Kings College Criteria, APACHE= Acute Physiology and Chronic Health Evaluation, BiLE=Bilirubin, Lactate 
and Etiology Score, MELD=model for end stage liver disease, UK= UK Registration Criteria for Super Urgent 
Emergency Liver Transplantation 
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Figure 1e. Accuracy for prognostic criteria for ALF- all patients 

 

Error bars indicate 95% CI 
KCC=Kings College Criteria, APACHE= Acute Physiology and Chronic Health Evaluation, BiLE=Bilirubin, Lactate 
and Etiology Score, MELD=model for end stage liver disease, UK= UK Registration Criteria for Super Urgent 
Emergency Liver Transplantation 
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Figure 2a. Sensitivity for prognostic criteria for ALF- POD patients 

 

Error bars indicate 95% CI 
KCC=Kings College Criteria, APACHE= Acute Physiology and Chronic Health Evaluation, BiLE=Bilirubin, Lactate 
and Etiology Score, MELD=model for end stage liver disease, UK= UK Registration Criteria for Super Urgent 
Emergency Liver Transplantation 
 
Figure 2b. Specificity for prognostic criteria for ALF- POD patients 

 

Error bars indicate 95% CI 
KCC=Kings College Criteria, APACHE= Acute Physiology and Chronic Health Evaluation, BiLE=Bilirubin, Lactate 
and Etiology Score, MELD=model for end stage liver disease, UK= UK Registration Criteria for Super Urgent 
Emergency Liver Transplantation 
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Figure 2c. Positive Predictive Value for prognostic criteria for ALF- POD 
patients 

 

Error bars indicate 95% CI 
KCC=Kings College Criteria, APACHE= Acute Physiology and Chronic Health Evaluation, BiLE=Bilirubin, Lactate 
and Etiology Score, MELD=model for end stage liver disease, UK= UK Registration Criteria for Super Urgent 
Emergency Liver Transplantation 
 

Figure 2d. Negative Predictive Value for prognostic criteria for ALF- POD 
patients 

 

Error bars indicate 95% CI 
KCC=Kings College Criteria, APACHE= Acute Physiology and Chronic Health Evaluation, BiLE=Bilirubin, Lactate 
and Etiology Score, MELD=model for end stage liver disease, UK= UK Registration Criteria for Super Urgent 
Emergency Liver Transplantation 
 

  

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00

KCC APACHE II APACHE III BiLE MELD Early lactate Late lactate UK

PPV POD

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00

KCC APACHE II APACHE III BiLE MELD Early lactate Late lactate UK

NPV POD



281 

 

Figure 2e. Accuracy for prognostic criteria for ALF- POD patients 

 

Error bars indicate 95% CI 
KCC=Kings College Criteria, APACHE= Acute Physiology and Chronic Health Evaluation, BiLE=Bilirubin, Lactate 
and Etiology Score, MELD=model for end stage liver disease, UK= UK Registration Criteria for Super Urgent 
Emergency Liver Transplantation 
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Figure 3a. Sensitivity for prognostic criteria for ALF- non-POD patients 

 

Error bars indicate 95% CI 
KCC=Kings College Criteria, APACHE= Acute Physiology and Chronic Health Evaluation, BiLE=Bilirubin, Lactate 
and Etiology Score, MELD=model for end stage liver disease, UK= UK Registration Criteria for Super Urgent 
Emergency Liver Transplantation 
 

Figure 3b. Specificity for prognostic criteria for ALF- non-POD patients 

 

Error bars indicate 95% CI 
KCC=Kings College Criteria, APACHE= Acute Physiology and Chronic Health Evaluation, BiLE=Bilirubin, Lactate 
and Etiology Score, MELD=model for end stage liver disease, UK= UK Registration Criteria for Super Urgent 
Emergency Liver Transplantation 
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Figure 3c. Positive Predictive Value for prognostic criteria for ALF- non-POD 
patients 

 

Error bars indicate 95% CI 
KCC=Kings College Criteria, APACHE= Acute Physiology and Chronic Health Evaluation, BiLE=Bilirubin, Lactate 
and Etiology Score, MELD=model for end stage liver disease, UK= UK Registration Criteria for Super Urgent 
Emergency Liver Transplantation 
 

Figure 3d. Negative Predictive Value for prognostic criteria for ALF- non-POD 
patients 

 

Error bars indicate 95% CI 
KCC=Kings College Criteria, APACHE= Acute Physiology and Chronic Health Evaluation, BiLE=Bilirubin, Lactate 
and Etiology Score, MELD=model for end stage liver disease, UK= UK Registration Criteria for Super Urgent 
Emergency Liver Transplantation 
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Figure 3e. Accuracy for prognostic criteria for ALF- non-POD patients 

 

Error bars indicate 95% CI 
KCC=Kings College Criteria, APACHE= Acute Physiology and Chronic Health Evaluation, BiLE=Bilirubin, Lactate 
and Etiology Score, MELD=model for end stage liver disease, UK= UK Registration Criteria for Super Urgent 
Emergency Liver Transplantation 
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Abstract 

Background and Aims 

To study the management of coagulation and hematological derangements among severe 

acute liver failure (ALF) patients in Australia and New Zealand (ANZ) liver transplant Intensive 

Care Units (ICUs). 

 

Methods 

Analysis of key baseline characteristics, etiology, coagulation and hematological tests, use of 

blood products, thrombotic complications and clinical outcomes during the first ICU week. 

 

Results 

We studied 62 ALF patients. The first day median peak INR was 5.5 (IQR 3.8-8.7), median 

longest aPTT was 62 seconds (IQR 44-87) and median lowest fibrinogen was 1.1 (IQR 0.8-

1.6) g/L. Fibrinogen was only measured in 85% of patients, which was less than other tests 

(p<0.0001). Median initial lowest platelet count was 83 (IQR 41-122) x 109/L. Overall, 58% of 

patients received fresh frozen plasma, 40% cryoprecipitate, 35% platelets and 15% 

prothrombin complex concentrate. Patients with bleeding complications (19%) had more 

severe overall hypofibrinogenemia and thrombocytopenia. Thrombotic complications were 

less common (10% of patients), were not associated with consistent patterns of abnormal 

hemostasis, were not immediately preceded by clotting factor administration and half occurred 

only after liver transplantation surgery. 

 

Conclusion 

In ALF patients admitted to dedicated ANZ ICUs, fibrinogen was measured less frequently 

than other coagulation parameters but, together with platelets, appeared more relevant to 

bleeding risk. Blood products and pro-coagulant factors were administered to most patients at 

variable levels of hemostatic derangement, and bleeding complications were more common 
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than thrombotic complications. This epidemiologic information and practice variability provide 

baseline data for the design and powering of interventional studies. 

 

Key words 

Acute liver failure, coagulopathy, bleeding, thrombosis, encephalopathy emergency liver 

transplant 
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Introduction 

Acute liver failure (ALF) leading to ICU admission carries a high mortality1 and more than half 

of all cases in ANZ are due to paracetamol overdose (POD)2. Regardless of etiology, loss of 

liver function results in a characteristic pattern of illness, including abnormal measures of 

hemostasis that are the hallmarks of ALF3. These include elevation of the international 

normalized ratio (INR) or prolongation of the prothrombin time4, with such changes often being 

a focus of treatment5. Despite being a defining characteristic of ALF, little is known about how 

changes in INR and other common tests of hemostasis change over time and relate to 

outcome and bleeding complications, or how clinicians respond by administering clotting 

factors of blood products and how such administration affects the risk of thrombosis.6,7 

 

Accordingly, we conducted an exploratory evaluation of hemostatic abnormalities and their 

current ICU management in ANZ. We hypothesized that different markers of hemostasis might 

be variably monitored and yet may be associated with higher risk of bleeding complications. 

We further hypothesized that there would be complex patterns of blood product and clotting 

factor utilization with considerable practice variation. Finally, we hypothesized that bleeding 

complications would be more common than thrombotic complications.  

 

Methods 

Study design 

As previously described2, all adult liver transplant ICUs in ANZ hospitals were invited to submit 

detailed de-identified retrospective clinical data relating to adult patients admitted to ICU with 

ALF over a four year period concluding at the end of 2016, using a standardized collection 

tool. Local requirements governing data sharing were adhered to at each site. Austin Health 

Ethics committee approval was obtained (LNR/14/Austin/676) and, depending on local 

requirements, either a Memorandum of Understanding (MoU), or a Clinical Trials Research 

Agreement (CTRA) was implemented. 
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Information for each patient was obtained from the clinical record and only included routinely 

documented usual patient care related data. Each ICU submitted ten or more consecutive 

patients coded as ALF (APACHE III diagnostic code 301.01), with onset of overt liver failure 

over a period of less than eight weeks in the absence of known pre-existing liver disease.  

 

Variables collected included background characteristics, cause of ALF, illness severity, 

components of the Kings College Criteria (KCC), pathology test results, interventions, blood 

product utilization and key outcomes. Data were collected at ICU admission, 6, 12, and 24 

hours after admission and then every day for one week. A sample size of approximately 60 

patients was deemed sufficient on the basis of convenience and feasibility. The selection of 

at least ten consecutive patients from each site, regardless of outcome or etiology of ALF, was 

undertaken to achieve balanced representation across the region. Bleeding episodes were 

defined as documented instances of any hemorrhage requiring intervention or specific imaging 

with or without a subsequent blood transfusion. Thrombotic complications evaluated for 

included any venous thrombosis (including portal vein thrombosis), pulmonary embolism, 

acute myocardial infarction, ischemic stroke and any arterial thrombosis. To assess the 

relationship between bleeding complications and hemostatic parameters, two exploratory 

models were developed. The first model evaluated differences between hemostatic 

parameters recorded at around the time of bleeding versus those from the same patient 

documented at a randomly selected, temporally distant period without documented active 

bleeding. The second model, at a similar length of time from ICU admission, compared 

hemostatic parameters from around the time of a bleeding episode in those patients who bled 

to those in matched patients who did not (matching was according to age (± 5 years), ALF 

etiology and KCC status). A similar approach was also used to explore the relationship 

between thrombotic complications and hemostatic parameters. The design and reporting of 
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this study was aligned with the Strengthening the Reporting of Observational Studies in 

Epidemiology (STROBE) recommendations8. 

 

Statistical analysis 

Statistical analysis was performed using IBM SPSS statistics for Macintosh, version 25 (IBM 

Corporation, Armonk, NY, USA). All assessments and comparisons relate to data collected in 

the first week in ICU. Continuous variables are expressed as medians with inter-quartile range 

(IQR), whilst categorical variables as frequencies with percentages. Continuous data were 

compared using the Mann-Whitney test. Categorical data were compared using Chi Square 

or Fisher’s exact test as appropriate. The Wilcoxon signed-rank test was used for comparisons 

of tests taken at different times in the same patients and matched patients for the exploratory 

model. Longitudinal data was assessed for normality and log-transformed where appropriate. 

Differences between groups over time were analyzed using repeat measures analysis of 

variance fitting main effects for group, time and an interaction between group and time to 

determine if groups behaved differently over time. These results are present as means with 

standard error or as geometric means with 95% confidence interval (95%CI) in accordance 

with the underlying distribution of the data. To correct for multiplicity of comparisons, a two-

sided p-value of <0.01 was used to indicate statistical significance. 

 

Results 

Patient characteristics, etiology of ALF and clinical outcomes 

We studied 62 ALF patients (see supplementary appendix Table 1). Just over half of cases 

were due to POD, 60% fulfilled King’s College Criteria (KCC) for transplantation and 20% 

overall underwent emergency liver transplantation (ELT). Nearly a third of patients died, with 

all deaths occurring in the ICU. Only half achieved ELT-free survival. 

 

Intensity of testing of coagulation and hematological variables 



292 

 

Coagulation and hematological variables were monitored in most patients at the defined times 

(Table 1). However, fibrinogen, was measured less often than INR (p<0.0001) and was not 

checked at all in 9 (15%) patients. 

 

International Normalized Ratio (INR) 

The INR was elevated on admission in every patient (Figure. 1). The mean initial peak INR 

was 5.5 (IQR 3.8-8.7) with no difference between patients with or without subsequent bleeding 

complications. During the remaining week of ICU management, patients with a bleeding 

episode had an overall mean INR of 3.0 (95% CI 2.3-3.7) compared with 2.3 (95% CI 2.0-2.5) 

for those without bleeding (p=0.02) (supplementary appendix Figure 1). 

 

Activated Partial Thromboplastin Time (aPTT) 

Overall, 47 (76%) patients had a prolonged aPTT on day 1, with a mean longest aPTT of 62 

seconds (IQR 44-77). The aPTT shortened to within the normal range after this time, varying 

little thereafter (Figure 1). There was no overall significant difference in aPTT according to 

bleeding complications (supplementary appendix Figure 2). 

 

Fibrinogen 

At ICU admission, 77% of all fibrinogen results were abnormally low, with a median lowest 

initial concentration of 1.1g/L (IQR 0.8-1.6). The fibrinogen concentration remained 

persistently low throughout ICU admission (Figure 1). Compared with patients without a 

bleeding episode those with a bleeding complication had worse overall hypofibrinogenemia in 

ICU (mean 1.1 g/L (95% CI 0.8-1.4) versus 1.8g/L (95% CI 1.6-2.0); p=0.0004) (Figure 2).  

 

Platelet count 

The median initial lowest platelet count was 83x 109/L (IQR 41-122) and 53 (85%) patients 

had thrombocytopenia. The median platelet count decreased over the next two days and then 
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stabilized (Figure 1). Patients who experienced an episode of bleeding had a significantly 

lower nadir count on day one (Table 2) and more severe thrombocytopenia overall whilst in 

ICU (mean 44 x 109/L (95%CI 32-60) versus 89 x 109/L (95%CI 76-105); p<0.0001) (Figure. 

3). 

 

Blood product use 

Fresh Frozen Plasma (FFP) 

Overall, 36 (58%) patients received FFP with 89% receiving their first dose on day one. Few 

patients received FFP after day three (supplementary appendix Figure 3). For FFP-treated 

patients, the median total dose was 5.5 units (IQR 4.0-10.0). The peak INR on day 1 for FFP-

treated patients was 5.7 (IQR 4.1-9.2) compared with 5.0 (IQR 3.4-7.0); p=0.21) for FFP-

untreated patients. Patients with a bleeding episode were more likely to receive FFP (Table 

2); however, 50% of patients without bleeding also received FFP.  

 

Cryoprecipitate (CRYO) 

Overall, 25 (40%) patients received cryoprecipitate (CRYO) with 76% receiving their first dose 

on day one. For CRYO-treated patients, the median total dose was 16 units (IQR 10-30 units). 

Their lowest fibrinogen on day one was 0.9 g/L (IQR 0.8-1.1) (supplementary appendix Figure 

4), compared with 1.2 g/L (IQR 0.8-1.6) for CRYO-untreated patients (p=0.001). Patients with 

a bleeding episode were more likely to receive CRYO (Table 2). However, 32% of patients 

without bleeding also received CRYO.  

 

Prothrombin Complex Concentrate (PCC) 

Only 9 (15%) patients received three factor PCC (four factor PCC is unavailable in ANZ). Eight 

received their first dose on day one and 71% of the overall amount was given by then. For 

PCC-treated patients, the median dose was 2500 units (IQR 2000-4000). The median peak 
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INR on day one for PCC-treated patients was 10.1 (IQR 5.4-10.7) vs. 5.1 (IQR 3.8-7.0) for 

untreated patients (p=0.02). All PCC-treated patients fulfilled KCC (24% (9/37); p=0.001). 

 

Recombinant Factor VII-activated (rFVIIa) 

Only 4 (6%) patients received recombinant Factor VII-activated (rFVIIa.) All were cared for in 

the same ICU and treatment occurred exclusively on day one, with a median total dose of 5.2 

mg (IQR 4.8-5.6). No patient experienced a bleeding episode or thrombotic complication, and 

none achieved ELT-free survival, with two dying and two surviving after ELT.  

 

Platelet transfusion 

Overall, 22 (35%) patients received at least one platelet transfusion, with 64% receiving their 

first transfusion on day one. For platelet-transfused patients, the median number of pooled 

bags (each bag containing four units) transfused during the first week was 2.5 (IQR 1-4). The 

median nadir platelet count on the first day for transfused patients was 44 x 109/L (IQR 35-96) 

(supplementary appendix Figure 5), versus 102 x 109/L (IQR 72-140), for non-transfused 

patients (p=0.004). Platelets were given for 11 of 12 bleeding episodes, with 76% of all 

administered platelet given at this time.  

 

Packed Red Blood Cells (PRBC) 

Overall, 29 (47%) patients received a blood transfusion, with a median amount of 3 units (IQR 

1-4 units). The median nadir hemoglobin concentration on day one for transfused patients was 

80g/L (IQR (40-141) versus 111 g/L (IQR 102-123) for non-transfused patients (p<0.001). 

Numerically, more KCC patients were transfused (59% versus 28%; p=0.02). Patients who 

bled were also more likely to be transfused (Table 2). 
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Bleeding complications 

Twelve patients had a bleeding complication (Table 2). These patients were younger and 

appeared more severely ill. The median time from ICU admission to the occurrence of the 

bleeding episode was 12 hours (IQR 6-161). Two patients received FFP at some point during 

the 24-hour period preceding the onset of their hemorrhage. Diffuse upper gastrointestinal 

oozing was the commonest form of bleeding (five patients). However, only one of these 

patients underwent endoscopic intervention. Bleeding from vascular access sites affected 

three patients, however, this was only associated with the actual line insertion procedure in 

one patient. None required specific interventions other than blood product administration. 

Bleeding occurred at the site of recent non-ELT related major surgery in two patients and 

necessitated further operative intervention, while one other patient had a spontaneous intra-

abdominal hemorrhage. Spontaneous intracranial bleeding occurred in two patients. No 

significant differences in the requirement for critical care supports was evident except for 

mechanical ventilation, which was used more often in patients with a documented bleeding 

episode (12/12 bleeding patients versus 35/50 non-bleeding patients; p=0.02). Management 

and outcome details are shown in supplementary appendix Table 2.  

 

In multivariable models, a longer recent aPTT and a lower platelet count were associated with 

bleeding episodes (supplementary appendix Table 3). 

 

Thrombotic complications 

Six patients had a thrombotic complication (Table 3). These patients were younger and 

appeared more severely ill. Three patients had a deep venous thrombosis (one associated 

with a peripherally inserted central catheter), one had superficial thrombophlebitis, one 

developed thrombosis-associated ischemic bowel, and one developed both portal vein and 

hepatic artery thrombosis (possibly related to heparin induced thrombocytopenia occurring 

after ELT). Only this last patient died as a result of their thrombotic complication. The median 
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time from ICU admission to thrombotic complication was 6.5 days (IQR 5-9). In three of the 

cases, the thrombotic complication occurred after ELT, with at least four days between surgery 

and the thrombosis in each instance. Only a single patient with a thrombotic complication 

actually received blood products in the preceding 48 hours (prior to development of a deep 

venous thrombosis in this case). Comparisons of clotting parameters was not informative 

(supplementary appendix Table 4).  

 

Discussion 

Key Findings 

In patients with severe ALF admitted to liver transplant ICUs in ANZ, we found that INR 

appeared to dominate coagulation monitoring and treatment, however, its association with 

bleeding was not significant. Low platelet counts and low fibrinogen concentrations were 

significantly associated with bleeding, however fibrinogen monitoring was significantly less 

frequent. Clotting factor use and blood product administration was common. However, unlike 

for other products, which differed in use according to clear derangements, the initial use of 

FFP did not. Bleeding occurred in less than a fifth of patients while thrombotic complications 

occurred in less than 10% and half occurred many days after ELT.  

 

Relationship to previous studies and current guidelines 

The dominant approach to hematological monitoring in ALF has been to focus on changes in 

INR or PT4,9-12. Our findings show this strategy has important limitations13,14,15; fibrinogen 

concentration and platelet count seems more relevant to the risk of bleeding. This insight into 

the relationship between fibrinogen and bleeding appears novel14,16-24 (see supplementary 

appendix Table 5). Furthermore, apart from one study that evaluated registry data25, almost 

all such previous studies were single center in nature, with numbers similar to ours and often 

focused on very specific hematological parameters. Consistent with our findings, such studies 

found that INR improved over a short period of time in ICU26 and that bleeding was neither 
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especially common nor clinically serious for the majority of patients25. In this regard, the 

pathophysiology of hemostasis in ALF is complex5 with preserved clotting capability17 and 

even hypercoagulability27 and, apart from case reports28, our study is only the second to 

systematically evaluate for thrombotic complications in patients with ALF. 

 

Our findings suggest a somewhat liberal use of FFP  despite lack of evidence29,30 or support 

by guidelines31-35. Unnecessary FFP administration is not without risk and its use may result 

in complications such as transfusion related acute lung injury, volume overload and even 

exacerbation of bleeding due to venous distension. 

 

The aPTT is a measure of the intrinsic pathway but its usefulness as an outcome predictive 

value has been questioned32,33. Our findings raise the possibility that the aPTT may warrant 

re-evaluation. Thrombocytopenia is clearly associated with a bleeding tendency in liver 

patients25,34,35. However, the association between hypofibrinogenemia and hemorrhage (as 

shown in our study) has not been previously described. Our findings suggest that monitoring 

fibrinogen concentrations and correcting very low levels may be desirable. PCC use was 

relatively uncommon in our study. In two small single center studies that evaluated a combined 

total of 33 ALF patients36,37, PCC administration was shown to improve hemostatic parameters 

with a low incidence of thrombotic complications. Given the theoretical prothrombotic risks of 

PCC37-39 and the limited data on safety for use in ALF, further evaluation is warranted40. 

Nonetheless, studies in liver transplantation suggest a favorable safety profile41-43 and our 

study also found no association with thrombosis. Descriptions of rFVIIa utilization in ALF 

patients have been reported in small retrospective single center observational studies16,44 

however its cost is high and its safety is unclear. In our cohort, use of rFVIIa was rare, but free 

of thrombotic complications. 
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Implications of study findings 

Our findings imply that routine hemostatic parameters focus on INR but that the platelet count 

and the less frequently measured fibrinogen concentration may be more relevant to bleeding 

risk. Our findings also imply that, on average, maintaining a fibrinogen concentration >1.5g/L 

and a platelet count >75 x 109/L (both at the lower 95% CI for non-bleeding patients during 

their ICU admission) might represent a reasonable balance between bleeding and thrombosis 

risk in ALF, especially if bleeding has already occurred. Whilst the minimum safe level of these 

parameters currently remains unknown, these values are similar to current guidelines for ALF 

patients with a bleeding complication45. Moreover, our findings imply that, in the absence of 

the impact of surgery (e.g. ELT), thrombosis risk is markedly less than bleeding risk and not 

apparently related to clotting factor therapy.  

 

Strengths and limitations 

Our study has several strengths. All liver transplantation ANZ ICUs contributed to this study, 

thus providing the first assessment of binational ANZ practice. Complete laboratory and 

clinically relevant data were obtained. All data were obtained by experienced clinical 

researchers from patient records at each center, using a consistent methodology to ensure 

reliability of approach. We found important variability and shortcomings in the monitoring of 

fibrinogen, an observation with likely practical clinical implications. Finally, we report data on 

thrombosis for the first time. 

 

We acknowledge some limitations. Although this study included ALF patients from every 

transplant unit in ANZ, only a relatively small number were evaluated. Some complications 

(such as thrombosis) affected only a small proportion of patients, limiting our analysis. 

However, ALF is uncommon, and our cohort is the largest of its type in the last 40 years and 

only the second ever to assess thrombotic events. The use of a convenience-based approach 

may have failed to provide an accurate overall representation of ALF patients. However, 
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contributing units identified ten or more consecutive patients based solely on each of them 

fulfilling the primary diagnosis of ALF at the time of admission to ICU, thus limiting selection 

bias. We used a medical record based, retrospective approach. The accuracy of clinical data 

and investigation results are sometimes uncertain and treating clinicians may make errors 

during the entry of information into the patient record. However, all patients were treated in 

major ICUs with processes for complex data collection. Additionally, all submitted data was 

carefully checked prior to analysis. Finally, we did not collect data on other potentially useful 

measures of hemostasis, such as individual clotting factor concentrations or results of 

thromboelastography. These measures of hemostasis are not currently in wide-spread routine 

use, but thromboelastography in particular may have considerable utility as a convenient point 

of care functional test of hemostasis. Further studies are required to establish its role in guiding 

the management of ALF. 

 

Conclusion 

This is the largest study of coagulation testing and management, bleeding complications, 

thrombotic complications and associated management for ALF in the last 40 years. We found 

that fibrinogen was measured less often than other parameters, that the INR had a modest 

and non-significant association with bleeding while platelet count and fibrinogen levels did, 

thus suggesting that avoidance of extreme thrombocytopenia and hyperfibrinogenemia is 

important. There was no clear association between clotting factor administration or hemostatic 

parameters and thrombotic complications, further suggesting that correcting low fibrinogen 

and platelet levels is likely safe. Overall, these findings provide considerable baseline 

information for the design and powering of interventional trials and by demonstrating 

considerable practice variation help identify what interventions fall within the range of current 

practice and, therefore, could be ethically compared.   
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Table 1. Intensity of coagulation and hematological testing during the first week in 
ICU 

 

Testing data collected at 0, 6, 12, 24 hours and then daily to a total of 7 days 
INR= international normalized ratio, aPTT= activated partial thromboplastin time 
†	comparisons with frequency of INR testing 

Parameter Tests performed/Test opportunities 
% 

tests 
performed 

p† 

INR 448/484 93% reference 
aPTT 447/484 92% 0.91 
Fibrinogen concentration 358/484 74% <0.0001 
Platelet count 454/484 94% 0.25 
Hemoglobin concentration 424/484 88% 0.01 
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Table 2. Clinical Characteristics of ALF patients with and without bleeding episodes 

Clinical Feature 
No-bleeding 

event 
Bleeding  

event p 
n=50 n=12 

Age (years) 39 [30-48] 29 [22-36] 0.04 
Female 30 (60%) 6 (50%) 0.53 
Paracetamol overdose 26 (52%) 7 (58%) 0.69 
APACHE III score 74 (54-96) 96 (74-121) 0.07 
KCC fulfilled 27 (54%) 10 (83%) 0.10 
First 24 hours in ICU    

Peak INR 5.6 [3.8-8.7] 5.2 [3.9-10.1] 0.87 
Peak aPTT (seconds) 63 [45-78] 65 [39-81] 0.88 
Nadir Fibrinogen (g/L) 1.2 [1.0-1.6] 0.8 [0.4-0.9] 0.005 
Nadir Platelet count (x109/L) 100 [69-130] 38 [20-61] <0.0001 
Day 2 to 7 in ICU    

INR peak 2.5 [1.7-4.1] 4.9 [2.3-7.6] 0.04 
aPTT peak (seconds) 47 [36-69] 41 [34-59] 0.26 
Fibrinogen nadir (g/L) 1.8 [0.9-2.4] 0.9 [0.7-1.3] 0.02 
Platelet count nadir (x109/L) 62 [43-98] 30 (21-43] 0.002 
Product and clotting factor use    

FFP    

number treated 25 (50%) 11 (92%) 0.01 
median amount (units) 4 [2.5-9] 9 [4-16] 0.07 

Cryoprecipitate    

number treated 16 (32%) 9 (75%) 0.01 
median amount (units) 11 [4-20] 34 [17-55] 0.005 

Platelets    

number treated 14 (28%) 8 (67%) 0.02 
median amount (pooled bags) 2 [1-3] 4.5 [1.8-8.8] 0.05 

Prothrombin Complex Concentrate    

number treated 5 (10%) 4 (33%) 0.06 
median amount (units) 2500 [20000-4750] 3750 [2375-7750] 0.32 

rFVIIa    

number treated 4 (8%) 0 (0%) 0.58 
dose (mg) 5.2 [4.8-5.6] - - 

Packed red blood cells    

number treated 18 (36%) 11 (92%) 0.001 
median amount (units) 2 [1-3] 4 [1-14] 0.07 

Outcomes    
ICU length of stay (hours) 106 [45-198] 218 [120-384] 0.01 
Hospital length of stay (days) 11 [4-19] 10 [5-18] 0.64 
ELT 22% (11) 17% (2) 0.52 
ELT free survival 27 (54%) 4 (33%) 0.20 

 
Data presented as n (%), median [IQR} 
 
APACHE III= acute physiology and chronic health evaluation III, KCC= Kings College Criteria, INR= international normalized 
ratio, aPTT= activated partial thromboplastin time, FFP= fresh frozen plasma, rFVIIa= recombinant factor VII activated, ELT= 
emergency liver transplant 
  



302 

 

Table 3. Characteristics of ALF patients with and without thrombotic complications 

Variable 
No thrombotic 
complication 

Thrombotic 
complication p 

n=56 n=6 

Age (years) 38 [30-49] 24 [20-34] 0.02 
Female 59% (33) 50% (3) 0.69 
Paracetamol overdose 54% (30) 50% (3) 1.00 
APACHE III Score 76 [56-102] 90 [58-118] 0.55 
KCC fulfillment 57% (32) 83% (5) 0.22 
First 24 hours in ICU 
Peak INR 5.6 [3.8-8.9] 5.2 [4.4-7.2] 0.89 
Nadir INR 2.7 [1.8-3.6] 2.5 [1.8-3.1] 0.79 
Peak aPTT (seconds) 63 [44-79] 56 [44-107] 0.95 
Nadir aPTT (seconds) 43 [36-55] 38 [35-43] 0.22 
Peak Fibrinogen (g/L) 1.8 [1.3-2.2] 2.0 [1.7-3.0] 0.27 
Nadir Fibrinogen (g/L) 1.1 [0.8-1.6] 1.0 [0.9-2.1] 0.98 
Peak Platelets count (x109/L) 131 [95-190] 139 [109-206] 0.69 
Nadir Platelets count (x109/L) 86 [43-128] 68 [39-91] 0.34 
Peak Hb (g/L) 124 [100-139] 105 [83-139] 0.30 
Nadir Hb (g/L) 102 [80-118] 81 [69-128] 0.35 
Day 2 to 7 in ICU    

Peak INR 2.5 [1.9-4.3] 5.9 [1.8-9.4] 0.17 
Nadir INR 1.4 [1.2-1.8] 1.4 [0.9-2.0] 0.41 
Peak aPTT (seconds) 45 [35-70] 65 [58-81] 0.04 
Nadir aPTT (seconds) 33 [29-42] 36 [23-41] 0.72 
Peak Fibrinogen (g/L) 2.0 [1.4-2.9] 2.6 [1.2-4.4] 0.61 
Nadir Fibrinogen (g/L) 1.5 [0.9-2.2] 1.6 [0.7-2.6] 0.99 
Peak Platelet count (x109/L) 95 [60-151] 78 [66-121] 0.46 
Nadir Platelet count (x109/L) 56 [33-96] 44 [32-53] 0.20 
Peak Hb (g/L) 101 [89-120] 89 [81-107] 0.16 
Nadir Hb (g/L) 85 [73-102] 71 [66-75] 0.45 
Clotting factor use    

FFP    
number treated 59% (33) 50% (3) 0.50 
median amount (units) 4 [3.5-9] 13 [12-14] 0.52 

Cryoprecipitate    
number treated 36% (20) 83% (5) 0.04 
median amount (units) 12 [5-22] 49 [25-58] 0.002 

Platelets    
number treated 30% (17) 83% (5) 0.02 
median amount (pooled bags) 2 [1-4] 4 [1-9] 0.01 

Prothrombin Complex Concentrate    
number treated 11% (6) 50% (3) 0.04 
median amount (units) 2250 [2000-2750] 7000 [4000-10000] 0.004 

rFVIIa    
number treated 7% (4) 0% (0) 0.66 
median amount (mg) 5.2 [4.8-5.6] - - 

Packed red blood cells    
number treated 43% (24) 83% (5) 0.07 
median amount (units) 3 [1-4] 4 [2-25] 0.03 

Complications and Outcomes    

Bleeding episode 16% (9) 50% (3) 0.08 
ICU length of stay (hours) 111 [47-215] 248 [141-616] 0.01 
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Hospital length of stay (days) 9 [4-17] 19 [10-35] 0.07 
ELT 18% (10) 50% (3) 0.10 
ELT-free survival 50% (28) 50% (3) 0.66 

 
Data presented as n (%) and median [IQR} 
 
APACHE III= acute physiology and chronic health evaluation III, KCC= Kings College Criteria, INR= international normalized 
ratio, aPTT= activated partial thromboplastin time, FFP= fresh frozen plasma, rFVIIa= recombinant factor VII activated, ELT= 
emergency liver transplant 
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Figure 1. Changes in hemostatic parameters over time in all ALF patients 

 

 
Geometric means of log transformed data 
Error bars indicate 95% CI (only positive or negative values displayed for upper and lower lines 
respectively to assist visual clarity) 
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Figure 2. Comparison of Fibrinogen concentration by bleeding episode status 

 

 

Geometric means of log transformed data 
Error bars indicate 95% CI 
p=0.0004 (value for overall differences between groups) 
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Figure 3. Comparison of platelet count by bleeding episode status 

 

 

Geometric means of log transformed data 
Error bars indicate 95% CI 
p<0.0001 (value for overall differences between groups) 
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Supplementary Table 1. Patient characteristics, etiology and outcomes of ALF 

Characteristic 
All ALF patients 

(n=62) 

Patient Characteristics  

Age 37 [28-47] 

Female 58% (36) 

Etiology of ALF  

Paracetamol overdose (POD) 53% (33) 

HBV new acquisition 10% (6) 

HBV flare of chronic 3% (2) 

Non-paracetamol drugs† 8% (5) 

Amanita poisoning 5% (3) 

HLH syndrome 3% (2) 

BCS 2% (1) 

AFLP 2% (1) 

Iatrogenic PV injury 2% (1) 

Leptospirosis 2% (1) 

Cryptogenic 11% (7) 

Illness Severity  

APACHE III score 77 [57-103] 

KCC Criteria fulfilled 60% (37) 

Patient Outcome  

Bleeding event 19% (12) 

ELT 21% (13) 

Died 31% (19) 

ELT-free survival 50% (31) 
 
Data presented as median [interquartile range] and % (n) 
 
HBV = hepatitis B virus, HT = hypertension, IHD = ischemic heart disease, HCV = hepatitis C virus, 
ELT = emergency liver transplantation, OD = overdose, HLH = hemophagocytic lymphohistiocytosis, 
BCS = Budd-Chiari Syndrome, AFLP = acute fatty liver of pregnancy, PV = portal vein, KCC= Kings 
College Criteria, APACHE III= Acute Physiology and Chronic Health Evaluation III, ELT= emergency 
liver transplant 
 
†Drugs involved include: buprenorphine, agomelatine, infliximab, methylenedioxymethamphetamine 
(‘ecstasy’ or MDMA) and methamphetamines.  
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Supplementary Figure 1. Comparison of international normalized ratio on basis of 
bleeding 

 

 
INR=international normalized ratio 
Geometric means of log transformed data 
Error bars indicate 95% CI 
p=0.02 (value for overall differences between groups) 
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Supplementary Figure 2. Comparison of activated partial thromboplastin time on 
basis of bleeding 

 

 
aPTT=activate partial thromboplastin time 
Geometric means of log transformed data 
Error bars indicate 95% CI 
p=0.15 (value for overall differences between groups) 
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Supplementary Figure 3. International Normalized Ratio and Fresh Frozen Plasma use 

 

 

FFP= fresh frozen plasma, INR= international normalized ratio 
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Supplementary Figure 4. Fibrinogen concentration and cryoprecipitate use 
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Supplementary Figure 5. Platelet count and platelet transfusion use 
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Supplementary Table 2. Details of twelve bleeding patients 

Five bleeding patients were investigated with a computerized tomography scan, two were 
evaluated with ultrasound and five had no imagining performed. All bleeding patients received 
blood products at the time of their bleeding episode (weekly total summarized in Table 3). At 
the time of bleeding, most (8/12) patients were managed with a combination of PRBC, FFP, 
cryoprecipitate and platelets, while a minority (3/12) of patients were managed with just a 
platelet transfusion with or without cryoprecipitate. A single patient received FFP, 
cryoprecipitate and PCC but no platelets. For those patients who died, bleeding was 
implicated as a direct contributing factor in only three patients (two ICH’s and one spontaneous 
intra-abdominal bleed). The hemostatic profile of both ICH patients was extremely deranged 
at the time of the event (INR of 7.6 and 15, aPTT of87 and 57 sec, fibrinogen of 0.2 and 0.6 
g/L and platelet count of 31 x109/L and 114 x109/L, respectively). For the other four patients 
who experienced a bleeding episode and subsequently died, a minimum of 62 hours elapsed 
between these events and none of them died in a manner directly attributed to hemorrhage. 
 

Details of bleeding patients 12 
Time from admission to documented bleeding episode (hours) median [IQR] 12 [6-161] 
Imaging modality to investigate bleeding  
None 5 
Ultrasound 2 
Computerised tomography 5 
Blood product combination administered in response to bleeding  
PRBC, FFP, cryoprecipitate, platelets 8 
Platelets +/- cryoprecipitate 3 
FFP, cryoprecipitate, PCC 1 
Characteristics of patients in whom bleeding was directly implicated as cause of 
death 

 

Spontaneous intracranial hemorrhage as initial bleeding episode 
(INR 7.6, aPTT 87 sec, fibrinogen 0.2 g/l, platelet count 31 x109/l) 

1 

Spontaneous intracranial hemorrhage as subsequent bleeding episode 
(INR 15.0, aPTT 57 sec, fibrinogen 0.6 g/l, platelet count 114 x109/l) 

1 

Spontaneous intra-abdominal hemorrhage 1 
Characteristics of patients in whom bleeding was not directly implicated as cause 
of death 

 

• Minimum time from bleeding event and death >62 hours 
• Death not attributable directly to bleeding event 

4 
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Supplementary Table 3. Hemostatic parameters in twelve bleeding patients at the time 
of documented hemorrhage, at a time without documented hemorrhage and 
compared to matched controls 

Hemostatic Parameter 
Patients with documented bleeding episode 

n=12 p† 

Matched to no bleeding 
episode patients 

(Age, POD status, KCC) 
n=11 

p‡ 

At time of bleed At time distant from bleed    

INR 3.0 [2.2-3.6] 2.5 [1.9-4.9] 0.12 1.7 [1.4-3.0] 0.08 

aPTT (seconds) 53 [46-63] 46 [35-53] 0.03 34 [32-44] 0.03 

Fibrinogen (g/L) 1.0 [0.7-1.8] 1.0 [0.8-1.5] 0.76 1.5 [1.2-1.9] 0.23 

Platelets x109/L 38 [25-52] 42 [48-52] 0.88 117 [64-128] 0.002 

Hemoglobin g/L 78 [74-81] 77 [74-82] 0.88 105 [95-123] 0.003 

 

INR= international normalized ratio, aPTT= activated partial thromboplastin time, POD= paracetamol overdose, KCC= Kings 
College Criteria 
Data presented as median [IQR] 
†bleeding patient as own control 
‡bleeding patient versus matched control 
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Supplementary Table 4. Hemostatic parameters in six patients with a thrombotic 
complication of at the time thrombosis occurred compared to parameters measured 
four days previously 

Hemostatic Parameter At time of thrombotic 
complication 

At time preceding thrombotic 
complication 

p 

INR 1.3 [1.0-1.8] 1.4 [1.0-1.8] 0.41 

aPTT (seconds) 54 [40-66] 35 [32-36] 0.27 

Fibrinogen (g/L) 2.8 [2.0-3.7] 3.5 [2.7-3.7] 1.00 

Platelet count x109/L 49 [45-67] 49 [34-65] 0.47 

Hemoglobin g/L 78 [77-80] 83 [80-88] 0.07 

 
INR= international normalized ratio, aPTT= activated partial thromboplastin time 
Data presented as median [IQR] 
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Supplementary Table 5. Studies of Hemostasis and Blood Product Utilization in Acute 
Liver Failure 
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Abstract 

Objective 

Hyperammonaemia contributes to complications in acute liver failure (ALF) and may 

be treated with continuous renal replacement therapy (CRRT), however current 

practice is poorly understood. 

 

Design 

We analyzed data for baseline characteristics, ammonia concentration, CRRT use, 

and outcomes in ALF. 

 

Setting 

All liver transplant ICUs across Australia and New Zealand. 

 

Participants 

ALF patients. 

 

Main Outcome Measures 

Impact on hyperammonaemia and patient outcomes. 

 

Results 

We studied 62 ALF patients. Median initial (first 24 hours) peak ammonia was 132 

µmol/L (IQR 91-172), creatinine was 165 µmol/L (IQR 92-263) and urea was 6.9 

mmol/L (IQR 3.1-12.0). Most (n=43; 69%) patients received CRRT within 6 hours (IQR 

2-12) of ICU admission. At CRRT commencement three quarters of such patients did 

not have stage 3 AKI: 10 (23%) patients had no KDIGO creatinine criteria for AKI; 12 

(28%) only had stage 1, and 10 (23%) had stage 2 AKI. Compared to non-CRRT 

patients, those treated with CRRT had higher ammonia concentrations (141 (IQR 102-
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198) vs 91 (54-115) µmol/L; p=0.02) but a nadir day one pH of only 7.25 (SD 0.16). 

Prevention of extreme hyperammonaemia (>140 µmol/L) after day one was achieved 

in 36 (84%) of CRRT-treated patients and was associated with transplant-free survival 

(55% versus 13%; p=0.05). 

 

Conclusions 

In ANZ ALF patients, CRRT is typically started early, before stage 3 AKI or severe 

acidaemia, and in the presence hyperammonaemia. In these more severely ill patients, 

CRRT use was associated with prevention of extreme hyperammonaemia, which in 

turn, was associated with increased transplant free survival. 
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Introduction 

Acute liver failure (ALF) is a rare but important cause of critical illness requiring 

admission to intensive care and carries a high mortality.1 Hyperammonaemia is an 

inevitable complication of ALF. In high concentrations, ammonia is neurotoxic and 

causes cerebral edema, leading to intracranial hypertension and neurological injury.2-

9 Repeat monitoring of ammonia has been suggested,3,10,11 but current management 

guidelines only advise measurement at admission to ICU and when enteral feeding is 

commenced. Crucially, they provide no guidance regarding its treatment.12,13 

 

Interest is growing in measuring and rapidly treating hyperammonaemia in ALF 

patients despite the lack of evidence to guide the best means to achieve its 

correction.14-16 In this regard, however, the early initiation of continuous renal 

replacement therapy (CRRT),15-18 may be a means to safely and effectively treat 

hyperammonaemia in ALF patients.2,15,16,18-23 Unfortunately, despite its potentially 

beneficial application in ALF, current CRRT guidelines do not specifically advocate its 

use in ALF unless acute kidney injury has also developed.  

 

Given the above considerations, in ALF patients treated in all ANZ liver transplant 

ICUs, we conducted an exploratory evaluation of CRRT utilisation and associated 

biochemical monitoring in response to hyperammonaemia.  Our primary hypothesis 

was that, in most ALF patients, CRRT initiation would occur early, prior to overt 

evidence of renal failure and in the presence of severe hyperammonaemia. We further 

hypothesised that such CRRT treatment would be associated with the correction or 

avoidance of extreme hyperammonaemia in most patients.  
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Method 

Study design 

As previously described,24 we invited all six adult liver transplant ICUs across ANZ to 

share de-identified clinical data relating to the last ten or more adult patients admitted 

with acute liver failure (APACHE III diagnostic code 301.01) using a standardised 

collection tool. Austin Hospital Human Research Ethics Committee (HREC) approval 

was obtained (LNR/14/Austin/676) and a Memoranda of Understanding or a Clinical 

Trials Research Agreement with local ethics committee oversight was implemented 

where required to enable sharing of de-identified data. 

 

Data collected included patient sex, age, comorbidities, aetiology of ALF, illness 

severity score, components of the Kings College Criteria (KCC), Kidney Disease 

Improving Global Outcomes Acute Kidney Injury (KDIGO AKI) stage, biochemical and 

haematological test results, critical care interventions, blood product utilisation and 

outcomes including emergency liver transplantation (ELT) and death. We obtained 

data for interventions and investigations occurring at the time of ICU admission, six 

hours, twelve hours, and twenty-four hours after admission and then every day for one 

week. A sample size of sixty patients was considered sufficient on the basis of 

convenience and feasibility and as representative of approximately one year of 

practice.1 The selection of at least ten consecutive patients from each site, regardless 

of outcome or aetiology of ALF, was undertaken to achieve a balanced and 

representative sample from all centres. Comparisons were made on the basis of CRRT 

utilisation and outcome measures. The design and reporting of this study is aligned 

with the Strengthening the Reporting of Observational Studies in Epidemiology 

(STROBE) recommendations.25 All organs used for ELT were donated from deceased 

donors who were not executed prisoners. 
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Statistical analysis 

Statistical analysis was performed using IBM SPSS statistics for Macintosh, version 

25 (IBM Corporation, Armonk, NY, USA). Continuous variables are expressed as 

medians with inter-quartile ranges (IQR) and categorical variables as frequencies with 

percentages. Continuous data were compared using Mann-Whitney test. Categorical 

data were compared using Chi Square or Fisher’s exact test as appropriate. The 

Kruskal-Wallis test was used to compare more than two ordinal variables between 

groups. Longitudinal data was assessed for normality and log-transformed where 

appropriate. Differences between groups over time were analyzed using repeat 

measures analysis of variance fitting main effects for group, time and an interaction 

between group and time to determine if groups behaved differently over time. Results 

are present as means ±standard errors or as geometric means (95%CI) in accordance 

with the underlying distribution of the data. A two-sided p-value of 0.05 was used to 

indicate statistical significance. 

 

Results 

Patient characteristics, aetiology of ALF and clinical outcomes 

We studied 62 ALF patients of whom 33 (53%) had paracetamol overdose (POD)-

related ALF, with the remaining cases due to a variety of causes (supplementary 

material Table 1).  

 

Baseline characteristics at the time of admission to ICU are summarised in Table 1. 

Patients were mostly young and female, with high illness severity and 37 (60%) fulfilled 

King’s College Criteria (KCC) for transplantation. 
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Use of CRRT 

The use of CRRT over the first week of ICU management is presented in Figure 1. 

Overall, a total of forty-three (69%) ALF patients received CRRT. Patients treated with 

CRRT had greater illness severity and more patients fulfilled KCC criteria. They had a 

significantly lower pH, higher lactate concentration, worse hypofibrinogenaemia, more 

severe anaemia and more severe hyperammonaemia. 

 

The median time from ICU admission to commencement of CRRT was 6 hours (2-12) 

and all except one patient started CRRT on the day of ICU admission. At CRRT 

initiation, 10 patients did not meet KDIGO creatinine criteria for AKI, 12 had stage 1, 

10 had stage 2 and only 11 (26%) patients had stage 3 AKI criteria. The median 

duration of CRRT therapy was 60 hours (33-129) and the most common modality was 

continuous veno-venous haemodiafiltration (CVVHDF), which used in 80% of CRRT 

treated patients. No patients were treated with intermittent haemodialysis.  

 

Consistent with greater illness severity, treatment with CRRT was associated with the 

provision of other advanced critical care interventions (supplementary material Figure 

1) and complications. Thus, 88% of CRRT patients versus 47% of non-CRRT patients 

were mechanically ventilated (p=0.001) and 81% versus 42% received vasopressor 

therapy (p=0.002). In addition, more CRRT patients experienced a bleeding episode 

and received a blood transfusion or were treated with cryoprecipitate (supplementary 

Table 2).  

 

Safety of early CRRT 

Haemostatic parameters at the time of catheter insertion are summarised in 

supplementary Table 3. Patients commencing CRRT had a more prolonged aPTT and 

slightly worse anaemia and FFP was used to a greater extent on the day of vascular 
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access insertion compared with non-CRRT patients (2 units (IQR 0-4.8) versus 0 units 

(IQR 0-2.5); p=0.04). Only one episode of catheter-related bleeding occurred close to 

the time of CRRT initiation, which required no intervention other than the administration 

of clotting factors. 

 

Dynamics of biochemical parameters and CRRT in acute liver failure 

Peak creatinine, (but not peak urea) concentration was higher in CRRT patients (Table 

1) and seven (16.3%) patients never had a serum creatinine above the upper limit of 

normal. However, the peak ammonia concentration on the first day was 55% higher 

than in non-CRRT patients (p=0.02) (Table 1). Despite such high levels and greater 

illness severity, ammonia concentrations in CRRT patients rapidly and significantly 

decreased over time and became similar to untreated patients. In contrast, untreated 

patients had no significant change over time.  

 

Over seven days of ICU management, the mean peak day one ammonia was reduced 

from 155 µmol/L (95%CI 103-234) to 71 µmol/L (95%CI 45-112) with CRRT, whilst in 

non-treated patients the change over this period was from 83 µmol/L (95% CI 40-171) 

to 72 µmol/L (95%CI 21-246) (Figure 2). In addition, 14 of the 62 ALF patients had a 

peak ammonia concentration greater than 140 µmol/L during the first twenty-four 

hours. However, these levels were rapidly reduced over a single day in 12 (92%) of 

patients. Moreover, amongst these severely hyperammonemic patients, eight (57%) 

had a pH >7.30. Finally, among patients with hyperammonaemia treated with CRRT, 

the mean nadir pH was 7.25 (SD 0.16) (Table 1). 

 

After the first ICU day, avoidance of any ammonia levels greater than 140 µmol/L was 

achieved in 36 (84%) CRRT patients. Eight patients in total had a documented 

ammonia concentration greater than 140 µmol/L at least once after the first day and 
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only one of them achieved ELT-free survival. This compares to ELT-free survival in 30 

of the 54 patients without episodes of extreme hyperammonaemia after day one 

(p=0.05). Other key biochemical and fluid balance data are summarised in 

supplementary material Figures 2-6. 

 

Outcomes on the basis of CRRT 

Clinical outcomes are summarised in supplementary material Table 4. Patients treated 

with CRRT had a longer ICU length of stay than non-CRRT patients, however hospital 

length of stay was not significantly different between the two groups. Utilisation of ELT 

in CRRT patients was not significantly greater; however, ICU mortality was nearly four 

times higher and ELT-free survival was nearly half that of patients not requiring CRRT. 

 

Discussion 

Key findings 

In our study of ALF patients treated in ANZ liver transplant ICUs, CRRT was started 

very early in the setting of hyperammonaemia, in the absence of stage 3 AKI, and in 

the overall absence of advanced acidaemia or any acidaemia in half of the patients 

and with a pH>7.3 in the majority of patients with extreme hyperammonaemia. Such 

CRRT-based treatment strategy was associated with rapid ammonia reduction to safer 

levels in most patients and avoidance of extreme hyperammonaemia. In contrast, 

there were only minor changes over time in untreated patients. Moreover, after several 

days of CRRT, ammonia concentrations became the same as those seen in less 

severely ill non-CRRT patients. Finally, avoidance of extreme hyperammonaemia was 

associated with ELT-free survival.  
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Relationship to previous studies 

CRRT was utilised in a high proportion of ANZ ALF patients. Compared with previous 

studies, such ANZ patients had higher illness severity at the time of admission to ICU, 

with a lower pH, higher INR, higher lactate concentration, and more severe 

hyperammonaemia.16,26 Half of all these patients had ICU admission blood ammonia 

concentrations previously associated with a high risk of neurological injury.3,18 Despite 

such illness severity, outcomes in terms of survival, ELT utilisation and ELT-free 

survival were similar to or better than reported in resource rich countries.1,27-29  

 

The optimal timing of RRT in critically ill patients is uncertain.30-33 However, in ALF 

patients, ANZ clinicians initiated therapy in the absence of conventional creatinine 

based indications and, in the majority of patients, before KDIGO AKI stage 2 or the 

onset of even moderate acidaemia. ANZ clinicians appear to utilise CRRT to target 

high ammonia levels because of their potential to contribute to cerebral 

edema.15,18,19,34,35 Such early initiation and catheter insertion despite coagulopathy 

appeared safe. Consistent with greater illness severity, bleeding episodes and blood 

product administration were common in CRRT patients. It is apparent that these events 

do not necessarily correlate with elevations of the international normalised ratio (INR), 

while hypofibrinogenaemia and thromboctyopaenia are associated with both and are 

also markers of illness severity.36,37 

 

Implications of study findings 

Our findings imply that in ALF patients, ANZ intensivists typically start CRRT early and 

such early commencement of therapy is safe. Moreover, our findings imply that 

clinicians target correction of severe hyperammonaemia even in the absence of severe 

AKI or severe acidaemia, suggesting that their major therapeutic target is 

hyperammonaemia itself. Finally, our findings imply that this approach contributes to 
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rapid reductions of such severe hyperammonaemia to safer levels, which become 

similar to those of less severely ill ALF patients.  

 

Strengths and limitations 

Our study has several strengths. All liver transplant ICUs in ANZ contributed patients 

to the study ensuring the first full binational study of this aspect of ALF management. 

Patients with chronic liver disease were excluded, thus removing a key confounder. 

Data were obtained from patient records at each centre by experienced researchers 

thus minimising attribution errors. Finally, a clear methodology was used to ensure 

consistent and complete collection of available data. 

 

Several limitations in this study warrant consideration. The study may appear relatively 

small; however, it includes ALF patients from every transplant unit in ANZ and is the 

second largest case series worldwide of such patients in forty years. We studied a 

convenience-based sample size; however, each ICU chose ten or more sequential 

patients based only on the diagnostic code of ALF at the time of admission, thus 

minimising selection bias. We did not obtain detailed data on the technical aspects of 

CRRT treatments, limiting our ability to ascertain whether specific techniques resulted 

in different outcomes. However, fluid balance and small solute (e.g. ammonia) 

clearance is readily achieved with any of the commonly used CRRT techniques. 

Additionally, hourly treatment intensity may not be a strong determinant of reductions 

in ammonia.23 Our data did not include intracranial pressure (ICP) monitoring results, 

so we cannot correlate the control of hyperammonaemia with control of ICP. However, 

it is well-established that severe elevations in ammonia are strongly associated with 

neurological complications3 and given that ammonia is a potent neurotoxin,38 effective 

control of extreme hyperammonaemia using a readily available critical care 

intervention that is safe and effective seems reasonable.23 We used a retrospective 
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approach, involving review of clinical records. The accuracy of clinical records is 

sometimes uncertain and there is a possibility that staff may make errors during 

documentation. However, all patients were cared for in major ICUs with sophisticated 

research programs and systems for complex data management. Additionally, all 

submitted data are numerical, electronically recorded, not amenable to interpretation-

bias and were carefully evaluated prior to analysis. Finally, given the retrospective 

design of our study, we cannot prove that hyperammonaemia was the dominant trigger 

of CRRT initiation. Moreover, we acknowledge that initiation of CRRT is typically driven 

by multiple considerations (e.g. acid-base control, temperature control, tonicity control, 

volume control, solute control). However, the observation that severe AKI and severe 

acidaemia were absent in the majority of hyperammonemic patients treated with 

CRRT, suggests that, in most patients, ammonia levels were an important, if not key 

consideration for the start of CRRT. 

 

Conclusion 

In a binational multicentre observational study of ALF treatment across all liver 

transplant ICUs in ANZ, we found that early utilisation of CRRT was common. Such 

treatment was typically initiated in the absence of traditional renal indications or severe 

acidaemia and in the presence of severe hyperammonaemia. This appeared free of 

bleeding complications and associated with rapid improvements in hyperammonaemia 

to safer levels, which became similar to those observed in less severely ill non-CRRT 

treated ALF patients. Moreover, it was associated with avoidance of extreme 

hyperammonaemia. Such avoidance was, in turn, associated with increased ELT-free 

survival. These findings are hypothesis-generating and provide the rationale for further 

investigation of the role of early CRRT for the treatment of severe hyperammonaemia. 
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Table 1. Characteristics of ALF Patients treated with CRRT 

 

*differences between CRRT and non-CRRT groups 
Data presented as % (n), mean (Std) or median [IQR] 
ELT=emergency liver transplant, APACHE III= acute physiology and chronic health evaluation 
III, KCC= Kings College Criteria, KDIGO= Kidney Disease Improvement Global Outcomes, 
ALT= alanine aminotransferase, CRRT= continuous renal replacement therapy, GGT=gamma 
glutamyl transferase, ALP= alkaline phosphatase, INR=international normalised ratio, 
aPTT=activated partial thromboplastin time. 
  

Variable All ALF patients 
(n=62) 

Non-CRRT 
patients 
(n=19) 

CRRT patients 
(n=43) p* 

Baseline Characteristics at time of admission to ICU     
Age (years) 38 (12) 38 (13) 38 (12) 0.79 
Female 58% (36) 58% (11) 58% (25) 0.99 
Contraindications to ELT 27% (17) 32% (6) 26% (11) 0.63 
Paracetamol Overdose Aetiology 53% (33) 53% (10) 53% (23) 0.95 
Non-Paracetamol Overdose Aetiology 47% (29) 47% (9) 47% (20) 0.95 
Time from first presentation to ICU at ELT Hospital (hours) 25 [8-49] 22 [9-47] 25 [6-57] 0.89 
APACHE III Score 82 (36) 54 (22) 95 (35) <0.001 
KCC fulfillment 60% (37) 32% (6) 72% (31) 0.003 

KDIGO Stage at time of commencing CRRT (creatinine criteria)     
No AKI 31% (19) 47% (9) 23% (10) 

0.06 
Stage 1 27% (17) 26% (5) 28% (12) 
Stage 2 19% (12) 11% (2) 23% (10) 
Stage 3 23% (14) 16% (3) 26% (11) 

Biochemical and clinical data over the first 24 hours in ICU         
Maximal Temperature (degrees Celsius) 36.9 (0.7) 36.9 (0.45) 36.9 (0.8)] 0.73 
Nadir pH 7.29 (0.16) 7.39 (0.07) 7.25 (0.16) 0.001 
Peak arterial CO2 (mmHg) 37 (8) 36 (5) 37 (9) 0.77 
Peak Sodium (mmol/L) 142 (6) 143 (4) 141 (7) 0.43 
Peak Lactate (mmol/L) 7.1 [4.1-11.6] 3.9 [2.7-8.8] 8.3 [4.2-12.5] 0.02 
Peak ALT (international units) 5210 (3206) 6246 (4054) 4745 (2676) 0.09 
Peak GGT (international units) 106 [68-205] 136 [82-211] 97 [67-180] 0.39 
Peak ALP (international units) 139 [108-184] 121 [98-148] 148 [108-200] 0.04 
Peak Bilirubin (µmol/L) 95 [67-187] 80 [60-148] 108 [67-223] 0.40 
Peak Creatinine (µmol/L) 165 [92-263] 75 [65-148] 208 [133-311] 0.001 
Peak Urea (mmol/L) 6.9 [3.1-12.0] 7.0 [3.1-10.8] 6.8 [3.0-13.5] 0.50 
Peak INR 6.3 (3.1) 5.4 (2.3) 6.7 (3.4) 0.13 
Peak APTT (seconds) 63 [44-77] 46 [38-57] 72 [51-86] <0.001 
Nadir Fibrinogen (g/L) 1.1 [0.8-1.6] 1.5 [1.1-2.0] 1.0 [0.8-1.3] 0.01 
Nadir Platelets (x 109/L) 83 [41-122] 106 [73-159] 77 [38-120] 0.07 
Nadir Haemoglobin (g/L) 102 [80-118] 111 [96-124] 87 [78-111] 0.01 
Peak Ammonia (µmol/L) 132 (91-172} 91 [54-115] 141 [102-198] 0.02 
24-hour net fluid balance from ICU admission (ml) 4178 [1755-7130] 3867 [222-5079] 4993 [2416-7737] 0.06 
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Figure 1. Use of Continuous Renal Replacement Therapy in ALF patients over 
the first week in ICU 

 

CRRT= continuous renal replacement therapy 
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Figure 2. Changes in ammonia concentrations over time on the basis of 
Continuous Renal Replacement Therapy status 

 

p=0.09 (overall difference between CRRT and non-CRRT treated patients) 
CRRT=continuous renal replacement therapy 
Geometric mean of log transformed data 
Error bars represent 95%CI (for visual clarity, only plus or minus direction shown for upper and 
lower lines respectively) 
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Supplementary Table 1. Aetiology of Acute Liver Failure 

Aetiology of ALF 
All ALF 
patients 
(n=62) 

Paracetamol overdose (POD) 53% (33) 

HBV new acquisition 10% (6) 

HBV flare of chronic 3% (2) 

Non-paracetamol drugs* 8% (5) 

Amanita poisoning 5% (3) 

HLH syndrome 3% (2) 

BCS 2% (1) 

AFLP 2% (1) 

Iatrogenic PV injury 2% (1) 

Leptospirosis 2% (1) 

Cryptogenic 11% (7) 

 

Data presented as % (n) 
 
ALF= acute liver failure, HBV = hepatitis B virus, HT = hypertension, IHD = ischemic heart disease, HCV = hepatitis C 
virus, ELT = emergency liver transplantation, OD = overdose, HLH = haemophagocytic lymphohistiocytosis, BCS = 
Budd-Chiari Syndrome, AFLP = acute fatty liver of pregnancy, PV = portal vein, KCC= Kings College Criteria, APACHE 
III= Acute Physiology and Chronic Health Evaluation III, ELT= emergency liver transplant 
 
* Drugs involved include buprenorphine, agomelatine, infliximab, methylenedioxymethamphetamine (‘ecstasy’ or 
MDMA) and methamphetamines. 
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Supplementary Figure 1. Interventions in Acute Liver Failure patients over one 
week in ICU according to continuous renal replacement therapy use 

 

 

CRRT= continuous renal replacement therapy 
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Supplementary Table 2. Blood product utilisation over first week in ICU 
according to continuous renal replacement therapy use 

Blood Product  
All ALF 
patients 
(n=62) 

Non-CRRT 
patients 
(n=19) 

CRRT patients 
(n=43) p 

Blood transfusion 47% (29) 21% (4) 58% (25) 0.01 

Fresh Frozen Plasma administration 58% (36) 42% (8) 65% (28) 0.09 

Cryoprecipitate administration 40% (25) 21% (4) 49% (21) 0.04 

Platelet transfusion 35% (22) 26% (5) 40% (17) 0.32 

Data presented as % (n) 
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Supplementary Table 3. Haematological parameters at the time of obtaining 
vascular access for continuous renal replacement therapy 

Haemostatic parameter CRRT patients 
n=43 

non-CRRT patients 
n=19 p 

INR 3.8 [3.3-5.8] 3.3 [2.3-4.7] 0.99 

aPTT sec 58 [44-74] 42 [36-50] 0.03 

Fibrinogen g/L 1.4 [0.8-1.8] 1.6 [1.2-2.6] 0.44 

Platelet count x109/L 120 [68-154] 106 [64-146] 0.37 

Haemoglobin g/L 108 [92-124] 113 [100-126] 0.04 

 

Data presented as median [IQR] 
CRRT=continuous renal replacement therapy, INR= international normalised ratio, aPTT= activated partial 
thromboplastin time 
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Supplementary Table 4. Clinical Outcomes for Acute Liver Failure patients on 
the basis of treatment with continuous renal replacement therapy 

Outcomes All ALF patients 
(n=62) 

Non-CRRT 
patients 
(n=19) 

CRRT patients 
(n=43) p 

Documented bleeding episode 19% (12) 5% (1) 26% (11) 0.09 

ICU length of stay (hours) 116 [48-217] 94 [31-160] 127 [61-232] 0.03 

ICU LoS survivors 144 [69-232] 86 [30-135] 214 [124-313] <0.0001 

ICU LoS non-survivors 73 [38-118] 259 [118-400] 48 [37-114] 0.06 

Hospital length of stay (days)* 11 [5-18] 8 [4-15] 11 [5-21] 0.43 

Hospital LoS survivors 13 [8-26] 8 [4-14] 18 [11-28] 0.001 

Emergency Liver Transplantation 19% (12) 16% (3) 23% (10) 0.74 

ICU mortality 31% (19) 11% (2) 40% (17) 0.02 

ELT-free survival 50% (31) 74% (14) 40% (17) 0.01 

 

Data presented as % (n) and median [IQR] 
ALF= acute liver failure, CRRT= continuous renal replacement therapy, LoS= length of stay 
p value for differences between CRRT and non CRRT treated patients 
CRRT non-survivors n=17, non-CRRT non-survivors n=2, CRRT survivors=26, non-CRRT survivors n=17 
*ICU Length of stay = Hospital Length of stay for non-survivors as all deaths occurred in ICU 
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Supplementary Figure 2. Change in lactate concentration over time 

 

p=0.003 (overall difference between CRRT and non-CRRT treated patients) 
CRRT=continuous renal replacement therapy 
Geometric mean of log transformed data 
Error bars represent 95%CI (for visual clarity, plus or minus direction shown for upper and lower lines respectively) 
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Supplementary Figure 3. Change in creatinine concentration over time 

 

p=<0.0001 (overall difference between CRRT and non-CRRT treated patients) 
CRRT=continuous renal replacement therapy 
Geometric mean of log transformed data 
Error bars represent 95%CI (for visual clarity, plus or minus direction shown for upper and lower lines respectively) 
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Supplementary Figure 4. Change in urea concentration over time 

 
p=0.18 (overall difference between CRRT and non-CRRT treated patients) 
CRRT=continuous renal replacement therapy 
Geometric mean of log transformed data 
Error bars represent 95%CI (for visual clarity, plus or minus direction shown for upper and lower lines respectively) 
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Supplementary Figure 5. Change in pH over time 

 

p=0.0004 (overall difference between CRRT and non-CRRT treated patients) 
CRRT=continuous renal replacement therapy 
Geometric mean of log transformed data 
Error bars represent 95%CI (for visual clarity, plus or minus direction shown for upper and lower lines respectively) 
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Supplementary Figure 6. Daily fluid balance over time 

 

p=0.70 (overall difference between CRRT and non-CRRT treated patients) 
CRRT=continuous renal replacement therapy 
Geometric mean of log transformed data 
Error bars represent 95%CI (for visual clarity, plus or minus direction shown for upper and lower lines respectively) 
p value for overall difference between CRRT and non-CRRT treated patients 
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Abstract 

Objective 

Hyperammonemia is a key contributing factor for cerebral edema in acute liver failure 

(ALF). Continuous renal replacement therapy (CRRT) may help reduce ammonia 

levels. However, the optimal timing, mode, intensity and duration of CRRT in this 

setting is unknown. We aimed to study CRRT use in ALF patients and to assess its 

impact on hyperammonemia. 

 

Design 

Retrospective observational study in which data were obtained and analyzed for 

patient characteristics, CRRT use, ammonia dynamics and outcomes. 

 

Setting 

Intensive Care Unit within a specialized liver transplant hospital. 

 

Patients 

Fifty-four patients with ALF. 

 

Main Results 

Forty-five patients (83%) had high grade encephalopathy. Median time to CRRT 

commencement was 4 hours (IQR 2-4.5) with 35 (78%) treated with CVVHDF and 10 

(22%) with CVVH. Median hourly effluent flow rate was 43 ml/kg (IQR 37-62). The 

median ammonia concentration decreased every day during treatment from 151 

µmol/L (IQR 110-204), to 107 µmol/L (IQR 84-133) on day 2, 75 µmol/L (IQR 63-95) 

on day 3, and 52 µmol/L (IQR 42-70), p<0.0001) on day 5. The number of patients with 

an ammonia level >150 µmol/L decreased on the same days from 26, to nine, then two 
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and finally none. Reductions in ammonia levels correlated best with the cumulative 

duration of therapy hours (p=0.03), rather than hourly treatment intensity. 

 

Conclusions 

CRRT is associated with reduced ammonia concentrations in ALF patients. This effect 

is related to greater cumulative dose. These findings suggest that CRRT initiated early 

and continued or longer may represent a useful approach to hyperammonemia control 

in ALF patients.  
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Introduction 

Acute liver failure (ALF) is multisystem condition that, despite significant progress in 

management, is still associated with high morbidity and mortality.1,2 ALF is 

characterized by the combination of hepatic encephalopathy (HE) and coagulopathy 

of short duration in the absence of pre-existing liver disease. A major determinant of 

mortality is the degree of encephalopathy and associated cerebral edema resulting in 

intracranial hypertension. Hyperammonemia may contribute to these complications. 

 

Ammonia, as a by-product of protein catabolism, is predominately metabolized by the 

liver.3 In the setting of ALF, circulating ammonia levels rise due to decreased hepatic 

metabolism. Hyperammonemia causes alterations in neurotransmitter synthesis and 

release, increases in neuronal oxidative stress, impaired mitochondrial function, and 

induction of osmotic disturbances in astrocytes secondary to the increased production 

of glutamine.4,5 The net effects of these changes are astrocyte swelling, vasogenic 

edema and disruption of the blood-brain barrier, contributing to cerebral edema.3 Thus, 

ammonia is a potential therapeutic target in ALF patients.4-10 

 

Ammonia has a low molecular weight, low protein binding capacity, and is soluble. 

Thus, it can be removed by conventional renal replacement therapies (RRT) making 

continuous renal replacement therapy (CRRT) a possible intervention for 

hyperammonemia.3,11-14 However, there are no guidelines regarding the use of CRRT 

this setting14 and limited data exist on its possible effects on hyperammonemia. 

 

Accordingly, we performed a retrospective study of CRRT practice and associated 

ammonia dynamics in ALF patients. We hypothesized that most ALF patients would 

receive early CRRT. We further hypothesized that total CRRT dose would modulate 

the impact of this therapy on ammonia levels. Finally, we hypothesized that there may 
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be an association between treatment intensity, successful ammonia reduction, and 

patient outcomes. 

 

Methods 

In accordance with institutionally approved quality assurance activities within our 

intensive care unit (ICU), we conducted a study of existing practice. We collected and 

analyzed de-identified data from the clinical records of all patients admitted with ALF 

(Acute Physiology and Chronic Health Evaluation (APACHE) III code 301.01) over the 

five-year period from 2011 to 2016. Patients were excluded if they had underlying 

cirrhosis, did not undergo CRRT, underwent non-CRRT blood purification therapy (e.g. 

coupled plasma filtration adsorption), had CRRT initiated elsewhere prior to transfer, 

did not have ammonia testing, were under 18 years of age or were pregnant. All ALF 

patients admitted to our ICU are managed according to institutional guidelines that 

recommend maintenance of low-normal arterial PaCO2 (in mechanically ventilated 

patients), early initiation of CRRT, administration of hypertonic saline and strict 

avoidance of fever for patients at risk of cerebral edema (supplemental digital content 

Table 1).3 Electrolytes are closely monitored in these patients and intravenous 

supplementation (especially potassium and phosphate) is administered routinely to 

ensure serious deficiencies are prevented. 

 

Data included patient age, gender, weight, cause of ALF, APACHE III illness severity 

score, biochemical and hematological markers of liver injury, West Haven HE grade, 

CRRT mode, blood flow, ultrafiltration volume, duration of CRRT therapy, length of 

stay and outcomes including bleeding, emergency liver transplant (ELT) and death. 

The design and reporting of this study is aligned with the Strengthening the Reporting 

of Observational Studies in Epidemiology (STROBE) recommendations.15 
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Statistical analysis 

Statistical analyses were performed using IBM SPSS statistics for Macintosh, version 

25 (IBM Corporation, Armonk, NY, USA) and SAS Version 9.4 (SAS Institute Inc. Cary, 

NC, USA). Continuous variables are expressed as medians with inter-quartile ranges 

(IQR), categorical variables as frequencies with percentages. Continuous data were 

compared using Mann-Whitney test. Categorical data were compared using Chi 

Square or Fisher’s exact test where appropriate. Longitudinal data were assessed for 

normality and log transformed. Differences over time were then analyzed using mixed 

linear modelling fitting main effects for time and charted as geometric means with 95% 

CI. Spearman’s correlation was utilized for assessing correlations between continuous 

variables. A p-value of 0.05 or less was accepted as significant. 

 

Results 

A total of seventy-six patients coded with ALF at ICU admission were admitted over 

the five-year period. Of these, 22 patients were excluded according to our study 

protocol, including 13 patients with ALF who did not receive CRRT (supplemental 

digital content- Figure 1). For completeness, a summary of baseline characteristics, 

outcomes, electrolyte profile, platelet count and ammonia dynamics over time for these 

non-CRRT treated ALF patients is provided in supplementary digital content Table 2, 

supplementary digital content Table 3 and supplementary digital content Figure 2 

respectively. 

 

Baseline characteristics and initial clinical test parameters of CRRT treated patients 

Characteristics of ALF patients on the first day of ICU admission are summarized in 

Table 1. Patients were mostly young and female. Illness severity was high and 

paracetamol overdose (POD) accounted for the majority of cases.  
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Of study patients, 45 (83%) had high grade HE (West Haven grade ≥3) with elevated 

bilirubin levels, extreme elevations of transaminase levels, lactic acidosis and 

increased international normalized ratio (INR). Nearly half had a blood ammonia >150 

µmol/L. The median peak serum creatinine concentration was modestly elevated (158 

mmol/L (IQR 102-266) and the median urea concentration was within normal limits. At 

the time of CRRT commencement, 14 (26%) patients had a normal serum creatinine.  

 

Lactulose was administered to 20 (37%) patients. The median number of 20g doses 

over five days was 8 (IQR 6-13 doses). Only six patients received lactulose on day 

one in ICU, whilst seven patients received a total of ten or more doses over five days. 

There were no significant differences in patient characteristics, critical care 

interventions, application of CRRT, proportional reductions in ammonia concentration, 

or clinical outcomes on the basis of lactulose use, even for those who received a higher 

total number of doses. Rifaximin was used in only two patients and sodium benzoate 

was not used at all. 

 

CRRT management 

Most CRRT-treated patients started therapy on their first ICU day, at a median of 4 

hours (IQR 2-4.5) from admission. By day two of their ICU admission, 52 of the 54 

patients had commenced CRRT. Treatment was initiated later in two patients; one 

patient on their third ICU day and one patient on their fourth ICU day. Median treatment 

duration was 75 hours (57-78) (Table 2). The majority of patients were treated with 

continuous veno-venous hemodiafiltration (CVVHDF) and only one in five with 

continuous veno-venous hemofiltration (CVVH). Similar numbers of patients received 

2000, 3000 and 4000 ml/hour of effluent flow rate, with less than 10% treated at higher 

intensity. The median CRRT dose was 43 ml/kg/hour (IQR 37-61). Anticoagulation was 

not used in most patients; however, 18 patients received a variety of regional and 
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systemic anticoagulant strategies at some point during their treatment with CRRT 

(Table 2). Forty-eight patients (89%) required regular intravenous phosphate 

supplementation and forty-five (83%) needed regular intravenous potassium 

replacement in order to avoid electrolyte depletion. Thrombocytopenia was common; 

thirty-nine (70%) patients had a platelet count of less than 75 x109/L documented at 

one or more time points. Details of serum phosphate, serum potassium and platelet 

count for CRRT treated patients are summarized in supplementary digital content 

Table 4. 

 

Ammonia dynamics 

Median ammonia level decreased rapidly from day 1 to day 5 (Figure 1). The proportion 

of patients overall with a measured ammonia concentration greater than 150 µmol/L 

also fell on a daily basis, with the greatest reduction occurring in the initial two days 

with no patient having extreme hyperammonemia by day five (Figure 2).  

 

The median proportional reduction in blood ammonia concentration from the first to 

second day in ICU was 0.21 (IQR 0.12-0.30) and 0.44 (IQR 0.33-0.57) to day three 

and 0.63 (IQR 0.57-0.63) to day five. There was trend towards a positive correlation 

between CRRT treatment dose and the proportional reduction in ammonia 

concentration between day one and two (rs=0.249, p=0.07) and it was the overall 

cumulative duration (hours) of CRRT treatment that was the significant contributing 

factor (rs =0.299, p=0.03), rather than the hourly intensity of CRRT therapy (rs =0.159, 

p=0.26). There were no differences on the basis of CRRT technique. 

 

To explore whether ammonia clearance may be somewhat gradient dependent, we 

compared ammonia dynamics between patients with extreme hyperammonemia (>150 

µmol/L) and therefor at highest risk of neurological complications and those with lower 
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levels. Patients with extreme hyperammonemia demonstrated greater proportional 

reductions in median ammonia concentration over all measured time intervals. From 

the first day to the fifth day, the proportional reduction in ammonia concentration for 

patients with extreme hyperammonemia was 0.70 (IQR 0.61-0.73) versus 0.60 (IQR 

0.35-0.66); p=0.005) in those without such high levels, despite no significant 

differences in overall CRRT dose. 

 

To evaluate the possibility that spontaneous recovery with hepatic regeneration might 

contribute to reductions in ammonia levels over time, we compared ammonia 

dynamics between acetaminophen related ALF ELT-free survivors with ELT-free non-

survivors. Acetaminophen ALF ELT-free survivors demonstrated a greater 

proportional reduction in ammonia concentration between day 3 and day 5 than ELT-

free non-survivors (0.39 (IQR 0.10-0.52) versus 0.03 (IQR 0.14-0.26); p=0.05), and 

also a lower absolute ammonia concentration on day 5 (48 µmol/L (IQR 40-68) versus 

65 µmol/L (IQR 69-92); p=0.02). No other significant differences were evident between 

these subgroups in terms of CRRT dosing or ammonia dynamics. 

 

Patient outcomes 

Despite reductions in hyperammonemia, most patients did not demonstrate obvious 

neurological recovery during the initial five days of ICU management. The Glasgow 

coma scale (GCS) score remained low in the majority of patients even after several 

days of CRRT (median GCS=7 on day five (IQR 5-13)). 

 

Outcomes for ALF patients are summarized in Table 3. Bleeding episodes occurred in 

six patients and all involved the gastrointestinal tract. One patient required a 

gastroscopy while the rest were minor in nature and required clotting factor 

administration only. The median ICU length of stay was 10 days (IQR 6-15), and overall 



357 

 

hospital length of stay was 17 days (IQR 11-28). Less than one in ten patients 

underwent ELT and over three-quarters of all patients were discharged alive from ICU. 

All deaths except one occurred within the ICU. In total, 65% of patients were 

discharged from hospital alive and without ELT. 

 

Details of non-CRRT treated ALF patients are summarized in supplemental digital 

content Table 2 and supplemental digital content Table 3. In summary, these patients 

had lower markers of illness severity, required fewer interventions and all survived to 

hospital discharge. The pattern of ammonia dynamics was different, in that early 

reductions of ammonia levels were minor and substantive proportional reductions took 

longer to occur (supplemental digital content Figure 2). 

 

Discussion 

Key findings 

We studied CRRT practice in a referral center for liver disease focusing on its effect 

on ammonemia. We found CRRT was started early with effluent rates above 40 

ml/kg/hour. Secondly, in association with such therapy, ammonia concentrations were 

rapidly reduced to levels considered safe. The greatest proportional reduction occurred 

in those with ammonia concentrations recognized as at highest risk for neurological 

injury.7 Moreover, the cumulative dose was the most important factor in achieving 

these reductions and was mostly dependent on CRRT duration. While 37% of patients 

received lactulose, administration was relatively infrequent in most and the cumulative 

dose was small. There was no impact on ammonia concentration based on lactulose 

administration. 
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Comparisons with previous studies 

Until now, the dynamics of acute liver failure induced hyperammonemia and use of 

renal replacement therapy have not been investigated in detail. Cardoso et al utilized 

the Acute Liver Failure Study Group (ALFSG) database to retrospectively review 61 

ALF patients treated with CRRT, finding a 38% reduction in ammonia levels in the first 

two days of treatment. However, the indication for starting CRRT, the timing of 

commencement in relation to ICU admission, and the modality and hourly dosing 

intensity of CRRT were not reported. In the United Kingdom, Slack et al, investigated 

ammonia clearance in both ALF (n = 10) and chronic liver disease (CLD) populations.12 

They found CRRT resulted in a 22% reduction in levels within the first 24-hours and 

that ammonia clearance closely correlated with effluent flow rate. Our study 

demonstrated greater ammonia reduction over the first 24-hour and 72-hour periods 

with CRRT than the above studies. This may be due to the early commencement of 

RRT, a cohort only of ALF patients and possibly less circuit downtime.16  

 

Slack et al utilized continuous hemofiltration at both high exchange (90ml/kg/hr) and 

low effluent flow rate (35 ml/kg/hr), demonstrating that ammonia clearance was 

positively associated with effluent flow rates. This is in contrast to our study (solely in 

ALF patients) which did not demonstrate an association with hourly CRRT exchange 

rates during the first 5-days of therapy. However, the variability of hourly effluent dose 

in our study was much less than in the study by Slack et al. A sub-group analysis of a 

large multicenter randomized controlled trial, comparing a 40ml/kg/hr versus 25 

ml/kg/hr exchange rate, which focused on patients with liver and renal dysfunction 

found no significant differences in outcome.17 In contrast, a recent report from Japan 

suggested that 80% of patients with ALF underwent this therapy and 90% recorded 

neurological improvement.18 However, in this study patients had a lower grade of 

encephalopathy and also received plasma exchange. Various studies have utilized, 
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individually or in combination, intermittent hemodialysis,11,17 continuous renal 

replacement therapy (CRRT) (as continuous veno-venous hemodiafiltration 

(CVVHDF), or continuous veno-venous hemofiltration (CVVH))12,19 and sustained low 

efficiency dialysis to target ammonia removal.20 There are theoretical advantages to 

the use of CVVHDF in preference to CVVH to optimize solute clearance,21 and it is 

possible that our study was underpowered to detect this. However, our findings 

suggest that if such a difference exists between these modes it may be small in 

magnitude and of limited clinical significance. None-the-less, in instances where 

hyperammonemia is extreme or a patient is especially vulnerable, it may be 

reasonable to deliberately provide a higher intensity of CRRT in order to lower 

ammonia levels as quickly as possible. 

 

There is also no consensus as to what threshold of ammonia constitutes a safe level. 

In this regard, a recent international survey of major ALF and transplant centers in 

Europe indicated that only 50% of centers initiated RRT for the management of 

hyperammonemia.22 Small studies have suggested that values greater than 150 

µmol/L (normal <35 µmol/L) are associated with poor neurological outcomes and 

should be used as intervention thresholds.7 Our findings suggest that once treatment 

has commenced, it may be reasonable to target levels similar to those achieved by 

day five in our study (median ammonia concentration of 52 µmol/L (IQR 42-70)). This 

appears achievable in most patients and it seems improbable that such near normal 

levels would be associated with neurological injury. Whilst it is difficult to compare 

retrospective studies, our study demonstrates lower hospital mortality and transplant 

rates compared to similar studies in Europe and North America despite comparable 

illness severity.  
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Study Implications 

Our study implies that a rapid reduction in ammonia levels can be achieved with CRRT 

at the dose reported in our study. Moreover, our study implies that to achieve a rapid 

reduction of ammonia to safe levels requires initiation of CRRT within a few hours of 

ICU admission and specific targeting of ammonia, irrespective of renal function. 

Finally, by demonstrating a relationship between cumulative duration of CRRT and 

correction of hyperammonemia, our study implies that both early intervention and 

extended treatment may offer a useful option for the control of hyperammonemia in 

ALF patients.  

 

Study limitations and strengths 

Our study has several strengths. It is the second largest case series of CRRT in ALF 

patients. It is the only one to present details of dose, duration, modality and impact on 

ammonia levels over time. It demonstrates that even in a cohort of very acutely ill 

patients with ALF, ammonia control and reduction to clearly safe levels are rapidly 

achievable and can be sustained. By demonstrating the feasibility and safety of very 

early intervention even in the presence of normal serum creatinine levels within a few 

hours of ICU admission, and a relationship between duration of therapy and cumulative 

dose, it provides evidence in favor of targeting ammonia levels as soon as possible 

and for as long as necessary. An important safety consideration is that diligent 

monitoring and proactive treatment of electrolyte depletion is essential. 

 

There are also a number of limitations in our study that warrant consideration. It is a 

relatively small, single-center, retrospective study. However, ALF is an uncommon 

disease and only one slightly larger study has previously addressed this issue. Also, 

patient follow-up was only to hospital discharge. However, all major clinical events for 

these patients occur in ICU or in hospital, thus long-term follow up is unlikely to provide 
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crucial additional information in relation to CRRT in ALF patients. We did not measure 

ammonia clearance. However, irrespective of clearance, it is the change in blood levels 

of ammonia that is relevant to patient safety. In this regard, we present the most 

extensive description of ammonia levels and changes over time during CRRT and 

demonstrate the association of treatment hours with such levels. 

 

It is possible that spontaneous recovery through hepatic regeneration is a partial 

explanation for the reduction in ammonia concentrations we observed, and the findings 

of greater proportional reductions over for acetaminophen ALF ELT-free survivors 

supports this hypothesis; future studies are required to further evaluate this possibility. 

 

We also note that patients did not often become wakeful during the period we studied. 

Due to the complexity of critical illness in ALF, recovery to a lucid state may not occur 

during the initial treatment period, however, the rationale for our approach is based on 

the concept that the prevention of cerebral edema and avoidance of long-term 

neurological complications or death still justify an approach that targets ammonia. 

 

The ammonia dynamics we observed during CRRT were achieved in the context of an 

established guideline for managing ALF that is applied to all relevant patients in our 

ICU. Patient safety and overall outcomes in critical illness are rarely determined by a 

single specific intervention and it is likely that CRRT is but one important component 

of a complex process of care. Our study is observational, thus causative inferences 

are only speculative. However, ALF is a rare life-threatening disease and 

hyperammonemia is a major contributor to cerebral edema, which in turn can be lethal. 

In contrast, early and sustained CRRT is safe and, when it is performed with 

hyperammonemia correction as its target, ammonia levels fall to safe concentrations 

in a manner related to cumulative dose. 
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Conclusions 

We conducted a retrospective study of CRRT in ALF and its impact on ammonia levels. 

We demonstrated a rapid reduction in ammonia levels during CRRT. We also 

demonstrated that such reduction to safe levels occurred in the setting of early initiation 

of CRRT, specifically, within a few hours of ICU admission and with direct targeting of 

ammonia irrespective of renal function. Finally, by demonstrating a relationship 

between the cumulative duration of CRRT and the correction of hyperammonemia, our 

study provides evidence that early intervention, a dose greater than 40 ml/kg/hr of 

effluent flow rate and continued treatment to deliver a high cumulative dose represent 

an evidence-based option for the correction and subsequent control of 

hyperammonemia in ALF patients.  
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Supplemental digital content Figure 1. Cohort diagram of patients admitted 
with APACHE III diagnostic code 301.01 between 2011 and 2016 
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Table 1. Characteristics of ALF patients treated with continuous renal 
replacement therapy in ICU 

  
Characteristic Patients 

(n=54) 
Patient 
characteristics on 
first day of ICU 
admission 

Baseline characteristics Age (years) 40 [32-47] 

Female 78% (42) 

Height (cm) 166 [165-175] 

Weight (kg) 70 [61-80] 

BMI kg/m2 24 [22-29] 
Illness severity APACHE III score 78 [61-98] 

APACHE III risk of death 0.32 [0.17-0.54] 
Etiology of ALF Acetaminophen overdose 85% (46) 

Non-acetaminophen overdose 15% (8) 
Grade of hepatic 
encephalopathy 

West Haven grade 1 7% (4) 

West Haven grade 2 9% (5) 

West Haven grade 3 44% (24) 

West Haven grade 4 39% (21) 

APACHE III organ failure Acute Renal Failure 39% (21) 

Critical care interventions 
Mechanical ventilation 83% (45) 

Vasopressor infusion 83% (45) 

N-acetyl cysteine infusion 100% (54) 

Lactulose administration 37% (20) 

Biochemical and 
Hematological 
parameters first 
day of admission 

Markers of liver injury Peak bilirubin (µmol/L) 100 [66-128] 

ALT (units) 5350 [2700-8550] 

AST (units) 7300 [3250-11150] 

INR 4.5 [3.3-6.0] 

Ammonia (µmol/L) 142 [107-189] 

Ammonia > 150 µmol/L 48% (26) 
Markers of renal failure Peak Creatinine (µmol/L) 158 [102-266] 

Peak Urea (µmol/L) 6.3 [3.7-11.0] 
Patients with normal 
creatinine at 
commencement of CRRT 

Men <110 µmol/L 
Women <90 µmol/L 26% (14) 

Markers of illness 
severity 

Lactate (mmol/L) 5.6 [3.4-9.3] 

Nadir Bicarbonate (mmol/L) 16 [13-20] 

Sodium (mmol/L) 138 [134-140] 

Albumin (g/L) 27 [23-29] 
 
Data presented as % and (n) or median and [IQR] 
APACHE III= acute physiology and chronic health evaluation III, CRRT= continuous renal replacement therapy, BMI= 
body mass index, ALT= alanine aminotransferase, AST= aspartate aminotransferase, INR= international normalized 
ratio  
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Table 2. Details of Continuous Renal Replacement Therapy 

Details of CRRT management Characteristic Patients 
(n=54) 

Timing of CRRT Time from admission to CRRT (hours) 4.0 [2.0-4.5] 

Cumulative duration of CRRT (hours)a 75 [57-78] 
CRRT mode CVVHDF 78% (42) 

CVVH 22% (12) 
Blood Flow Blood flow 200 (ml/min) 94% (51) 

Blood flow 250 (ml/min) 4% (2) 

Blood flow 300 (ml/min) 2% (1) 
Ultrafiltration volume UF rate 2000 ml/hr 24% (13) 

UF rate 3000 ml/hr 35% (19) 

UF rate 4000 ml/hr 33% (18) 

UF rate 5000 ml/hr 9% (5) 

CRRT dosing CRRT hourly rate (ml/kg/hr) 43 [37-61] 

Anticoagulation during CRRT No anticoagulation 67% (36) 

Unfractionated heparin 2% (1) 

Unfractionated heparin + protamine (regional) 19% (10) 

Unfractionated heparin + epoprostenol 11% (6) 

Citrate (regional) 2% (1) 

 
Data presented as median [IQR] and % and (n) 
CRRT= Continuous Renal Replacement Therapy, CVVHDF= continuous veno-venous hemodiafiltration, CVVH= 
continuous veno-venous hemofiltration UF= ultrafiltrate 
a Cumulative total time on CRRT up to day five of ICU admission (i.e. excludes time in ICU prior to CRRT 
commencement and time after CRRT final cessation, as well as intervals between treatments that were interrupted by 
technical problems, filter clotting, and patient transfers to radiology, operating room and bed moves). The number of 
patients who received CRRT on each ICU day was: day 1- 41, day 2- 52, day 3- 46, day 4- 44, day 5- 39. 
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Figure 1. Ammonia dynamics over five days of treatment with continuous renal 
replacement therapy in acute liver failure 

 

 
p<0.0001 
Geometric means of log transformed data 
Error bars indicate 95% CI 
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Figure 2. Proportion of patients with measured extreme hyperammonemia 
(>150 µmol/L) over five days in ICU 
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Table 3. Outcomes of ALF patients treated with Continuous Renal Replacement 
Therapy 

Outcomes  

Bleeding episode 11% (6)a 

ICU length of stay (days) 10 [6-15] 

Hospital Length of stay (days) 17 [11-28] 

Emergency Liver Transplantation 9% (5) 

Survived ICU 76% (41) 

Survived Hospital 74% (40) 

Emergency liver transplant-free survival 65% (35) 

 
Data presented as median [IQR] and % (n) 
a All bleeding episodes involved the gastrointestinal tract: oral mucosa 1, lower gastrointestinal tract 1, upper 
gastrointestinal tract 4 (1 of which occurred prior to CRRT). Only one patient with bleeding was receiving 
anticoagulation for CRRT (regional approach using unfractionated heparin and protamine). No bleeding episode 
required intervention beyond clotting factor administration except for one patient who underwent gastroscopy. 
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Supplemental digital content Table 1. Summary of neuroprotective 
management guidelines utilized in patients with Acute Liver Failure at risk of 
cerebral edema 

Intervention Target Method Mechanism of benefit 

Mechanical ventilation The lower of PaCO2 = 35 
mmHg, or that achieved by 
patient prior to intubation 

Adjust mechanical 
ventilation to achieve 
necessary minute 
ventilation 

• Reduction of cerebral 
hyperemia and intracranial 
pressure 

Haemo(dia)filtration Blood ammonia <60 µmol/L 
and even daily fluid balance 

Early initiation of 
CRRT 

• Ammonia clearance 
• Control of temperature 
• Metabolic, fluid and 

electrolyte control 

Hypernatremia Serum sodium 148-152 mmol/L 
 

Continuous infusion of 
20% saline via central 
line 

• Increase serum tonicity 
causing cerebral dehydration 

• Possible improvements in 
microcirculatory dynamics 

• Anti-inflammatory effects 
• Expansion of intravascular 

volume without significant 
overall positive fluid balance 

Temperature 

management 

Core temperature of 35°C, 
avoiding both markedly lower 
temperatures and fever 

Servo controlled 
cooling blanket and 
CRRT circuit 
 

• Reduced ammonia 
production 

• Reduced ammonia uptake in 
by the brain 

• Reduced cerebral blood flow 
• Reduced cerebral metabolic 

rate 
• Reduced neuroexcitation 
• Anti-inflammatory effects 

CRRT= continuous renal replacement therapy 

General care 

• Specific causes of acute liver failure amenable to treatment should be managed accordingly, 
e.g. acetaminophen overdose requires N-acetyl cysteine infusion. 

• All patients require, regular assessment of ammonia, hemostatic parameters, liver function 
tests, blood glucose, electrolyte profile (including phosphate), surveillance for potential sepsis 
and early administration of broad-spectrum antibiotics for infection. 

• Electrolyte abnormalities are common (especially low potassium and phosphate) and require 
pre-emptive supplementation for most patients. 

• Abnormalities in hemostatic parameters should not be treated in isolation. Clotting factors 
should be considered for extreme derangements, bleeding complications or prior to invasive 
procedures. 

• Intubated patients should be nursed head up to 30 degrees with avoidance of neck vein 
compression and unnecessary stimulation, with sedation if required. 

• Patients with high grade encephalopathy (West Haven grade ≥3 or GCS≤8) or agitated delirium 
with behavioral disturbance should be intubated. 

• Non-intubated patients with low grade hepatic encephalopathy (West Haven grade ≤2) require 
close nursing supervision with hourly neurological observations, continuous hemodynamic 
monitoring, twice daily senior medical review, twice daily check of ammonia levels, and regular 
arterial blood gas analysis (including lactate and blood glucose). Any neurological deterioration 
must be escalated to senior medical staff for immediate review. 

• King’s College Criteria are used to identify patients at high risk of death without ELT. All such 
patients are assessed at a minimum twice daily multidisciplinary bedside review involving the 
liver transplant unit and treating intensivists to review progress and decide on the need for ELT.  



370 

 

Supplemental digital content Table 2. Characteristics and outcomes of acute 
liver failure patients not treated with CRRT 

  Characteristic Patients 
(n=13) 

Patient 
characteristics on 
first day of ICU 
admission 

Baseline characteristics Age (years) 37 [32-48] 

Female 92% (12) 

Height (cm) 165 [157-168] 

Weight (kg) 58 [50-76] 

BMI kg/m2 21 [15-23] 
Illness severity APACHE III score 56 [37-67] 

APACHE III risk of death 0.14 [0.11-0.29] 
Etiology of ALF Acetaminophen overdose 92% (12) 

Non-acetaminophen overdose 8% (1) 
Grade of hepatic 
encephalopathy at time 
of ICU admission 

West Haven grade 0 23% (3) 

West Haven grade 1 31% (4) 

West Haven grade 2 23% (3) 

West Haven grade 3 23% (3) 

APACHE III organ failure Acute Renal Failure  0% (0) 

Critical care interventions 
Mechanical ventilation 23% (3) 

Vasopressor infusion 23% (3) 

N-acetyl cysteine infusion 100% (13) 

Lactulose administration 31% (4) 

Peak bilirubin (µmol/L) 82 [48-120]  
Biochemical and 
Hematological 
parameters first 
day of admission 

Markers of liver injury 
 

ALT (units) 6150 [4800-8976]  

AST (units) 7250 [4325-10986]  

INR 4.5 [3.1-5.6]  

Ammonia (µmol/L) 89 [79-107]  

Ammonia > 150 µmol/L 8% (1) 
Markers of renal failure Peak Creatinine (µmol/L) 103 [61-154] 

Peak Urea (µmol/L) 8.0 [5.8-9.9] 

Patients with normal 
creatinine at time of ICU 
admission 

Men <110 µmol/L 
Women <90 µmol/L 31% (4) 

Markers of illness 
severity 

Lactate (mmol/L) 3.7 [3.1-7.1]  

Nadir Bicarbonate (mmol/L) 20 [16-22]  

Sodium (mmol/L) 135 [132-137]  

Albumin (g/L) 25 [24-25]  
Outcomes Length of stay ICU (days) 2 [1-3] 

Hospital (days) 4 [6-9] 
Survival ELT-free survival 92% (12) 

Survival with ELT 8% (1) 
 

Data presented as median [IQR] and % (n)  
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Supplemental digital content Figure 2. Ammonia dynamics in Acute Liver 
Failure Patients not treated with continuous renal replacement therapy 

 

 
p<0.0001 
Geometric means of log transformed data 
Error bars indicate 95% CI 
  



372 

 

Supplemental digital content Table 3. Phosphate concentration, potassium 
concentration and platelet count over time in acute liver failure patients not 
receiving CRRT 

 

Parameter Non-CRRT patients 

n=13 

Day 1 Phosphate (mmol/L) 0.60 [0.50-1.03] 

Day 2 Phosphate (mmol/L) 0.64 [0.56-0.95] 

Day 3 Phosphate (mmol/L) 0.55 [0.54-0.76] 

Day 5 Phosphate (mmol/L) 0.75 [0.56-0.72] 

Phosphate supplementation required during ICU admission 92% (12) 

Day 1 Potassium (mmol/L) 3.8 [3.4-4.2] 

Day 2 Potassium (mmol/L) 3.7 [3.4-4.0] 

Day 3 Potassium (mmol/L) 3.6 [3.6-3.8] 

Day 5 Potassium (mmol/L) 4.3 (4.3-4.4] 

Potassium supplementation required during ICU admission 77% (10) 

Day 1 Platelet count (x 109/L) 134 [104-170] 

Day 2 Platelet count (x 109/L) 107 [89-158] 

Day 3 Platelet count (x 109/L) 122 [109-136] 

Day 5 Platelet count (x 109/L) 66 [39-90] 

Patients with a documented episode of thrombocytopenia < 75 x109/L 31% (4) 

 

Data presented as median [IQR] and % (n) 
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Supplemental digital content Table 4. Phosphate concentration, potassium 
concentration and platelet count during CRRT treatment 

Parameter CRRT patients 
n=54 

Day 1 Phosphate (mmol/L) 1.05 [0.79-1.71] 

Day 2 Phosphate (mmol/L) 0.89 [0.71-1.24] 

Day 3 Phosphate (mmol/L) 0.84 [0.67-1.04] 

Day 5 Phosphate (mmol/L) 0.90 [0.72-1.13] 

Phosphate supplementation required during ICU admission 89% (48) 

Day 1 Potassium (mmol/L) 4.2 [3.7-4.7] 

Day 2 Potassium (mmol/L) 4.1 [3.7-4.3] 

Day 3 Potassium (mmol/L) 4.0 [3.8-4.3] 

Day 5 Potassium (mmol/L) 4.3 [4.1-4.6] 

Potassium supplementation required during ICU admission 83% (45) 

Day 1 Platelet count (x 109/L) 140 [91-181] 

Day 2 Platelet count (x 109/L) 100 [67-139] 

Day 3 Platelet count (x 109/L) 69 [54-82] 

Day 5 Platelet count (x 109/L) 51 [40-84] 

Patients with a documented episode of thrombocytopenia < 75 x109/L 70% (39) 

 

Data presented as median [IQR] and % (n) 
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Management of Ventilation in ALF 
 

Introduction 

Acute liver failure usually progresses to a severe critical illness. Whilst hepatic injury 

leading to overt liver failure is the primary insult, severe multiple organ failure often 

eventuates.1 Amongst the various clinical problems that ensue, disturbances in 

haemostatic parameters, hepatic encephalopathy, renal failure and haemodynamic 

abnormalities are all prominent features. Overt respiratory failure is relatively 

uncommon however, at least early during the course of ALF.2 Respiratory failure with 

serious hypoxia occurs in only about a fifth of intubated ALF patients, most prominently 

in non-paracetamol aetiologies.3 Even though respiratory support is not always a clear 

initial priority, there are important reasons to approach airway management and 

ventilatory support in a strategic manner. Maintaining airway patency in obtunded 

patients, minimising the risks of pulmonary complications, optimising oxygenation, and 

delivering ventilatory strategies that may reduce neurological complications are all 

worthy reasons to ensure that respiratory support is not overshadowed by the many 

other confronting management challenges. The major principles and techniques of 

respiratory support in ALF patients share much in common with the care of other 

critically ill ICU patients with complex care needs (e.g. patient with septic shock 

resulting in multiple organ failure). The approach to ventilation in ALF warrants some 

modest modification from that which is usually employed in ICU however, as certain 

ventilatory strategies may offer neuroprotective benefits. 

 

Airway management 

Airway management of critically ill patients is a fundamental to intensive care practice. 

The decision to proceed to endotracheal intubation in ALF is generally determined by 

changes in neurological state and patients should have their airway secured according 
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to generally accepted criteria.4 Severe hepatic encephalopathy is common in ALF and 

may progress rapidly. Given the demonstrated correlation between reductions in 

conscious state and the loss of protective airway reflexes (with an associated risk of 

aspirating gastric contents), intubation is necessary when consciousness becomes 

significantly impaired.5 Apart from aspiration risks, delaying intubation until extreme 

instability is evident is likely to make airway management more dangerous when it is 

finally undertaken.6 For all of these reasons, it is prudent to recommend a pre-emptive 

approach to airway management in ALF patients, for whom deterioration is often the 

expected course.7 Avoidance of hypoxia is also an important consideration in the 

critically ill. For comatose ALF patients, this may most commonly develop due to upper 

airway obstruction, and/or acute lung injury associated with aspiration pneumonitis. 

Later on the likely causes of hypoxaemia include complications such as lower 

respiratory tract infections and pulmonary oedema.8 The optimal approach to providing 

supplemental oxygen in critically ill patients has not yet been clearly determined and 

current studies in ANZ may provide better evidence to guide future therapy.9 

 

Spontaneous hyperventilation in acute liver failure 

A somewhat unique characteristic of ALF that is commonly noted at presentation and 

early during the clinical course, is the tendency of affected patients to hyperventilate. 

This is often present despite a progressive reduction in conscious state and is 

frequently accompanied by a net respiratory alkalosis.6,10-12 Most causes of markedly 

reduced conscious state are associated with hypoventilation and there are few other 

causes of coma where patients exhibit hyperventilation (extreme diabetic ketoacidosis 

and rare intoxications causing both a metabolic acidosis and neurological obtundation 

are other examples). The hyperventilation associated with ALF is driven by a several 

underlying causes. Nearly all patients with ALF will have at least some degree of 

hyperlactataemia. Contributing factors to this include accelerated glycolysis driven by 
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elevated catecholamine and inflammatory mediator levels causing an increase in 

cellular glucose uptake in the absence of tissue hypoxia.11 Other factors also include 

hyperlactataemia resulting from haemodynamic compromise and shock. Along with 

the increased production, hepatic clearance of lactate via the Cori cycle,13 (which 

accounts for the bulk of systemic lactate clearance ) is also substantially diminished in 

ALF, resulting in even greater elevations than would otherwise occur. Finally, some 

toxins, such as paracetamol overdose (the commonest single cause of ALF in ANZ14,15) 

can cause both massive hepatic necrosis and a type B lactic acidosis.16 Interestingly, 

despite hyperlactataemia occurring commonly, not every affected patient develops a 

metabolic acidosis.10,12,17 In non-POD ALF patients, it may be that hypoalbuminaemia12 

and hypochloraemia18 produce alkalinising effects (consistent with Stewart approach 

to acid-base modelling19) that counteract the acidaemia that would otherwise be 

induced by elevations in blood lactate levels. Such offsetting effects are not so readily 

apparent in patients with POD associated ALF, possibly because of the more extreme 

hyperlactataemia from paracetamol poisoning. Given the inconsistent correlation 

between hyperventilation and metabolic acidosis in ALF patients, several other factors 

are likely to contribute. Hyperammonaemia has a range of potential mechanisms via 

which it can induce hyperventilation, including a direct central effect on the respiratory 

centre, and/or via the development of an intracellular acidosis.20 

 

Ventilation, carbon dioxide and cerebral blood flow 

ALF patients with severe HE often develop cerebral oedema which carries a high risk 

of neurological injury and death. In addition to the cytotoxic processes contributing to 

cerebral oedema, there is an important vasogenic component due to loss of cerebral 

vascular autoregulation and vasodilatation.21-23 Survivors of ALF (with or without ELT) 

demonstrate restoration of autoregulation of cerebral blood flow (CBF) early during 

their recovery.24 The loss of CBF autoregulation leads to cerebral hyperaemia in some 



378 

 

ALF patients21 which, in compromised blood barrier integrity allows plasma water to 

seep in to brain parenchyma.25,26 Of concern, this occurs most often in patients at 

highest risk of intracranial hypertension and those who have already developed it.27 

Patients with less severe HE, (and who do not have severe cerebral oedema further 

complication by intracranial hypertension) usually have normal or reduced CBF that 

matches cerebral oxidative requirements.28 For those patients with severe HE 

complicated by cerebral oedema and intracranial hypertension, hyperammonaemia is 

an important pathophysiological contributor to all of these processes.29 Regardless of 

whether the spontaneous hyperventilation so often present in ALF is an adaptive 

compensation, it may be helpful to promote and maintain it for several reasons, 

including the restoration of CBF autoregulation and a reduction in overall CBF that 

does not negatively impact on cerebral oxidative metabolism.23,27 

 

Despite these attractive attributes, deliberate routine aggressive hyperventilation 

offers little if any benefit in ALF. Patients with less severe HE who exhibit no evidence 

of cerebral oedema and have low risk of intracranial hypertension are unlikely to 

benefit given that they are unlikely to have cerebral hyperaemia. More importantly, 

changes in cerebral vascular tone resulting from hyperventilation are of limited 

duration.27,30,31 Finally, differential effects within the cerebral vasculature may 

theoretically result in the risk of pathological deficits in regional cerebral blood flow. 

Similar to other causes of neurological injury (e.g. traumatic brain injury), no clinical 

study has demonstrated benefit from routine moderate hyperventilation. This apparent 

lack of benefit does not imply that there is never value in hyperventilation or that 

clinicians should not carefully manage the ventilation of intubated patients with ALF. 

In the situation whereby a critically ill ALF patient is showing signs of severe cerebral 

oedema causing intracranial hypertension whilst awaiting the imminent arrival of a 

donated liver for ELT, there may be a role for a short period of deliberate aggressive 
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hyperventilation to transiently reduce intracranial pressures and allow a small amount 

of additional time to permit transplant surgery.32 

 

Carbon dioxide is an important product of cerebral metabolism and plays a key role in 

modulating cerebrovascular resistance (and hence blood flow). In health, 

cerebrovascular blood flow is steadily maintained, with little variation across a 

substantial range of systemic blood pressure. PaCO2 influences these processes via 

changes in extracellular pH that in turn alters the function of ATP-dependant potassium 

channels in the smooth muscle of resistance vessels of the brain, causing cerebral 

vasodilatation during hypoventilation and cerebral vasospasm during hyperventilation. 

Other important mediators may include prostaglandins, nitric oxide, and various neural 

pathways; all of these may be therapeutically influenced to some degree if desired. 

 

Little is currently known regarding the approach to ventilation for ALF patients in ANZ. 

Similarly, patterns of hyperlactataemia, acid-base derangement or need for ICU 

interventions such as renal replacement therapy and vasopressor support have not 

been described. How these factors may be associated with outcomes such as ELT-

free survival are also not known. Accordingly, we evaluated de-identified data from a 

group of 62 patients with ALF submitted from every liver transplant ICU across ANZ. 

We analysed base-line characteristics, aetiology, illness severity, key biochemical and 

haematological tests, use of critical care interventions and outcomes including ELT-

free survival. We hypothesised that most ALF patients admitted to ICU would require 

mechanical ventilation and that it would be initiated early, but not generally for a 

prolonged period if they survived (with or without ELT). We also hypothesised that 

spontaneous hyperventilation would be common prior to intubation, and that this would 

be accompanied by elevated concentrations of both lactate and ammonia. Finally, we 

hypothesised that most patients would have PaCO2 measurements towards the lower 
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end of the normal physiological range whilst intubated and that more marked 

hyperventilation, whilst evident occasionally, would not be widely implemented as a 

routine intervention. 

 

Method 

As previously described,33 we invited all six adult liver transplant ICUs across ANZ to 

share de-identified clinical data relating to the last ten or more adult patients admitted 

with acute liver failure (APACHE III diagnostic code 301.01) collected using a 

standardized collection tool. Austin Hospital Human Research Ethics Committee 

(HREC) approval was obtained (LNR/14/Austin/676) and a Memoranda of 

Understanding or a Clinical Trials Research Agreement with local ethics committee 

oversight was implemented where required to enable sharing of de-identified data. 

 

Data collected included patient sex, age, comorbidities, aetiology of ALF, illness 

severity score, components of the Kings College Criteria (KCC) biochemical and 

haematological test results, critical care interventions, blood product utilisation and 

outcomes including emergency liver transplantation (ELT) and death. We obtained 

data for interventions and investigations occurring at the time of ICU admission, six 

hours, twelve hours, and twenty-four hours after admission and then every day for one 

week. 

 

Statistical analysis 

Statistical analysis was performed using IBM SPSS statistics for Macintosh, version 

25 (IBM Corporation, Armonk, NY, USA). Continuous variables are expressed as 

medians with inter-quartile ranges (IQR) and categorical variables as frequencies with 

percentages. Continuous data were compared using Mann-Whitney test. Categorical 

data were compared using Chi Square or Fisher’s exact test as appropriate. Changes 
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in values over time were evaluated using the Friedman test. A two-sided p-value of 

0.05 or less was used to indicate statistical significance. 

 

Results 

Forty-seven patients required intubation and mechanical ventilation at some time 

during the first week of ICU. Of those patients who did not receive mechanical 

ventilation, 80% were female (p=0.05). Patients who underwent mechanical ventilation 

had higher illness severity and more of them fulfilled Kings College Criteria. Eighteen 

patients (29%) were intubated at the time of admission to ICU, and this increased to 

35 patients (56%) within the first 24-hours after ICU admission. During this period, 

more intubated patients had an ammonia concentration greater than 140 µmol/l (28% 

versus 0%; p=0.03), as well as higher lactate concentrations (8.6 mmol/L (IQR 4.7-

12.5) versus 3.2 mmol/L (IQR 2.1-4.3); p<0.0001) and a lower pH (7.30 (IQR 7.17-

7.39) versus 7.41 (IQR 7.36-7.44); p=0.002). For those patients not intubated at the 

time of admission to ICU, the median time to intubation was 6 hours (IQR 0-24) and in 

patients who survived, the median duration of intubation was 108 hours (IQR 72-153). 

The median PaCO2 immediately prior to intubation was 32 mmHg (IQR 27-36). The 

PaCO2 showed a trend to increase from initial base-line levels over the next 24-hours 

in intubated patients ((32 mmHg (IQR 31-40) to 39 mmHg (IQR 32-43); p=0.13). A 

similar, but statistically significant increase was evident for non-intubated patients (30 

mmHg (IQR 24-35) to 35 mmHg (IQR 32-37); p=0.002). For intubated patients, the 

documented PaCO2 was generally maintained within or below the low normal range 

(Figure 1) and there were only four documented instances of a PaCO2 of more than 45 

mmHg across four separate patients after the second day of ICU admission. Three 

underwent ELT, whilst one achieved ELT-free survival. Twenty-four intubated patients 

had a documented PaCO2 of less than 35mmHg on at least one occasion after the 

second day in ICU and their mortality was similar to those intubated patients without 
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documented hypocapnia (9/24 versus 10/23; p=0.77). Thirteen intubated patients had 

a documented PaCO2 of less than 30 mmHg on one or more occasions after the first 

day in ICU; three achieved ELT-free survival, compared with 21/34 intubated patients 

who did not have hyperventilation of this degree (p=0.49). A similar pattern was evident 

for survival between those who had documented hyperventilation episodes and those 

who did not (5/13 versus 23/34; p=0.068). ELT-free survival in intubated patients, was 

9/24 for patients who had an episode of hypocapnia, versus 7/23 for those who did not 

(p=0.77). Both peak and nadir PaCO2 values were similar for ventilated versus non-

ventilated patients during the period in ICU after day one. Vasopressor support and 

CRRT were used in a greater proportion of ventilated patients. All patients who did not 

require intubation in the first week of ICU care achieved ELT-free survival with shorter 

ICU length of stay, while only 16 (34%) of intubated patients achieved ELT-free 

survival. 

 

Discussion 

Key findings 

Most ALF patients in ANZ require intubation and mechanical ventilation during their 

first week in ICU. There was evidence of more extreme elevations of lactate and 

ammonia during day one of care in ICU in those who received mechanical ventilation 

compared to those who were never mechanically ventilated. Despite this, there were 

only modest differences in pH and PaCO2 between those who did and did not undergo 

mechanical ventilation. Intubation occurred early for most and the duration was 

generally less than five days. Unsurprisingly, nearly all markers of illness severity were 

more deranged in those who were intubated than in the small number of patients who 

did not ever require intubation. Correspondingly, more critical care interventions were 

also required for intubated patients, particularly the use of CRRT, vasoactive support 

and clotting factor administration. After the first day in ICU, peak and nadir PaCO2 
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values were not significantly different between ventilated and non-ventilated patients. 

Episodes of low PaCO2 were documented in thirteen intubated patients after the first 

ICU day, however no significant differences in outcome were apparent on this basis.  

 

Implications 

Given that most patient who received mechanical ventilation were intubated on their 

first day in ICU and that overt respiratory failure is uncommon at this time, it is most 

likely that the indication for intubation was severe HE. Another (or possibly additional) 

factor for some patients may have been that intubation was undertaken early in the 

setting of overwhelming critical illness with severe haemodynamic compromise and 

rapidly progressive multiple organ failure. 

 

Despite significantly higher lactate and ammonia concentrations, intubated patients 

had only minor absolute differences in PaCO2 and only a modest difference in pH. 

There may have been other factors that were not evaluated by our study, such as 

chloride and albumin concentrations that explain these findings. 

 

Most intubated patients who survived required mechanical ventilation for less than five 

days, suggesting that patients had undergone considerable improvement and had 

sufficiently recovered to be awake with reasonable haemodynamic parameters by this 

time.34 The frequent use of CRRT may have also played an important role by lowering 

ammonia levels. Lactate levels also improved during this period, probably due to 

recovery of liver function rather than a direct effect of CRRT. This implies that for most 

patients who survive (with or without ELT), that recovery is well-established within a 

five-day period.  
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For patients who were intubated, the PaCO2 was generally managed in the lower part 

of the normal range, or slightly lower. Along with the similarities between PaCO2 values 

between those who were and were not managed with mechanical ventilation, this 

implies that clinicians did not routinely resort to deliberate hyperventilation. Only 

thirteen intubated patients had documented episodes of PaCO2 less than 30 mmHg, 

and it is not known whether these were spontaneous episodes of hyperventilation or 

were deliberately targeted by clinicians. 

 

Relationship to previous studies 

Little has specifically been studied with regard to mechanical ventilation and ALF. Most 

have evaluated cases involving ELT35 or investigated the potential for hyperventilation 

as a management strategy for cerebral oedema and intracranial hypertension in ALF 

patients.23,27,31 Three observational studies have looked at lung injury and the impact 

on outcome, assessment of which involves data beyond that collected for this 

study.3,8,36 

 

Strengths and limitations 

We have conducted the first detailed, multicentre observational study of the approach 

to mechanical ventilation in ALF patients in ANZ. It includes patients from all liver 

transplant centres and provides a comprehensive overview of patient characteristics, 

management and outcomes. 

 

The modest size of this study reduces the ability to detect small, but potentially 

significant differences in characteristics, management and outcome between groups. 

There are also limitations relating to modest amount of ventilatory data actually 

collected; after the first day in ICU, most variables were only collated on a daily basis 

for the purposes of the study. This lack of granularity limits the ability to fully evaluate 
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highly dynamic parameters such as PaCO2. It is also unclear whether some findings 

were the result of intrinsic patient behaviour or are the result of deliberate therapeutic 

strategies (e.g. clinicians deciding to institute deliberate hyperventilation using 

mandatory ventilation with a high minute volume in intubated patients). There may 

have been episodes of changes in PaCO2 that reflect changes in ventilation which 

were not included in study data collated for analysis. Other potentially important 

values, such as the oxygenation parameters, ventilator settings, sedation practices, 

the incidence of ARDS and other pulmonary complications were not collected for the 

purposes of this study. 

 

Conclusions 

The majority of ANZ ALF patients managed in ICU received mechanical ventilation and 

it was generally initiated on the first day in ICU, continuing for a total duration of less 

than 5 days in most cases. These patients had greater illness severity and need for 

critical care interventions. During the period of mechanical ventilation, their PaCO2 was 

maintained in the lower part of the normal range. Sustained or extreme derangements 

in PaCO2 seem relatively uncommon and appear to have little association with 

important clinical outcomes.  
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Table 1. Characteristics and Outcomes of Acute Liver Failure Patients 
requiring Mechanical Ventilation in Australia and New Zealand 

 

Variable All (n=62) 
No Mechanical 

Ventilation 
n=15 

Mechanically 
Ventilated 

n=47 
p 

Age (years) 36 [28-47] 38 [28-46] 37 [28-49] 0.57 

Female 58% (36) 80% (12) 51% (24) 0.05 

Contraindications to ELT 27% (17) 20% (3) 30% (14) 0.53 

Paracetamol OD (all) 53% (33) 60% (9) 51% (24) 0.55 

Non-Paracetamol OD (all) 47% (29) 40% (6) 49% (23) 0.55 
Time from first presentation to admission to 
ICU at transplant capable hospital (hours) 25 [8-49] 30 [7-44] 24 [7-56] 0.95 

APACHE III Score 77 [57-102] 54 [35-67] 88 [66-110] <0.0001 

KCC fulfillment 60% (37) 20% (3) 72% (34) 0.04 

Ammonia above 140 µmol/L first day 21% (13) 0% (0) 28% (13) 0.03 

Ammonia above 140 µmol/ day 2 to 7 13% (8) 0% (0) 17% (8) 0.18 

Clinical data within first 24 hours of admission to ICU 

Highest Temperature (°C) 36.9 [36.5-37.3] 36.9 [36.6-37.0] 36.9 [36.5-37.4] 0.67 

Lowest Temperature (°C) 35.9 [35.2-36.2] 36.1 [35.9-36.3] 35.8 [34.9-36.1] 0.06 

Nadir pH 7.32 [7.2-7.41] 7.41 [7.36-7.44] 7.30 [7.17-7.39] 0.002 

Peak PaCO2 (mmHg) 37 [32-40] 35 [31-40] 37 [32-41] 0.56 

Nadir PaCO2 (mmHg) 28 [22-33] 30 [26-32] 28 [21-28] 0.35 

Peak Sodium (mmol/L) 141 [138-146] 142 [138-143] 141 [137-147] 0.58 

Peak Lactate (mmol/L) 7.1 [4.1-11.6] 3.2 [2.1-4.3] 8.6 [4.7-12.5] <0.0001 

Peak ALT IU/l 5369 [2494-7001] 6156 [4020-8868] 4932 [2104-7000] 0.11 

Peak GGT IU/l 106 [68-197] 159 [98-302] 90 [66-184] 0.06 

Peak ALP IU/l 139 [108-180] 127 [84-198] 145 [108-184] 0.29 

Peak Bilirubin (µmol/L) 95 [67-186] 77 [58-103] 122 [68-237] 0.07 

Peak Creatinine (µmol/L) 165 [92-262] 112 [62-417] 170 [108-243] 0.68 

Peak Urea (mmol/l) 6.9 [3.1-12.00] 7.0 [3.1-14.4] 6.8 [3.0-12.1] 0.82 

Peak Ammonia (µmol/L) 132 [91-172] 76 [52-136] 141 [97-198] 0.03 

Peak INR 5.45 [3.8-8.7] 3.6 [2.5-5.7] 5.8 [4.7-9.8] 0.003 

Peak APTT seconds 62 [44-77] 38 [37-44] 68 [52-86] <0.0001 

Nadir Fibrinogen (g/L) 1.1 [0.8-1.6] 1.5 [1.2-3.0] 1.0 [0.8-1.4] 0.02 

Nadir Platelets (x109/L) 83 [43-122] 107 [73-133] 77 [36-120] 0.05 

Nadir Hb (g/L) 102 [79-118] 113 [108-126] 86 [78-111] 0.005 

PaCO2 (mmHg) day 2 to 7     

Peak CO2 (mmHg) 41 [36-44] 37 [32-42] 41 [36-45] 0.20 

Nadir CO2 (mmHg) 33 [30-36] 33 [31-34] 33 [30-37] 0.95 

Interventions during entire first week in ICU     

Active cooling 10% (6) 0% (0) 100% (6) 0.32 

Hypertonic Saline 47% (29) 20% (3) 55% (26) 0.07 
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Noradrenaline infusion 69% (43) 13% (2) 87% (41) <0.0001 

n-acetyl cysteine infusion 84% (52) 87% (13) 83% (39) 1.00 

Antibiotic therapy 94% (58) 80% (12) 98% (46) 0.04 

CRRT 69% (43) 33% (5) 81% (38) 0.001 

FFP administration 58% (36) 13% (2) 72% (34) 0.001 

Cryoprecipitate administration 40% (25) 0% (0) 53% (25) <0.0001 

Platelets transfusion 35% (22) 0% (0) 47% (22) 0.36 

PCC administration 15% (9) 7% (1) 17% (8) 0.43 

rFVIIa administration 6% (4) 0% (0) 9% (4) 0.56 

PRBC transfusion 47% (29) 13% (2) 57% (27) 0.003 

Complications and Outcomes     

Bleeding episode 19% (12) 0% (0) 26% (12) 0.03 

Positive blood culture 23% (14) 13% (2) 26% (12) 0.48 

ICU length of stay (hours) 116 [48-217] 112 [48-209] 103 [333-616] 0.03 

Hospital length of stay (days) 11 [5-18] 10 [4-18] 16 [7-37] 0.23 

Emergency Liver Transplantation 21% (13) 0% (0) 28% (13) 0.03 

ICU mortality 31% (19) 0% (0) 40% (19) 0.003 

ELT-free survival 50% (31) 100% (15) 34% (16) <0.0001 
 

ELT=emergency liver transplant, ETT=endotracheal tube, POD=paracetamol overdose, APACHE=acute physiology 
and chronic health evaluation, KCC=Kings College Criteria, ALT=alanine aminotransferase, GGT=gamma glutamyl 
transferase, ALP=alkaline phosphatase, IU=international units, INR=international normalised ration, aPTT=activated 
partial thromboplastin time, ETT=endotracheal intubation, CRRT=continuous renal replacement therapy, FFP=fresh 
frozen plasma, PCC=prothrombin complex concentrate, rFVIIa=recombinant factor VII (activated), PRBC=packed red 
blood cells 
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Figure 1. PaCO2 over time in intubated acute liver failure patients 

 

Error bars represent interquartile range 

  

20

25

30

35

40

45

0 6 12 24 48 72 96 120 144 168

Pa
C

O
2

(m
m

H
g)

Time since admission to ICU (hours)
median PaCO2



389 

 

References 

1. Bernal W, Auzinger G, Dhawan A, Wendon J. Acute liver failure. Lancet 2010;376:190-201. 
2. Bernal W, Wendon J. Acute liver failure. N Engl J Med 2013;369:2525-34. 
3. Audimoolam VK, McPhail MJ, Wendon JA, et al. Lung injury and its prognostic significance in acute liver failure. 

Crit Care Med 2014;42:592-600. 
4. Brown CA. The decision to intubate. In: RM W, ed. UptoDate. UpToDate, Waltham, MA (Accessed on 10 June, 

2019)2019. 
5. Moulton C, Pennycook A, Makower R. Relation between Glasgow coma scale and the gag reflex. Bmj 

1991;303:1240-1. 
6. Ward ME, Trewby PN, Williams R, Strunin L. Acute liver failure. Experience in a special unit. Anaesthesia 

1977;32:228-39. 
7. Rinella ME, Sanyal A. Intensive management of hepatic failure. Seminars in respiratory and critical care medicine 

2006;27:241-61. 
8. Trewby PNP. Incidence and pathophysiology of pulmonary edema in fulminant hepatic failure. Gastroenterology 

1978;;74:859-65. 
9. Young PJ, Mackle DM, Bailey MJ, et al. Intensive care unit randomised trial comparing two approaches to oxygen 

therapy (ICU-ROX): results of the pilot phase. Crit Care Resusc 2017;19:344-54. 
10. Record CO, Iles RA, Cohen RD, Williams R. Acid-base and metabolic disturbances in fulminant hepatic failure. 

Gut 1975;16:144-9. 
11. Scheiner B, Lindner G, Reiberger T, et al. Acid-base disorders in liver disease. J Hepatol 2017;67:1062-73. 
12. Funk G-C, Doberer D, Fuhrmann V, et al. The acidifying effect of lactate is neutralized by the alkalinizing effect of 

hypoalbuminemia in non-paracetamol-induced acute liver failure. Journal of Hepatology 2006;45:387-92. 
13. Andersen LW, Mackenhauer J, Roberts JC, Berg KM, Cocchi MN, Donnino MW. Etiology and therapeutic approach 

to elevated lactate levels. Mayo Clinic proceedings 2013;88:1127-40. 
14. Porteous J, Cioccari L, Ancona P, et al. The Outcome of Acetaminophen-Induced Acute Liver Failure managed 

without Intracranial Pressure Monitoring or Transplantation. Liver Transpl 2018. 
15. Warrillow S, Bailey M, Pilcher D, et al. Characteristics and Outcomes of Patients with Acute Liver Failure Admitted 

to Australian and New Zealand Intensive Care Units. Internal medicine journal 2018. 
16. Shah AD, Wood DM, Dargan PI. Understanding lactic acidosis in paracetamol (acetaminophen) poisoning. British 

journal of clinical pharmacology 2011;71:20-8. 
17. Oster JR, Perez GO. Acid-base disturbances in liver disease. J Hepatol 1986;2:299-306. 
18. Naka T, Bellomo R, Morimatsu H, et al. Acid-base balance in combined severe hepatic and renal failure: a 

quantitative analysis. Int J Artif Organs 2008;31:288-94. 
19. Morgan TJ. The Stewart approach--one clinician's perspective. Clin Biochem Rev 2009;30:41-54. 
20. Adeva MM, Souto G, Blanco N, Donapetry C. Ammonium metabolism in humans. Metabolism: clinical and 

experimental 2012;61:1495-511. 
21. Larsen FS, Adel Hansen B, Pott F, et al. Dissociated cerebral vasoparalysis in acute liver failure. A hypothesis of 

gradual cerebral hyperaemia. Journal of hepatology 1996;25:145-51. 
22. Larsen FS, Ejlersen E, Hansen BA, Knudsen GM, Tygstrup N, Secher NH. Functional loss of cerebral blood flow 

autoregulation in patients with fulminant hepatic failure. Journal of hepatology 1995;23:212-7. 
23. Strauss G, Hansen BA, Knudsen GM, Larsen FS. Hyperventilation restores cerebral blood flow autoregulation in 

patients with acute liver failure. Journal of hepatology 1998;28:199-203. 
24. Strauss G, Hansen BA, Kirkegaard P, Rasmussen A, Hjortrup A, Larsen FS. Liver function, cerebral blood flow 

autoregulation, and hepatic encephalopathy in fulminant hepatic failure. Hepatology 1997;25:837-9. 
25. Nguyen JH. Blood-brain barrier in acute liver failure. Neurochem Int 2012;60:676-83. 
26. Skowronska M, Albrecht J. Alterations of blood brain barrier function in hyperammonemia: an overview. Neurotox 

Res 2012;21:236-44. 
27. Strauss GI. The effect of hyperventilation upon cerebral blood flow and metabolism in patients with fulminant 

hepatic failure. Dan Med Bull 2007;54:99-111. 
28. Jalan R, Olde Damink SW, Hayes PC, Deutz NE, Lee A. Pathogenesis of intracranial hypertension in acute liver 

failure: inflammation, ammonia and cerebral blood flow. J Hepatol 2004;41:613-20. 
29. Warrillow S, Bellomo R. Preventing cerebral oedema in acute liver failure: the case for quadruple-H therapy. 

Anaesth Intensive Care 2014;42:78-88. 
30. Robertson C. Every breath you take: hyperventilation and intracranial pressure. Cleve Clin J Med 2004;71 Suppl 

1:S14-5. 
31. Ede RJ, Gimson AE, Bihari D, Williams R. Controlled hyperventilation in the prevention of cerebral oedema in 

fulminant hepatic failure. Journal of hepatology 1986;2:43-51. 
32. Richardson D, Bellamy M. Intracranial hypertension in acute liver failure. Nephrology Dialysis Transplantation 

2002;17:23-7. 
33. Warrillow S, Tibballs H, Bailey M, et al. Characteristics, management and outcomes of patients with acute liver 

failure admitted to Australasian intensive care units. Crit Care Resusc 2019;21:188-99. 
34. Artime CA, Hagberg CA. Tracheal extubation. Respiratory care 2014;59:991-1002; discussion -5. 
35. Lee S, Jung HS, Choi JH, et al. Perioperative risk factors for prolonged mechanical ventilation after liver 

transplantation due to acute liver failure. Korean J Anesthesiol 2013;65:228-36. 
36. Baudouin SV, Howdle P, O'Grady JG, Webster NR. Acute lung injury in fulminant hepatic failure following 

paracetamol poisoning. Thorax 1995;50:399-402. 
 



390 

 

Use of osmotherapy in acute liver failure patients across Australia and 
New Zealand  
 

Introduction 

Pathophysiology of cerebral oedema and intracranial hypertension in acute liver failure 

Hepatic encephalopathy (HE) in the setting of acute liver failure (ALF) involves 

complex process that are similar in some respects to those causing HE in the setting 

of decompensated chronic liver disease. Similarities include the important role of 

ammonia, as well as the variation in neurological abnormalities observed between 

patients who have otherwise similar disease patterns and levels of biochemical 

derangement.1 The risks of cerebral oedema and intracranial hypertension are 

confined almost exclusively to ALF patients however and rarely occur in cirrhotic 

patients, even in the setting of severe HE.  

 

Cerebral oedema with intracranial hypertension is a serious complication for ALF 

patients with high grade HE and is driven by two major processes.2 Firstly, a cytotoxic 

process occurs, involving injury to astrocytes leading to cellular swelling and 

inflammation of brain parenchyma. Likely contributors to this include direct cellular 

injury from elevated concentrations of ammonia, glutamine accumulation, abnormal of 

neurotransmitter function, inflammatory cytokines, dysfunction of cell membrane 

channels, changes in key enzyme systems, and mitochondrial injury. The elevation of 

blood ammonia concentration, which is nearly universal in ALF, plays a key role in all 

of these complex processes. Secondly, vasogenic oedema with some loss of blood 

brain barrier (BBB) function is also important. An uncoupling of the regulation of 

cerebral blood flow from haemodynamic status results in relative cerebral hyperaemia, 

whilst matrix metalloproteinase-9 (MMP-9) mediated changes in tight junction function 

compromise BBB integrity.3 Once again, hyperammonaemia appears to be an 

important driver, mediated through dysregulated nitric oxide production and 
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prostaglandin associated vasodilation. Simultaneous cerebral hyperaemia and BBB 

porosity allows the seepage of both plasma water and solute into the brain 

parenchyma. The order and relative importance of these two overarching processes is 

somewhat unclear and may vary between patients with ALF. Regardless of their 

specific contributions, the end result of combined cytotoxic and vasogenic oedema is 

the development of swollen brain tissue and a risk of intracranial hypertension. 

 

There are only limited underlying compensatory mechanisms available to protect 

against elevations in intracranial pressure that result from an expansion of brain 

volume. The intracranial volume consists of three main components: brain 

parenchyma, the blood volume of the cerebral circulation (of which approximately 70% 

is venous), and the cerebrospinal fluid (CSF). The blood volume of the cerebral 

circulation can be displaced to a small extent in order to attenuate elevations in 

intracranial pressure, although in ALF, hyperaemia is one of the contributing problems 

and the capacity of this mechanism may be somewhat blunted.4 Thus, while this 

compensatory mechanism only ever provides limited capacity to mitigate intracranial 

hypertension, it is potentially rendered even less effective in ALF. The displacement of 

cerebrospinal fluid also occurs with any rise in intracranial pressure and this is an 

important compensatory mechanism that likely precedes both radiological and clinical 

changes of intracranial hypertension. Given that the volume of CSF within the cranium 

is only 57 to 287ml, this compensatory mechanism is also readily overwhelmed.5 

 

Once the limited compensatory mechanisms that defend against elevations in 

intracranial pressure are overcome, further worsening of cerebral oedema results in 

non-linear increases in intracranial pressure. Following from this, progressive 

neurological injury will result. This is in part due to interference in cerebral blood flow 

as intracranial pressure rises to approach systemic arterial pressures, impeding 
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cerebral perfusion. A positive feedback cycle may result in which neurological injury 

causes further cerebral swelling, reducing cerebral perfusion, leading to further 

neurological injury. Ultimately, progressive shear and compressive forces across 

cranial compartments and the foramen magnum result, causing mechanical injury to 

the brain that not only potentiates further injury, but ultimately lead to irreversible brain 

damage and death. 

 

Detecting, monitoring and treating established cerebral oedema with or without 

intracranial hypertension is extremely challenging. Even in the circumstances of an 

isolated neurological problem (e.g. after isolated severe closed head injury) 

management can be difficult. Critically ill ALF patients with HE also have a highly 

complex pattern of critical illness that involves compromise of the systemic circulation 

as well as multiple organ failure and a state of generalised inflammation. An approach 

that seeks to prevent the development of serious cerebral swelling is therefore 

extremely attractive as a more effective and safer approach, rather than responding in 

a reactive manner once the pathological process is established. 

 

Risk factors for cerebral oedema in acute liver failure 

The complex and multifactorial nature of cerebral oedema in liver failure mean that risk 

factors for its development and severity have not been comprehensively characterised. 

However, acute (rather than decompensated chronic) liver failure,6 extreme 

hyperammonaemia,7-9 hyperacute presentation (especially if secondary to 

paracetamol),8 younger age,10 low (and/or falling) serum osmolarity,11 the presence of 

a severe systemic inflammatory response (SIRS) (with or without concurrent 

infection),10 and higher illness severity (measured by either scoring systems or need 

for physiological supports)10 are all generally accepted to pre-dispose to both cerebral 

oedema and subsequent intracranial hypertension. Notably, only hyperammonaemia, 
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serum osmolarity (and potentially the severity of the systemic inflammatory response) 

are readily modifiable. 

 

Use of osmotherapies in cerebral oedema 

Osmotherapy has been used to manage cerebral oedema for over fifty years and is 

included in most published neurocritical care management guidelines, regardless of 

the underlying cause.12 The intervention relies on increasing plasma osmolarity though 

the intravenous administration of osmotically active substances that cannot 

themselves cross the BBB (i.e. they exhibit a reflection coefficient approaching 1). This 

generates an osmotic gradient across the BBB that favours the egress of water from 

brain parenchyma into the circulation. This process of cerebral dehydration leads to a 

reduction in cerebral volume and lowers ICP as a consequence.13,14 Displaced CSF 

can then return from the spinal subarachnoid space to the ventricles, ensuring that the 

sum total of intracranial volume is maintained (in accordance with the Monro-Kellie 

doctrine) with resulting improvement in intracranial compliance. Water will move from 

the intracellular space to the extracellular interstitial fluid so long as the osmotic 

gradient is favourable and can then progress from the interstitium to the intravascular 

space so long as the latter is also maintained at a higher relative osmolarity. On this 

basis, it is the initial doses of osmotherapy that are likely to be the most effective.10 

Other proposed benefits of osmotherapy for cerebral oedema include improved 

rheology of erythrocytes through a process of osmotically driven shrinkage, improved 

flow in the microcirculation as well as systemic vascular volume expansion with 

reduced blood viscosity.15 

 

While it is clear that this strategy can reliably achieve temporary reductions in ICP 

there is limited evidence for improved patient outcomes across all causes of cerebral 

oedema, including that associated with ALF.12 Most studies have evaluated patients 
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with focal brain pathologies (e.g. stroke) or severe closed head injury. As noted 

previously, effective function of the BBB is required for osmotherapy to work optimally, 

and it may be theoretically somewhat less effective in the setting of severe ALF where 

there are subtle but important changes in tight junction function despite the absence 

of overt structural changes.3 None-the-less, the use of osmotherapy in in this context 

is extensively practised16 and the approach continues to be recommended in 

management guidelines.17 The avoidance of inducing inadvertent reductions in 

osmolarity has also been strongly recommended in ALF patients given the risks of 

precipitating or exacerbating cerebral oedema.11 This is of particular relevance for ALF 

patients managed with high dose CRRT, where it is possible that fluctuations in 

osmolarity might occur, especially at the time of initiating treatment. Given that CRRT 

is most likely to be used in those ALF patients at highest risk of severe cerebral 

oedema and intracranial hypertension, this may be an extremely important 

consideration.18 

 

Mannitol 

Mannitol is a naturally occurring sugar alcohol with a molecular weight of 182 da. 

Derived from the sugar mannose, it has been used as treatment for cerebral oedema 

since the 1960s, both by prolonged infusion and as intermittent bolus therapy (usually 

as a dose of 0.25-1g/kg body weight). Its elimination half time is 1 to 2.5 hours and it 

is freely filtered unchanged into the renal tubule, where it remains osmotically active 

and causes a degree of osmotic diuresis. Mannitol has a reflection coefficient of 0.9, 

so that there is some potential for paradoxical exacerbations of intracranial pressure 

(ICP) if it leaks across the BBB and into the brain parenchyma. This raises at least a 

theoretical risk of paradoxical worsening of brain swelling due to a “reverse” osmotic 

drag effect,19 although this possibility seems unlikely except through prolonged use at 

high doses followed by abrupt cessation. It has been used extensively in ALF and 
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continues to be a recommended first line therapy for cerebral oedema in this setting,20 

although there are concerns about limited benefit.21 Potentially undesirable effects of 

mannitol include a rapid expansion of the intravascular volume resulting in acute heart 

failure with pulmonary oedema. Also, if a substantial osmotic diuresis eventuates, 

hypovolaemia and exacerbation of haemodynamic compromise will likely ensue 

unless additional fluids administered to compensate. Allergic reactions are uncommon 

but have been long recognised as potentially problematic.22 Recommended doses of 

1g/kg are common and appear effective at reducing intracranial pressure (ICP), except 

perhaps in patients with ARF and extreme elevations of ICP.23,24 Despite widespread 

use,16 the utility, safety and appropriateness of mannitol has been questioned,19 and 

regular monitoring of serum osmolality has been suggested, with an upper limit of 320 

mOsm/L being recommended if repeat doses of mannitol are considered for ALF 

associated cerebral oedema.20 

 

Hypertonic saline 

While initially introduced as a low volume resuscitation fluid, hypertonic saline (HTS) 

has become established as an effective osmotherapy for cerebral oedema.10 Sodium 

chloride has a molecular weight of 58.5 Da and a reflection coefficient of 1.0. Various 

concentrations of HTS have been used and recommended over time, with most falling 

between 3 and 30 mmol/L. Commercially available HTS formulations available in 

Australia and New Zealand include 3%, 20% and 23.4% (the last of these seems to be 

rarely used). Use by both continuous infusion and bolus therapy has been described 

and target serum sodium concentrations ranging from 145 through to 155 mmol/L have 

been suggested.25-27 Administration via a central venous catheter is recommended for 

hypertonic solutions to minimise the risk of thrombophlebitis. Beyond dehydration of 

the brain, potential beneficial mechanisms of hypertonic saline might also include 

reductions in blood viscosity, increased plasma tonicity causing accelerated CSF 
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reabsorption, improved regional cerebral microcirculation function, improved systemic 

haemodynamic parameters, cerebral anti-inflammatory effects, normalisation of 

neuronal membrane potentials and reduction in extravascular lung water volume 

leading to better gas exchange.28 Hyponatraemia is common in ALF patients and is 

associated with poor outcomes.29,30 Caution in the administration of HTS to patients 

who are hyponatraemic at presentation is important (including liver failure patients31-

33) and it has been suggested that only a modest rise in serum sodium (i.e. less than 

12 mmol/L each day) should be permitted in order to minimise the risk of central 

pontine and extrapontine demyelination.34 

 

HTS is as effective as mannitol for cerebral oedema,35 including in the specific setting 

of ALF.26,36 It has also been suggested that it may be effective in situations refractory 

to mannitol and might provide better outcomes, although such evidence is mostly in 

the context of trauma, rather than ALF.35,37,38 Importantly, achieving a meaningful rise 

in serum sodium concentration appears more impactful than the actual amount of HTS 

administered.36,39 HTS has been recommended for use both prophylactically (by 

continuous infusion)20 or in a more reactive manner (i.e. when there is evidence of 

cerebral oedema with intracranial hypertension)40 in ALF, with both approaches 

appearing to be effective.26 It has been suggested that the serum sodium concentration 

should not be allowed to rise to more than 160 mmol/L, however no strong evidence 

has been established on which to base this recommendation.41 

 

While osmotherapy is suggested in several international treatment guidelines for the 

management of neurological complications in ALF, little is known about how it is used 

in Australia and New Zealand.40 Accordingly, we undertook a retrospective analysis of 

osmotherapy use in ALF across all ANZ liver transplant units. 
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Methods 

As previously described, data was collected for sixty-two ALF patients drawn from 

every liver transplant ICU across Australia and New Zealand for analysis.42 All patients 

were coded for APACHE III diagnosis of ALF (302.01), had evidence of hepatic 

insufficiency (with an elevated INR and hepatic encephalopathy) occurring less than 

eight weeks from the initial onset of illness. The use and timing of osmotherapy was 

recorded, as were as patient characteristics, overall care and outcomes. A collection 

tool was used by each contributing site in order to ensure consistency of approach. 

Similar to previous studies,29 data on serum sodium was collected rather than serum 

osmolarity, as the latter is not routinely tested for or documented, and given the need 

for rapid and repeated testing, most clinicians in ANZ use point of care blood gas 

assessment of sodium concentrations as their preferred therapeutic guide. 

 

Statistical analysis 

Statistical analysis was performed using IBM SPSS statistics for Macintosh, version 

25 (IBM Corporation, Armonk, NY, USA). Continuous variables are expressed as 

medians with inter-quartile ranges (IQR) and categorical variables as frequencies with 

percentages. Continuous data were compared using Mann-Whitney test. Categorical 

data were compared using Chi Square or Fisher’s exact test as appropriate. Changes 

in values over time were evaluated using the Friedman test. Differences between 

groups over time were analysed using repeat measures analysis of variance fitting 

main effects for group, time and an interaction between group and time to determine if 

groups behaved differently over time. A two-sided p-value of 0.05 or less was used to 

indicate statistical significance. 
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Results 

Overall, 47% (29) of ALF patients were treated with HTS, while 2% (1) patient received 

mannitol (as a single dose) during the course of their management in ICU (p<0.0001) 

(Table 1). Twenty-seven per cent (17) patients had hyponatremia at the time of 

admission to ICU (serum sodium less than 135 mmol/L). Of these, only 5 (29%) 

achieved ELT-free survival, compared with 26/45 (58%) who were not hyponatraemic 

(p=0.05). There was no difference in the incidence of hyponatraemia on the basis of 

POD-status (7/33 versus 10/29; p=0.24). There was no difference in HTS use on the 

basis of initial hyponatraemia (7/33 versus 10/29; p=0.24) and no significant 

differences in age, sex, eligibility for ELT, aetiology or time to presentation between 

treated and untreated patients. Patients treated with HTS tended to be sicker, with 

numerically higher APACHE III scores and more of them fulfilling KCC, however these 

findings were not statistically significant. There were no major or clinically significant 

differences in biochemical or haematological parameters between treated and 

untreated patients. Patients treated with HTS were more likely than untreated patients 

to receive other critical care interventions, especially mechanical ventilation (p=0.02) 

and vasoactive support in the form of noradrenaline infusions (p=0.01), as well as non-

significant trends to greater proportional utilisation of active cooling, N-acetyl cysteine 

infusion, and CRRT. The greatest number and proportion of ALF patients treated with 

HTS was on the second day of admission to ICU, when 27% of patients still in ICU 

(14/51) received HTS (Figure 1). The median time to commencement of HTS was 12 

hours (IQR 6-48) from admission to ICU and the median duration of treatment was 2 

days (IQR 1-4). Prior to commencement of HTS, the median serum sodium 

concentration in treated patients was 137 mmol/L (IQR 134-139), with significant 

increases over time to achieve sustained mild hypernatraemia in the majority after 

three days of therapy, with the median serum sodium increasing by day four to 149 

mmol/L (IQR 146-151) (p<0.0001) (Figure 2). Over a similar period (commencing at 
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twelve hours after admission which was the median starting time for HTS therapy in 

treated patients), non-HTS treated ALF patients did not exhibit clinically significant 

changes in serum sodium concentrations over the ensuring four days (140 mmol/L 

(IQR 137-143) to 142 mmol/L (IQR 137-147). Patients treated with HTS had a higher 

serum sodium concentration overall compared with untreated patients (Figure 3) 

(p=0.02). No patient in either treatment group had a serum sodium measurement 

greater than 160mmol/L during their care in ICU. 

 

No differences in ELT-free survival (13/20 untreated versus 13/23 treated; p=0.57) or 

death (6/20 treated versus 11/23 untreated; p=0.23) was evident in patients managed 

with RRT on the basis of HTS therapy. However, patients who did not received HTS 

whilst being treated with CRRT had significantly lower serum sodium concentration 

than those who received neither HTS nor CRRT (Figure 4A). This difference in serum 

sodium on the basis of CRRT was not significant between patients who were treated 

with HTS (Figure 4B). 

 

Overall, no statistically significant differences were apparent in terms of ICU and 

hospital length of stay, mortality, ELT and ELT-free survival between those who 

received HTS and those who did not, although the pattern was for a trend to less 

favourable outcomes in each of these parameters. 

 

Discussion 

Key findings 

Hyponatraemia at the time of admission to ICU was associated with failure to achieve 

ELT-free survival, but not with the aetiology of ALF or subsequent use of HTS. HTS 

was used commonly, whilst mannitol use was extremely uncommon. As would be 

expected, the serum sodium concentration increased in patients treated with HTS, 
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rising to levels consistent with currently recommended targets. More than half of all 

ALF patients were not treated with HTS and they exhibited minimal changes in sodium 

levels over a comparable period. 

 

Patients treated with HTS appeared to have more of the risk factors associated with 

cerebral oedema and risk of neurological injury; patients tended to be more critically ill 

and more of them received support with a range of other ICU therapies. While HE 

grade was not directly assessed, it is likely that most treated patients were severely 

affected given that most were intubated, which is a reliable marker for severe HE.43 

For patients receiving RRT, no association with HTS and outcome was evident, 

however there was a tendency to lower serum sodium concentrations when CRRT 

was used in the absence of HTS therapy. The administration of HTS to patients 

receiving CRRT resulted in serum sodium concentrations similar to those evident in 

non-CRRT patients. Patients treated with HTS were more likely to receive 

noradrenaline, consistent with a more pronounced systemic inflammatory response. 

The trend to poorer survival and longer length of stay in HTS treated patients is also 

consistent with greater illness severity and an associated requirement for more 

extensive use of critical care interventions.  

 

Implications 

ALF patients in ANZ are often treated with HTS. When HTS is administered, there is 

an associated rise in serum sodium concentration which reaches commonly 

recommended target concentrations. Given that it is the rise in serum sodium 

concentration that correlates with effectiveness, rather than the absolute dose of HTS 

administered,36 this implies that the current approaches are likely to achieve whatever 

clinical benefits may be derived from the use of osmotherapy in this context. Another 

important finding is that not every patient at risk of the severe HE  received treatment. 
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Aside from some key differences (such as severity of HE, incidence of severe 

hyperammonaemia and use of noradrenaline), it could be argued that treated and 

untreated patients had broadly similar baseline characteristics. This implies 

considerable practice variation and it is possible that at least some patients might 

achieve a better outcome if treatment was administered in accordance with current 

recommendations. 

 

The finding that HTS administration may attenuate the reduction in serum sodium 

associated with CRRT is important. While CRRT has many potential benefits in the 

setting of ALF,18 it also has a theoretical risk of reducing serum osmolarity (especially 

if delivered at high dose, as is often recommended27), which could inadvertently 

precipitate or exacerbate cerebral oedema. Given that hyponatraemia has been 

associated with poor outcome, implementing strategies to prevent it are attractive. The 

ability to reduce the risks of lower serum sodium concentrations in patients managed 

on CRRT by administering HTS implies that it should play a key role as an important 

adjunct therapy for all ALF patients commencing CRRT. 

 

Finally, mannitol was used in only a single instance in a single patient (who was also 

treated with HTS), demonstrating that despite most studies of osmotherapy in the 

treatment of cerebral oedema focussing on mannitol, HTS is the dominant 

osmotherapeutic agent used to treat ALF patients in Australia and New Zealand. 

 

Relationship to existing literature 

Only a limited number of studies have evaluated the use of hypertonic saline in ALF 

and all are small (less than 42 patients) and single centre,11,26,36,44 or case reports.45 

The number of ALF patients with hyponatraemia at baseline and the degree of 

hyponatraemia we found was similar to previous reports26 and our findings also 
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indicate that, as previously reported, this was associated with worse outcomes.29,30 

Unlike previous reports,26 we did not identify an association between early 

hyponatraemia and POD-status. Similar to our findings, the use of HTS via bolus or 

continuous infusion increased serum sodium concentrations in ALF patients in 

previous studies. While other studies have evaluated the use of HTS as an intervention 

with regard to changes in ICP measurements,26 radiological appearance and clinical 

findings,36 ours is the first to comprehensively document patterns of use and 

associated outcomes in usual clinical practice across multiple specialist centres in two 

countries. As such, it provides a detailed insight into the way in which clinicians select 

therapy in practice, as well as describing the interaction with other therapies and the 

clinical outcomes that follow. 

 

The potential role for using HTS with CRRT warrants further exploration. It has been 

suggested that the initiation of CRRT in ALF patients may remove urea (although this 

is not commonly elevated in ALF46), sodium and various unmeasured osmotically 

active molecules that would otherwise accumulate during liver failure and exacerbate 

cerebral oedema.11,47 Our findings support with the suggestion that the administration 

of HTS at the same time CRRT is commenced provides a fairly straightforward, safe 

and effective means of reducing the potential risk of a sudden and inadvertent 

reduction in serum osmolarity, thereby ensuring that the potential beneficial effects of 

CRRT are not negated.27 A major survey of management practices for ALF in Europe 

indicated that mannitol is the dominant osmotherapy used for management of cerebral 

oedema (100% of affected patients), with HTS used less frequently (35% of patients, 

and even less often in smaller centres).16 Our findings thus demonstrate considerable 

differences in ANZ practice from usual care in other regions. 
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Strengths and limitations 

This study has several strengths. It is the largest exploration of HTS therapy in ALF 

and the only to involve multiple centres across two countries. All patients had 

confirmed ALF (not acutely decompensated chronic liver disease) and highly detailed 

information was collected regarding their characteristics, test results and management 

in ICU for the entire period of the admission (up to seven days), as well as outcomes. 

Some important limitations also require acknowledgment. Our study did not record 

intracranial pressure, however invasive intracranial monitoring is not frequently used 

for ALF patients in ANZ48 and its usefulness and safety have been questioned.36,49 The 

results of neuroimaging (e.g. CT) were not assessed as part of this study, however 

there are limitations in standard CT imaging relating to the ability to detect cerebral 

oedema and elevated ICP, especially in highly dynamic situation of complex critical 

illness.50 Finally, while our study documented the initiation and duration of HTS 

therapy, the strength, mode of administration (bolus versus continuous infusion or 

both), and total dose were not recorded. However, previous studies indicate efficacy 

for both bolus and continuous administration and it has been established that it is the 

change in serum sodium rather than the dose administered that correlates with 

therapeutic effect.36  

 

Conclusions 

Hyponatraemia was evident in over a quarter of ALF patients at the time of admission 

to ICU and was associated with worse clinical outcomes. HTS was used in nearly half 

of ALF patients admitted to specialist liver ICUs across ANZ, while mannitol was 

seldom administered. Treatment was commenced in the first two days of ICU 

admission in most of those who received HTS and there was a subsequent rise in 

serum sodium concentrations to levels recommended by many published ALF 

management guidelines. Little change occurred over time in serum sodium 
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concentrations in patients who did not receive HTS. Differences in baseline 

characteristics between those treated with HTS and those not treated were modest, 

and many ALF patients with risk factors for cerebral oedema were untreated. The use 

of HTS in patients receiving CRRT may be protective against a reduction in serum 

sodium concentrations and should be considered for all ALF patients treated with 

CRRT to minimise the risk of inadvertently exacerbating cerebral oedema. The 

variation in practice suggested by these findings in the setting of potential benefit from 

HTS therapy indicates that there may be a place for guideline development and future 

studies to develop better management strategies for ALF patients. 
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Table 1. Characteristics of acute liver failure patients with and without 
hypertonic saline therapy 

Variable All 
(n=62) 

No hypertonic saline 
n=33 

Hypertonic saline 
n=29 p 

Age 36 [28-47] 32 [28-45] 37 [32-49] 0.28 

Female 58% (36) 52% (17) 66% (19) 0.27 

Contraindications to ELT 27% (17) 27% (9) 28% (8) 0.98 

POD (all) 53% (33) 52% (17) 55% (16) 0.78 

Non-POD (all) 47% (29) 48% (16) 45% (13) 0.78 

Time from first presentation to admission to 
ICU at transplant capable hospital (hours) 25 [8-49] 23 [7-54] 25 [7-50] 0.78 

APACHE III Score 77 [57-102] 72 [50-92] 87 [60-125] 0.08 

KCC fulfillment 60% (37) 21% (7) 41% (12) 0.09 

Hyponatremia prior to commencing 
treatment 21% (13) 16% (5) 28% (8) 0.23 

Ammonia above 140 µmol/L first day 21% (13) 18% (6) 24% (7) 0.47 

Ammonia above 140 µmol/L day 2 to 7 13% (8) 3% (1) 24% (7) 0.02 

Clinical data within first 24 hours of admission to ICU  

Highest Temperature (degrees C) 36.9 [36.5-37.3] 36.9 [36.5-37.4] 36.9 [36.5-37.2] 0.60 

Nadir pH 7.32 [7.2-7.41] 7.36 [7.20-7.41] 7.30 [7.22-7.43] 0.60 

Peak CO2 (mmHg) 37 [32-40] 36 [30-41] 38 [33-42] 0.36 

Peak sodium (mmol/L) 141 [138-146] 141 [138-145] 143 [138-147] 0.37 

Peak Lactate mmol/L 7.1 [4.1-11.6] 6 [3.1-11.9] 7.1 [4.2-11.3] 0.58 

Peak ALT (IU) 5369 [2494-7001] 5840 [2464-7705] 4932 [2341-6666] 0.32 

Peak GGT (IU) 106 [68-197] 106 [50-187] 110 [68-210] 0.61 

Peak ALP (IU) 139 [108-180] 124 [89-161] 159 [120-211] 0.02 

Peak Bilirubin (µmol/L) 95 [67-186] 77 [58-138] 122 [75-243] 0.10 

Peak Creatinine (µmol/L) 165 [92-262] 152 [75-220] 206 [111-312] 0.13 

Peak Urea (mmol/L) 6.9 [3.1-12.00] 6.1 [3.0-11.3] 9.1 [3.7-15] 0.17 

Peak INR 5.45 [3.8-8.7] 5.5 [3.7-9.4] 5.4 [4.0-7.1] 0.97 

Peak aPTT (seconds) 62 [44-77] 62 [43-82] 64 [45-78] 0.60 

Nadir Fibrinogen (g/L) 1.1 [0.8-1.6] 1.2 [.8-1.6] 1.1 [.8-1.5] 0.55 

Nadir Platelet count (x 109/L) 83 [43-122] 94 [66-94] 72 [37-112] 0.14 

Nadir Haemoglobin (g/L) 102 [79-118] 108 [79-120] 86 [80-109] 0.14 

Peak Ammonia (µmol/L) 132 [91-172] 140 [68-216] 132 [91-170] 0.98 

Interventions during entire first week in ICU    

ETT and mechanical ventilation 76% (47) 64% (21) 90% (26) 0.02 

Active Cooling 8% (5) 3% (1) 17% (5) 0.09 

Noradrenaline infusion 69% (43) 55% (18) 86% (25) 0.01 

n-acetyl cysteine infusion 84% (52) 79% (26) 90% (26) 0.25 

Antibiotic therapy 94% (58) 88% (29) 100% (29) 0.12 

CRRT 69% (43) 61% (20) 79% (23) 0.11 
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Mannitol 2% (1) 0% (0) 3% (1) 0.47 

Outcomes     

ICU length of stay (hours) 116 [48-217] 96 [35-216] 120 [90-236] 0.12 

Hospital length of stay (days) 11 [5-18] 10 [3.8-20] 11 [4.7-18.4] 0.76 

Emergency Liver Transplantation 21% (13) 21% (7) 21% (6) 0.96 

ICU mortality 31% (19) 21% (7) 41% (12) 0.09 

ELT-free survival 50% (31) 58% (19) 41% (12) 0.20 
 

ELT=emergency liver transplant, ETT=endotracheal tube, POD=paracetamol overdose, APACHE=acute physiology 
and chronic health evaluation, KCC=Kings College Criteria, ALT=alanine aminotransferase, GGT=gamma glutamyl 
transferase, ALP=alkaline phosphatase, IU=international units, INR=international normalised ration, aPTT=activated 
partial thromboplastin time, ETT=endotracheal intubation, CRRT=continuous renal replacement therapy 
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Figure 1. Use of hypertonic saline therapy in Acute Liver Failure over time in 
ICU 
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Figure 2. Changes in serum sodium for acute liver failure patients treated with 
hypertonic saline 

 

HTS= hypertonic saline 
Error bars represent interquartile range 
*p <0.0001 (Friedman test: pre-hypertonic saline versus day 0 versus day 1 versus day 2 versus day 3 versus day 4 
of therapy) 
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Figure 3. Comparison of serum sodium concentration over time between 
patients treated and not treated with hypertonic saline (adjusted for time of 
commencing hypertonic saline) 

 

HTS= hypertonic saline 
Geometric means of log transformed data 
Error bars indicate 95% CI 
p=0.02 (value for overall differences between groups) 
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Figure 4 panel A. Differences in serum sodium over time on the basis of CRRT 
therapy in patients not treated with hypertonic saline (HTS) 

 

*p<0.03 

Figure 4 Panel B. Differences in serum sodium over time on the basis of CRRT 
therapy in patients treated with hypertonic saline 

 

No significant differences between groups at any time  
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The use of active cooling measures in patients with acute liver failure in 
Australia and New Zealand 
 

Introduction 

Despite advances in Intensive care supports, mortality from acute liver failure remains 

high, even in well-resourced regions.1 Affected patients often have a complex critical 

illness with severe hepatic encephalopathy complicated by cerebral oedema as well 

as simultaneous multiple organ failure. Whilst the incidence of cerebral oedema in the 

setting of acute liver failure (ALF) appears to be decreasing over time,2,3 it remains an 

important cause of morbidity and mortality, especially in some subgroups, such as ALF 

caused by paracetamol overdose.4 There are considerable challenges in the 

prevention, monitoring and management of cerebral oedema in the setting of ALF. The 

pathophysiology is complex and not completely understood, the clinical course varies 

and can be unpredictable, detection and monitoring can be difficult in the setting of a 

complex multisystem critical illness, and there is limited evidence to guide therapy. 

Emergency liver transplantation (ELT) is the only treatment proven to prevent death in 

ALF,5 including death from neurological injury. While it has an high success rate, it is 

clear that many patients can achieve ELT-free survival if they can be supported for a 

sufficient time such that cause of liver failure can pass and spontaneous hepatic 

regeneration can occur. This is particularly true for patients with paracetamol overdose 

(POD) and hepatitis due to some hepatotrophic viruses.6 Developing therapeutic 

strategies for the care of ALF patients is complicated by the relative rarity of the 

condition, the dispersed nature of presentation, the heterogeneity of underlying cause, 

the unpredictable clinical course and the variable availability and utilisation of ELT. 

 

One strategy for treating ALF associated cerebral oedema that has been evaluated in 

only a limited manner is that of therapeutic hypothermia (TH). A considerable amount 

of work in animal studies suggests that TH can prevent or attenuate severe cerebral 
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oedema and its complications in the setting of ALF.7-9 Lowering body temperature as 

a therapeutic intervention has a range of theoretical benefits and plausible 

mechanisms of action applicable to cerebral oedema in this setting.10,11 These include 

attenuation the of cerebral hyperaemia, reductions in cerebral metabolic rate,12 

suppression of neuronal excitation,13 a reduction in inflammatory processes, slowing 

of glutamine production from glutamate,14 improved cerebral energy metabolism,14-16 

reduced ammonia production12 and decreased entry of ammonia into brain tissue.14,15 

Small observational studies and case reports suggest potential benefits for critically ill 

patients with ALF.10,17,18 However, these potential benefits might come at the cost of a 

range of complications and several concerns have been identified, including possible 

exacerbation of coagulopathy, immunosuppression and increased susceptibility to 

infection19, cardiac depression, dysrhythmia and retardation of hepatic regeneration.20 

The magnitude of potential benefit, the poorly quantified risk of complications, logistical 

challenges in applying the intervention and the interaction with other therapies has 

made TH difficult to study and there is currently little evidence to guide therapy.21 

Uncertainties include the magnitude of benefit (if any exists), the optimal target 

temperature, the most effective timing and duration of therapy and also the potential 

risks associated with treatment. 

 

Strategies to induce therapeutic hypothermia in the setting of critical illness have been 

extensively explored across a range of conditions,22 most notably for patients who 

remain obtunded after surviving cardiac arrest. In contrast with ALF, cardiac arrest is 

a common reason for admission to ICU and there has been considerable work to 

establish the role of TH in this patient group. Despite initial findings that the deliberate 

induction of moderate hypothermia in survivors of cardiac arrest provided a survival 

benefit and reduced the incidence of neurological injury,23 subsequent studies 

demonstrated no benefit of moderate hypothermia over strict normothermia (i.e. 
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assiduous avoidance of fever, but no deliberate reduction in core body temperature 

below the lower limit of the normal range) in this setting.24,25 During the period where 

therapeutic hypothermia was thought to be beneficial and was widely applied, 

experience with its use accumulated and dedicated devices that could improve the 

safe and reliable delivery of treatment were developed. From extensive use over many 

decades, intensive care clinicians have become adept at managing TH safely and 

effectively.26 Efforts to lower body temperature previously centred on the application of 

ice packs to surface regions of high blood flow (usually axillae and groins) as well as 

forced cool air blown through improvised “wind-tunnel” arrangements created from 

hospital bedlinen. Wet towels were often used to cover patients and the use of muscle 

relaxants was common to prevent shivering. These approaches had limited efficacy, 

were difficult to control, and also risked causing complications such as inadvertent 

extreme hypothermia and skin injury, as well as exposing the patient and bedside 

clinicians to environmental hazards associated with the pooling of water from melting 

ice. The modern approach to the delivery of TH more often involves the application of 

microprocessor controlled adhesive cooling pads with a gel type interface that 

enhances thermal coupling to the patient, or a water blanket. Fluid (usually water) from 

a temperature controlled reservoir is circulated through the pads and a closed loop 

feedback cycle is established via an temperature probe placed at an anatomical site 

capable of providing a reliable continuous record of core patient temperature (usually 

a solid state device housed in a probe placed in the oesophagus, bladder, rectum or a 

central vein). A user interface allows clinicians to specify a target temperature range 

and, subject to correct application, the device will undertake necessary cooling to 

achieve and then maintain the target temperature. Aside from the considerable 

expense of consumables (the cooling pads are generally single patient use only) these 

modern temperature management devices offer considerable advantages, being 

easier to deploy and more effective in achieving targets. They can usually maintain a 
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specific therapeutic target without clinician involvement, involving fewer risks for 

patients and staff, and are less likely to overshoot or undertreat if correctly applied. 

Limited evidence suggests that gel pad technologies appear to be superior to water 

blanket devices.11 

 

Methods 

Given the limited data on how ANZ ICU clinicians use temperature based interventions 

in ALF patients at risk for cerebral oedema, we collected data relating to patterns of 

use, patient characteristics, key haematological and biochemical test results, 

interaction with other critical care interventions in ALF, and patient outcomes including 

use of ICU length of stay, need for ELT, ICU and hospital length of stay and survival. 

As previously described, ten or more patients diagnosed with ALF and admitted to ICU 

for management in ANZ liver transplant ICUs were included in a retrospective study in 

which data were obtained from paper and/or electronic health records.6 All patients 

were coded for APACHE III diagnosis 301.01 and had an INR greater than 1.5, 

encephalopathy and a time interval from illness onset of less than 8 weeks. Patients 

with known chronic liver disease were not eligible for inclusion. Information was 

extracted from patient records to document findings at the time of admission to ICU 

and then at 6, 12 and 24 hours, followed by a daily collection of data for every day up 

to ICU discharge or death. Active cooling was defined as measures to deliberately 

lower core temperature below the lower limit of the normal physiological range such 

as the use of ice packs, wind-tunnel arrangements or purpose designed cooling 

devices (usually incorporating adhesive heat exchange pads or a water blanket). 

Incidental measures that might result in heat loss and reduced core temperature (e.g. 

provision of CRRT) were not considered active cooling for the purposes of this 

evaluation. 
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Results 

A total of 62 patients with ALF from various aetiologies across six liver transplant 

centres were included in this evaluation. More than half of all cases were secondary 

to POD, whilst the remainder were due to a wide variety of causes.  

During the period of up to seven days in intensive care, only six patients received 

active cooling measures at any time during the course of their care. Four of the patients 

managed with active cooling were treated at a single centre (4/10 versus 2/52; p= 

0.0004). The median time to initiating active cooling was 13 hours (IQR 0.5-42) and 

the median duration was 24 hours (IQR 24-96). In the patients managed with active 

cooling, the change in median temperature from the pre-active cooling period to 24 

hours after the initiation of active cooling was 0.5°C (36.0°C (IQR 36.0-36.2) to 35.5°C 

(IQR 35.1-35.9);p=0.03), with this change maintained at similar values for the duration 

of active cooling. Overall one patient had a single episode of a temperature less than 

32°C: this patient was in the active cooling group, however the documented episode 

of a very low temperature (31.7°C) was actually prior to the initiation of TH. Patient 

characteristics are detailed in Table 1. More patients who were treated with active 

cooling fulfilled KCC (6/6 versus 31/56; p=0.04), while in terms of age, sex, eligibility 

for ELT, aetiology and illness severity score they were similar. In the first twenty-four 

hours of ICU admission, patients treated with active cooling had a lower maximum 

temperature (36.1°C (IQR35.9-36.6) versus 36.9°C (IQR 36.5-37.4); p=0.009) and 

minimum temperature (35.3°C (IQR33.8-35.8) versus 36.0°C (IQR35.3-36.3); p= 

0.05). Other than a higher ALP concentration in actively cooled patients during the first 

day of ICU care, other measured biochemical and haematological values were not 

significantly different. After the first day, only the lowest temperature was different 

between the two groups (35.9 °C (IQR 34.8-36.0) versus 36.2 °C (36.0-36.5); p=0.03). 

At several times during the course of care in ICU, the median temperature was lower 
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in patients who were actively cooled (Figure 1). The use of other ICU interventions did 

not differ significantly between the two groups. 

 

Outcomes between actively cooled and patients who were not actively cooled were 

similar. Specifically, the number of patients affected by bleeding and blood stream 

infections differed little, as were outcomes such as ELT-free survival and hospital 

length of stay (Table 2). Fever was uncommon overall, documented in only 8% (5) 

patients overall, and to a similar extent in each group. There was no difference in 

outcome in terms of mortality (2/5 versus 17/57; p=0.64) or ELT-free survival (2/5 

versus 29/57; p=1.00) on the basis of a documented fever. 

 

Patients treated with CRRT tended to have lower temperatures than those not treated, 

however the differences were not statistically significant (Figure 2). 

 

Discussion 

Key findings 

Only a minority of ALF patients received active cooling during the course of their 

management in ICU despite many being at high risk for cerebral oedema. One centre 

accounted for the majority of patients, likely due to local management guidelines for 

management of ALF that included use of active cooling measures. Baseline 

characteristics differed little between ALF patients on the basis of active cooling. The 

initiation of active cooling resulted in only a modest reduction in patient temperature; 

the temperature achieved was only very mild hypothermia (a median temperature only 

0.5°C below normal). Within the first day of management in ICU, the peak and nadir 

temperature of patients treated with active cooling were slightly lower than patients not 

actively cooled. Documented fever was uncommon overall, with no significant 

difference in its occurrence evident on the basis of active cooling. No association 
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between documented febrile episodes and outcome including ELT-free survival or 

death was apparent. Major outcomes were similar on the basis of active cooling status 

(e.g. ELT-free survival, death and bleeding episodes). 

 

Implications 

The use of active cooling resulted in only very small reductions in patient temperature. 

Given that effective cooling measures are readily available within major ICUs, this 

implies that clinicians probably did not aim for larger reductions in temperature; rather, 

efforts were likely directed primarily at prevention of fever or target temperatures only 

very slightly below the normal range. Patients who were managed with active cooling 

had lower a median peak temperature in the first twenty-four hours of ICU 

management and lower median nadir temperatures during the duration of ICU care. 

This also indicates that the provision of active cooling did reduce patient temperature, 

although notably, the actual magnitude of temperature difference was slight. Only a 

small proportion of ANZ patients with ALF are managed with active cooling, despite 

the high number of patients with POD induced ALF who have a hyperacute 

presentation and may be at highest risk of neurological complications. This implies that 

ANZ intensivists may not believe that there is sufficient evidence of benefit for the use 

of TH in ALF patients and or that they are concerned about potential risks outweighing 

any potential benefits. Another possibility is that clinicians were satisfied that they 

could achieve their preferred temperature targets though passive or incidental 

measures such as the use of CRRT, patient exposure or managing the temperature of 

the clinical environment. Given findings that documented episodes of fever were 

uncommon and that there was a trend for lower temperatures in patients managed on 

CRRT, this may represent a reasonable approach. It is difficult to draw firm conclusions 

regarding the impact of active cooling on patient outcome (such as survival and need 

for ELT) or the incidence of complications (such as bleeding and sepsis) given the 
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small study sample and, more specifically, the small number of patients actually 

treated with active cooling measures. 

 

Relationship to previous studies 

Apart from animal research and small series case reports, there have been few studies 

evaluating the role of TH in the management of patients with ALF at high risk of 

neurological complications. In a retrospective US-based registry study of 1232 patients 

with severe HE (West haven grade ≥3) managed mostly in liver transplant centres 

between 1998 to 2013, 97 patients (8%) were managed with TH. 27 This rate of active 

cooling use in ALF patients is similar to that observed from our study (nearly 10%). 

Patients were similar in age and gender proportions to ANZ patients, and a similar 

fraction were due to POD. Markers of illness severity such as INR, lactate, AST, pH 

and ammonia were less severely deranged than ANZ patients. Similar to our study, a 

target temperature was not stipulated, and individual sites followed their own approach 

(although it was assumed that an active cooling device would be used to target a 

temperature of between 32 and 35°C). Complications associated with hypothermia 

were uncommon overall, with no increase evident for events such as arrhythmias, 

bleeding, or infections, (although for the subset of patients with documented 

temperatures of less than 32 °C, infections may have been more common). The 

number of patients with a bacteraemia episode were similar to the ANZ cohort, whilst 

gastrointestinal bleeding was more common. While illness severity was similar 

between treatment groups, RRT, mechanical ventilation and vasoactive support was 

used more often in patients treated with active cooling. Active cooling was used more 

often in POD patients, perhaps because clinicians were concerned about a greater risk 

of severe HE and neurological complications. Overall, after controlling for illness 

severity and ICU interventions, TH was not associated with improved ELT-free survival 
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(which, at nearly 40% overall, was lower than for ANZ patients), although there may 

be a slight benefit in younger POD ALF patients.  

 

Only one prospective randomised controlled trial of TH has been conducted in patients 

with ALF.21 This multicentre study evaluated 43 patients randomised to three days of 

TH (17 patients) or normothermia (26 patients) across three specialised European liver 

ICUs. All patient had high grade HE, were mechanically ventilated and had invasive 

intracranial pressure monitoring applied in order to be eligible for study enrolment. 

External cooling devices as well as manipulation of CRRT circuit temperatures was 

used to achieve the target temperature of either 34°C or 36°C degrees according to 

treatment allocation. Avoidance of fever (>37°C) was mandated for all patients during 

their ICU admission. Patient age and sex were similar to those of ANZ patients, whilst 

the proportion due to POD (70%) was considerably higher and more fulfilled KCC. 

Overall, biochemical and haematological markers of hepatic injury were similar, and 

(apart from intracranial pressure monitoring) the pattern of providing of critical care 

interventions was not substantially different from ANZ patients with comparable illness 

severity. Patients allocated to TH rapidly achieved hypothermia, with temperatures 

often lower than the target of 34°C after 6 hours, a pattern that persisted throughout 

the period of TH therapy. A planned interim analysis performed late in the study 

suggested that further enrolment would not substantially alter the overall findings and 

it was closed after 43 of a planned 50 patient total were recruited. In patients with 

intracranial pressure monitoring, TH did not reduce the occurrence of intracranial 

hypertension, with a trend to more events in those allocated to treatment. Outcomes 

such as mortality, ELT utilisation were not significant different between groups. 

Adverse events such as bleeding, stroke, sepsis, cardiac problems and pancreatitis 

were similar between groups, with an overall incidence of any defined complication of 

40%. The overall mortality of 44% was higher, and the ELT-free survival of 21% was 
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lower than reported in the ANZ cohort, although this likely reflects greater illness 

severity required in order to be eligible for study enrolment. 

 

The differences in findings between promising animal models and human studies 

provide an opportunity to reflect. Despite biologically plausible mechanisms via which 

TH has been thought likely to deliver benefit, a large retrospective and small 

prospective study have failed to demonstrate convincing benefit for TH in the setting 

of ALF. Firstly, it is possible that whilst hyperthermia is very likely to be detrimental to 

patients with neurological insults, deliberate reductions below normal physiological 

range offers no additional survival benefit beyond that achieved over normothermia 

(i.e. maximal benefit comes through the avoidance of fever). This certainly seems to 

be the case for survivors of cardiac arrest (although a very recent study makes re-

ignites discussion of this issue)28 and it may be also applicable to patients with ALF. 

Secondly, it may be that incremental improvements in the supportive care of ALF 

patients has resulted in a secular trend of improved outcomes. The early and expert 

provision of targeted CRRT, hypertonic saline and optimised support for both the 

circulation and ventilation might mean that benefits of an individual therapy (such as 

TH) become difficult to ascertain except in extremely large studies that would be 

difficult to conduct for rare conditions such as ALF. Thirdly, it is possible that any 

potential benefits of TH are counteracted by complications associated with lower 

temperatures. Indeed, patients affected by more extreme hypothermia did appear to 

incur more infective complications in studies, and it is apparent that maintaining patient 

temperatures within the target range is not always successful, with a tendency to 

inadvertently exceed the target temperature reduction. Finally, it is possible that while 

TH may achieve the reductions in intracranial pressure and successfully attenuates 

ALF associated cerebral oedema, patients still succumb to other non-neurological 

complications such as refractory multiple organ failure and sepsis. 
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Another finding worthy of further consideration is the relatively low number of ANZ ALF 

patients treated with TH. Several factors may contribute to this, including a lack of 

evidence to support the practice (although it is notable that the European prospective 

TH study was published after many of the ANZ ALF patients had been managed), 

perceived risks, costs of consumables and generalisation from other settings where it 

appears that avoidance of fever rather than hypothermia per se is the key to minimising 

the risk of neurological injury. Given that normothermia and prevention of fever may 

be readily achieved through the provision of other interventions (most notably through 

CRRT29), and that documented episodes of fever were rare in ANZ patients, it may be 

that ICU clinicians are satisfied that the benefits of therapeutic control of patient 

temperature can be readily achieved without resorting to active cooling methods and 

by targeting either extremely mild hypothermia, or by opting strict normothermia. 

 

Strengths and weaknesses 

This study is one of very few to record the use of TH in an ALF patient population. As 

a multicentre observational study across two countries, it provides a broad perspective 

on patterns of disease, approach to management, complications and outcomes. All 

data was collected by embedded clinician researchers using a consistent approach to 

ensure accuracy and completeness. A number of important limitations must also be 

acknowledged. These include the small size of the study, although for rare conditions 

such as ALF, this is commonly the case. Some potentially interesting data were not 

collected, including the method of active cooling, target temperature or complications 

such as non-blood stream infections (e.g. pneumonia) and disturbances of cardiac 

rhythm. Also, after the first 24 hours, parameters (including temperature) were only 

recorded on a daily basis, such that clinically important variation in clinical status might 

not be apparent at this low level of granularity. Despite these deficits, the data collected 

is otherwise extremely detailed and provides many insights not reported in previous 
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studies. Finally, the small number of ALF patients treated with TH make it difficult to 

draw firm conclusions regarding the possible presence and size of benefits arising from 

its application. Nevertheless, considerable value results from recording actual clinical 

practice and associated outcomes as a benchmark measure that may provide 

guidance and standards for the development of future intervention strategies and 

research endeavours. 

 

Conclusions 

Whilst TH can be readily administered and appears to have few complications, current 

evidence suggests that the use of TH down to temperatures of 34°C or less does not 

provide a benefit for patients with ALF. What is less clear is whether measures 

specifically intended to assiduously avoid fever should be applied. Given the widely 

accepted premise that hyperthermia is highly detrimental to patients with cerebral 

oedema and may be even more dangerous specifically in the setting of ALF with 

severe HE,21 consideration should be given to ensuring that patients are prevented 

from having temperatures in excess of 37.0°C during their period of critical illness. This 

should be managed through whatever means clinicians believe will safely and 

effectively allow this target to be achieved and maintained. Lower temperatures may 

be unnecessary and moderate hypothermia may actually be detrimental in terms of 

increased susceptibility to infection and delaying liver regeneration. Measures to 

achieve a target temperature of 35°C during the period of severe HE might strike a 

reasonable and achievable balance, providing sufficient protection against fever (with 

a buffer to accommodate inevitable fluctuations occurring during the course of care) 

whilst avoiding any theoretical or actual harms that might result from deliberately or 

inadvertently dropping to lower temperatures. The findings of this research combined 

with previous evidence support the concept of developing ALF management guidelines 
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that recommend a suite of complimentary interventions and suggest reasonable 

targets to achieve specific therapeutic aims.  
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Table 1. Characteristics management and outcomes for patients with acute 
liver failure managed with active cooling 

Variable All (n=62) No active cooling 
n=56 

Active Cooling 
n=6 p 

Age (years) 36 [28-47] 37 [28-48] 40 [20-48] 0.80 

Female 58% (36) 57% (32) 67% (4) 0.50 

Contraindications to ELT 27% (17) 25% (14) 50% (3) 0.20 

POD (all) 53% (33) 52% (29) 67% (4) 0.40 

Non-POD (all) 47% (29) 48% (27) 33% (2) 0.40 
Time from first presentation to admission 
to ICU at transplant capable Hospital 
(hours) 

25 [8-49] 24 [8-48] 25 [4-93] 0.80 

APACHE III Score 77 [57-102] 77 [56-108] 81 [57-99] 0.89 

KCC fulfillment 60% (37) 55% (31) 100% (6) 0.04 

Ammonia above 140 µmol/L first day 21% (13) 18% (10) 50% (3) 0.34 

Ammonia above 140 µmol/ day 2 to 7 13% (8) 11% (6) 33% (2) 0.17 

Clinical data within first 24 hours of admission to ICU 

Highest Temperature (°C) 36.9 [36.5-37.3] 36.9 [36.5-37.4] 36.1 [35.9-36.6] 0.009 

Lowest Temperature (°C) 35.9 [35.2-36.2] 36.0 [35.3-36.3] 35.3 [33.8-35.8] 0.05 

Nadir pH 7.32 [7.2-7.41] 7.32 [7.22-7.41] 7.33 [7.13-7.46] 0.87 

Peak CO2 (mmHg) 37 [32-40] 37 [32-41] 37 [30-40] 0.87 

Peak Na (mmol/L) 141 [138-146] 141 [138-146] 148 [140-151] 0.07 

Peak Lactate (mmol/L) 7.1 [4.1-11.6] 7.1 [3.9-11.6] 5.8 [3.8-15.1] 0.82 

Peak ALT (IU/L) 5369 [2494-7001] 5418 [2321-7135] 3233 [2280-7405] 0.51 

Peak GGT (IU/L) 106 [68-197] 114 [69-208] 74 [49-212] 0.39 

Peak ALP (IU/L) 139 [108-180] 131 [106-179] 167 [165-249] 0.02 

Peak Bilirubin (µmol/L) 95 [67-186] 95 [67-193] 112 [55-171] 0.87 

Peak Creatinine (µmol/L) 165 [92-262] 185 [95-264] 100 [76-238] 0.31 

Peak Urea (mmol/L) 6.9 [3.1-12.00] 7.3 [3.2-13] 2.8 [1.4-10.1] 0.09 

Peak INR 5.45 [3.8-8.7] 5.4 [3.8-8.7] 5.4 [4.2-9.9] 0.95 

Peak aPTT (seconds) 62 [44-77] 63 [44-77] 61 [43-84] 0.94 

Nadir Fibrinogen (g/L) 1.1 [0.8-1.6] 1.2 [0.8-1.6] 0.8 [0.8-1.4] 0.32 

Nadir Platelets (x109/L) 83 [43-122] 87 [40-128] 62 [44-104] 0.37 

Nadir Haemoglobin (g/L) 102 [79-118] 102 [80-118] 81 [67-128] 0.38 

Peak Ammonia (µmol/L) 132 [91-172] 127 [79-171] 169 [112-393] 0.14 

Temperature day 2 to 7     

Highest Temperature °C day 2-7 37 [36.7-37.6] 37.0 [36.7-37.6] 37.0 [36.0-37.8] 0.69 

Lowest Temperature °C day 2-7 36.2 [35.9-36.5] 36.2 [36.0-36.5] 35.9 [34.8-36.0] 0.03 

Temperature ever >38.0°C 8% (5) 7% (4) 16% (1) 0.41 
Interventions during entire first week in 
ICU     

ETT 76% (47) 73% (41) 100% (6) 0.18 

Hypertonic Saline 47% (29) 43% (24) 83% (5) 0.07 

Noradrenaline infusion 69% (43) 68% (38) 83% (5) 0.40 
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n-acetyl cysteine infusion 84% (52) 82% (46) 100% (6) 0.33 

Antibiotic therapy 94% (58) 93% (52) 100% (6) 0.66 

CRRT 69% (43) 66% (37) 100% (6) 0.10 

FFP administration 58% (36) 57% (32) 67% (4) 0.50 

Cryoprecipitate administration 40% (25) 38% (21) 67% (4) 0.17 

Platelets transfusion 35% (22) 34% (19) 50% (3) 0.36 

PCC administration 15% (9) 14% (8) 16% (1) 0.63 

rFVIIa administration 6% (4) 7% (4) 0% (0) 0.66 

PRBC transfusion 47% (29) 40% (25) 67% (4) 0.28 

Complications and Outcomes     

Bleeding episode 19% (12) 16% (9) 50% (3) 0.08 

Positive blood culture 23% (14) 20% (11) 50% (3) 0.12 

ICU length of stay (hours) 116 [48-217] 112 [48-209] 103 [333-616] 0.03 

Hospital length of stay (days) 11 [5-18] 10 [4-18] 16 [7-37] 0.23 

ELT 21% (13) 21% (12) 17% (1) 0.63 

ICU mortality 31% (19) 30% (17) 33% (2) 0.60 

ELT-free survival 50% (31) 50% (28) 50% (3) 1.00 

 

ELT=emergency liver transplantation, POD=paracetamol overdose, APACHE=acute physiology and chronic health 
evaluation, KCC=Kings College Criteria, ALT=alanine aminotransferase, GGT=gamma glutamyl transferase, 
ALP=alkaline phosphatase, INR=international normalised ration, aPTT=activated partial thromboplastin time, 
ETT=endotracheal intubation, CRRT=continuous renal replacement therapy, FFP=fresh frozen plasma, 
PCC=prothrombin concentrate, rFVIIa=recombinant factor VII(activated), PRBC=packed red blood cells 
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Figure 1. Comparison of temperature over time in acute liver failure patients on 
the basis of active cooling 

*p≤0.05 
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Figure 2. Differences in temperature in patients with acute liver failure on the 
basis of continuous renal replacement therapy use 
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Preventing cerebral oedema in acute liver failure: the case for quadruple-
H therapy 
 

S. Warrillow 
R. Bellomo 
 

Summary 

Severe cerebral oedema is a life-threatening complication of acute liver failure. 

Hyperammonaemia and cerebral hyperaemia are major contributing factors. A 

multimodal approach, which incorporates hyperventilation, haemodiafiltration, 

hypernatraemia and hypothermia (quadruple-H therapy), may prevent or attenuate 

severe cerebral oedema. This approach is readily administered by critical care 

clinicians and is likely to be more effective than the use of single therapies. Targeting 

of PaCO2 in the mild hyperventilation range, as seen in acute liver failure patients 

before intubation, aims to minimise hyperaemic cerebral oedema. Haemodiafiltration 

aims to achieve the rapid control of elevated blood ammonia concentrations by its 

removal and to reduce production via the lowering of core temperature. The 

administration of concentrated saline increases serum tonicity and further reduces 

cerebral swelling. In addition, the pathologically increased cerebral blood-flow is further 

attenuated by therapeutic hypothermia. The combination of all four treatments in a 

multimodal approach may be a safe and effective means of attenuating or treating the 

cerebral oedema of acute liver failure and preventing death from neurological 

complications. 

 

Key Words: cerebral oedema, acute liver failure  
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Introduction 

Acute liver failure (ALF) is a relatively uncommon reason for admission to intensive 

care in Australia, with approximately fifty patients cared for annually.1 These patients 

tend to be young, have good premorbid health and yet are dramatically ill. Mortality 

rates with best supportive care have been reported as up to 80%,2,3 and liver 

transplantation is the only proven treatment for patients dying of ALF.4,5 Coordinated 

management strategies have not been well studied and treatment is often centre-

specific.6 Severe cerebral oedema is a key clinical problem and a major cause of death 

in ALF.7-10 Important risk factors and underlying pathophysiological processes have 

been identified, which may contribute to cerebral oedema complicating severe hepatic 

encephalopathy.11 No single element of current treatment strategies is likely to provide 

demonstrable improvements in patient outcome when evaluated in isolation. However, 

it is possible that the co-ordinated implementation of a multimodal ‘bundle of care’ 

targeting the pathophysiology of cerebral oedema would protect such patients from a 

neurological death. 

 

Pathophysiology of cerebral oedema in ALF 

Brainstem herniation is a common cause of death in ALF2,12,13 and occurs because of 

severe cerebral swelling causing refractory intracranial hypertension.14 Classic 

features of severe cerebral oedema with resultant intracranial hypertension are difficult 

to reliably detect in the context of hepatic coma,15,16 and it is reasonable to assume its 

presence in the deeply encephalopathic patient and treat in a proactive manner to 

prevent neurological death. 

 

The pathophysiology of ALF-associated cerebral oedema is complex, but the 

accumulation of metabolic toxins, especially ammonia, is considered a key 

factor.11,17,18 Loss of cerebral vascular autoregulation is a second important 
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contributing process.19,20 Both are amenable to therapeutic intervention,18,19,21-24 and 

the application of a synergistic suite of interventions that impact on several steps of 

this process is likely to confer benefit.18 

 

Toxic injury to astrocytes 

ALF results in the accumulation of a range of neurotoxins, especially ammonia. 

Ammonia is a key waste product of nitrogen metabolism. The liver accounts for the 

majority of ammonia detoxification via the urea cycle and is the major route of 

clearance25 (Figure 1). Increased blood ammonia levels cause ammonia 

concentrations within the brain to rise due to its ready passage across the blood-brain 

barrier (BBB) via diffusion and through ion channels. High levels of ammonia within 

the brain cause neuroexcitation and astrocyte swelling via increased glutamine 

production and release. Other cellular functions adversely affected by high ammonia 

levels within the astrocyte include calcium regulation, enzymatic function, free radical 

generation, protein synthesis and mitochondrial performance26 (Figure 2). While blood 

ammonia concentrations may have a non-linear and somewhat unpredictable 

relationship with the severity of encephalopathy in chronic liver disease,27 very high 

levels (>117 μmol/l) have been shown to be highly associated with the development 

of severe cerebral oedema and severe intracranial hypertension in ALF.28 Other 

identified risk factors for progression to intracranial hypertension in the setting of 

severe encephalopathy include prolonged elevations in blood ammonia 

concentrations, younger age, need for renal replacement therapy and need for 

vasoactive infusions.11 The explanation as to why patients with decompensated 

cirrhosis infrequently develop significant cerebral oedema presumably relates to 

astrocyte adaptation in chronic hyperammonaemia.29 ALF also results in increasing 

concentrations of many other central nervous system (CNS) depressants, false 

neurotransmitters and inflammatory mediators, which reduce consciousness. While 
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these are likely to worsen encephalopathy and coma, their contribution to cerebral 

oedema is less well understood.26 Importantly, however, most, if not all, of these 

mediators are small water-soluble solutes, which may be removed by extracorporeal 

therapy. 

 

Vasogenic oedema 

Cerebral blood flow (CBF) is normally tightly regulated across a wide range of systemic 

arterial blood pressures. Patients with chronic hepatic encephalopathy have a reduced 

cerebral metabolic rate (CMR) and concordantly lower CBF. Hepatic encephalopathy 

from ALF, however, is associated with relative or absolute increases in CBF despite 

progressive coma.19 In the case of severe hepatic encephalopathy from ALF, loss of 

autoregulatory control of CBF results in marked hyperaemia,30 which, coupled with 

ammonia-induced disruption of tight junctions throughout the BBB, causes seepage of 

plasma constituents into the cerebral interstitium.31 Several mechanisms appear to 

underlie the development of cerebral hyperaemia.32 These include increases in 

neuronal nitric oxide synthase activity resulting in excessive production of nitric oxide,33 

as well as alterations in the activity of other vasodilatory mediators such as 

prostaglandins and other eicosanoids19,34 (Figure 2). This pattern of an absolute and 

relative increase in CBF (above that driven by systemic arterial blood pressure or 

required for CMR) is characteristic of ALF-associated severe encephalopathy and 

does not generally occur in the context of decompensated chronic cirrhosis.35 Because 

increased CBF is an important contributing factor in the development of cerebral 

oedema, the pursuit of increased systemic arterial blood pressure to achieve a 

designated cerebral perfusion pressure may paradoxically be deleterious. This is in 

contrast to the neuro-critical care of patients with CNS injury resulting from severe, 

closed head injury or from subarachnoid haemorrhage, where vasospasm and 

cerebral ischaemia may be important pathophysiological factors.36 
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Monitoring and measurement of cerebral status in ALF 

The development of severe cerebral oedema inevitably results in elevations of 

intracranial pressure. Once the relatively modest buffering mechanisms are 

exhausted, intracranial pressure increases as per the Monro-Kellie hypothesis. 

Predictive factors for intracranial hypertension include Grade III or IV encephalopathy 

(which will be present in many patients requiring intubation for ALF) and very high 

levels of blood ammonia.28 Features of very high intracranial pressure include deep 

coma, hypertension, bradycardia, dilated pupils and abnormal posturing in response 

to a painful stimulus. However, such findings are not universal and are, furthermore, 

unlikely to be clear-cut in the context of a shocked patient exhibiting multiple organ 

failure. These complexities of clinical assessment make accurate determinations of 

neurological status extremely challenging in ALF patients, and a range of strategies 

have been utilised in an attempt to provide an objective guide. Such strategies 

frequently include direct measurement of intracranial pressure via invasive catheters 

or solid-state devices. Alternative approaches include techniques which attempt 

indirect measures of cerebral perfusion and oxygenation, such as jugular venous bulb 

saturation monitoring, near infrared spectroscopy and transcranial Doppler ultrasound. 

However, none of these approaches have been shown to favourably impact on 

outcome and the measurement data obtained are not always readily interpretable for 

guiding management decisions. Furthermore, invasive modalities have uncertain 

indications and no proven mortality benefit for patients with intracranial hypertension 

due to liver failure37,38 or in other contexts,39 and yet carry potential risks for these 

coagulopathic patients (Figure 3). 

 

Electroencephalography has been proposed as a means of detecting subclinical 

seizures and ischaemia in patients with severe hepatic encephalopathy.40 Computed 
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tomography may not demonstrate abnormalities until oedema and increases in 

pressure are advanced,41 but is indicated if focal deficits are evident clinically, 

especially to exclude the rare complication of spontaneous intracranial haemorrhage 

secondary to coagulopathy. 

 

Management of cerebral oedema and intracranial hypertension 

Given the relatively small number of patients presenting with severe ALF at risk of 

cerebral oedema, conducting adequately sized trials to determine the impact of 

specific single interventions on outcome is difficult.6,18,42 Nonetheless, a suite of 

supportive therapies with biologically plausible mechanisms that target key 

pathophysiological processes may provide protection.11 These are additional to 

conventional neurological nursing care such as head elevation, a low stimulus 

environment and avoidance of upper body venous congestion.43 Delayed attempts to 

address severe hyperammonaemia and associated severe cerebral oedema may 

result in treatment failure if neurological injury has progressed to the point where a 

harmful positive feedback cycle of progressive damage is established. 

 

A range of physical and pharmacological interventions have been proposed for treating 

cerebral oedema and many have been subjected to small studies to assess efficacy. 

While several provide benefit, the clinical significance of their impact has been 

questioned.44 This may be because strategies based upon a single approach address 

only some aspects of the complex pathophysiological pathways involved. It is logical 

that a more comprehensive approach which combines hyperventilation, induced 

hypothermia, therapeutic hypernatraemia and haemodiafiltration to target several 

aspects of the underlying problems would be more effective.19  
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Hyperventilation 

Patients with severe ALF routinely hyperventilate spontaneously, even when in 

advanced states of encephalopathy.42 It is crucial that this phenomenon is appreciated 

at the time of intubation and initiation of mechanical ventilation in order to avoid 

inadvertent relative or absolute hypercapnia. Minute ventilation volumes should be set 

which target a PaCO2 equal to that present prior to intubation. At the very least, PaCO2 

should be maintained at the lower end of the normal range (35 mmHg).6 More extreme 

hyperventilation is not recommended as a routine management strategy.42 

Hyperventilation reduces intracranial hypertension via changes in pH of the cerebral 

interstitial fluid, which induces cerebral vasoconstriction.45 Given that cerebral 

hyperaemia is a hallmark of ALF, some reduction in CBF from mild hyperventilation is 

theoretically beneficial and appears to be safe.24,46 The reduction of intracranial 

pressure (ICP) resulting from more extreme hyperventilation is transient and 

subsequent normalisation of PaCO2 may result in rebound increases of ICP to 

disastrous levels.47 Aggressive hyperventilation should therefore be reserved only for 

otherwise refractory major elevations of ICP. The reactivity of cerebral blood vessels 

to manipulation in PaCO2 is preserved in ALF encephalopathy, and some degree of 

autoregulation may be restored through increased minute volume without adversely 

impacting cerebral oxidative metabolism.24,48 

 

Haemodiafiltration 

Continuous renal replacement therapy (CRRT) provides a range of benefits for 

patients with ALF associated cerebral oedema. Renal failure is very common in ALF, 

from either the initiating insult (e.g. severe paracetamol toxicity is directly injurious to 

the renal tubule), or from the associated systemic inflammatory response and 

vasodilatory shock.48 CRRT has, therefore, been primarily considered as a means of 

addressing the direct consequences of renal failure itself, but its benefits might be 
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broader. Haemodiafiltration may actually be a crucial part of a comprehensive 

neuroprotective strategy and should be commenced early, rather than waiting for 

manifest evidence of renal failure (e.g. refractory oliguria). In this regard, CRRT 

probably has its greatest impact through clearance of ammonia, and its intensity 

should be modulated to achieve adequate control of hyperammonaemia. 

 

Ammonia has similar electrochemical kinetics to urea in terms of diffusive and 

convective clearance techniques, with both modalities being effective.49-51 Dialytic 

therapies appear modestly more effective than convective techniques and for patients 

with extreme levels of hyperammonaemia. Prolonged dialysis, using modalities such 

as Slow Low Efficiency Dialysis or hybrid modes (such as diafiltration), may be usefu.l22 

However, temporary cessation of therapy is not logical in these patients, making 

intensive CRRT a more rational approach. The intensity of therapy is important, and 

the ‘dose’ of therapy should be directed to achieve effective reductions of blood 

ammonia to as close as possible to normal levels (less than 60 to 70 μmol/L). For 

convective clearance, this generally equates to 40 to 50 ml/kg/hour of CRRT intensity. 

In addition to early application and intensity of therapy, it is important to minimise 

interruptions of CRRT in order to ensure continuity of ammonia clearance and 

exposure to the other benefits provided by the treatment. Many patients do not require 

anticoagulation, as severe liver failure is usually associated with a coagulopathic state. 

Heparin administration does not improve filter life, and bleeding complications 

associated with CRRT are relatively frequent.52 Ensuring high rates of blood-flow (200 

to 300 ml/minute) and introducing some replacement fluid as a diluent pre-filter during 

haemofiltration are effective means of reducing the likelihood of clot forming within the 

CRRT circuit.53 
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CRRT is also an extremely effective way of inducing hypothermia and controlling core 

temperature within a tight therapeutic range. Ensuring that the CRRT machine’s heater 

unit is turned off is a necessary step in this strategy, and clinicians must monitor true 

core temperature carefully during periods where CRRT is interrupted. CRRT also 

allows a degree of additional control of serum electrolytes, fluid balance and acid-base 

physiology. In particular, CRRT allows complete and continuous control of fluid 

balance. This is important because the administration of blood and/or blood products 

is common in ALF and can easily lead to fluid overload that, in turn, can contribute to 

pulmonary and cerebral oedema. The maintenance of a near-neutral fluid balance is 

another important step aimed at minimising the risk of cerebral oedema. Clinically 

important uraemia is rare in severe ALF.54 Extreme degrees of liver failure inevitably 

lead to major reductions in urea production through loss of the hepatic contribution to 

the urea cycle. The early initiation of high intensity CRRT ensures that urea levels 

rarely rise far above the normal range. A requirement for phosphate administration is 

common to avoid serious hypophosphataemia, especially if higher intensity CRRT is 

applied and if liver regeneration occurs. Phosphate levels should be monitored at least 

twice daily, and supplemental phosphate (approximately 60 to 80 mmol/day) is 

typically needed. Vigilance is required to ensure safe management of all electrolytes, 

especially phosphate and sodium. 

 

Intermittent haemodialysis should not be used in ALF as, in the setting of cerebral 

oedema,55,56 the resultant loss of continuous control over hyperammonaemia, sodium 

concentration, core temperature and fluid balance could be highly detrimental. In 

addition, most patients with ALF are in an advanced state of shock and do not tolerate 

the circulatory effects of intermittent dialysis.57 
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Hypernatraemia 

Osmotherapies for cerebral oedema rely on some degree of integrity within the BBB 

in order to exert a beneficial effect. By increasing serum tonicity, the administration of 

concentrated saline induces the egress of water from brain tissue into the bloodstream. 

Sodium has a slightly higher reflection coefficient than mannitol (1.0 versus 0.9) and is 

effective in inducing cerebral dehydration. Hypertonic saline may also expand the 

circulating volume without contributing to an overall positive fluid balance.58 

Microcirculatory benefits as well as modification of the inflammatory response within 

the CNS may also be important mechanisms of cerebral protection with hypertonic 

saline.59 By stabilising cell membranes, maintenance of the BBB integrity is also 

improved,60 therefore also reducing the propensity of plasma water to move into the 

brain interstitium during hyperaemic states. Osmotherapy using concentrated saline 

may improve cerebral vasoregulation by reducing blood viscosity and decreasing 

endothelial oedema, thus lowering capillary resistance.61 These rheological effects 

may secondarily lead to cerebral vasoconstriction.62 Such a mechanism would be 

advantageous in the context of the pathologically elevated cerebral blood-flow seen in 

severe hepatic encephalopathy. Therapeutic hypernatraemia may be readily achieved 

by a continuous infusion of hypertonic saline. Continuous infusion of 20% sodium 

chloride via a dedicated central line lumen allows a low volume to be given, is easily 

titratable and can be dosed according to serum sodium measurements obtained via 

point-of-care arterial blood gas analysis. Serum sodium concentrations maintained 

between 145 to 155 mmol/l via the administration of concentrated saline appear to be 

beneficial and safe, with little risk of deleterious metabolic or circulatory adverse 

consequences.63 

 

Mannitol has similar initial benefits on elevations on ICP in ALF and has been used for 

over 30 years. In the setting of clinical findings consistent with severely elevated 
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intracranial pressure or ICP measurements >25 mmHg, the commonly recommended 

bolus dose is 0.5 to 1.0 g/kg. However, it is potentially problematic due to the risk of 

delayed worsening of cerebral oedema if it enters into brain tissue through a damaged 

BBB after repeated dosing and induces a ‘reverse’ osmotic gradient. For patients with 

persisting urine output, there is also the theoretical risk of an uncontrolled osmotic 

diuresis and resultant hypovolaemia, which could worsen any existing shocked state. 

The use of mannitol in a prophylactic manner has not been studied. 

 

Hypotonic fluids should always be avoided in patients with cerebral oedema. If a 

patient with ALF requires administration of intravenous glucose to prevent 

hypoglycaemia, concentrated solutions given via a dedicated central line lumen are 

preferred.  

 

Hypothermia 

The deliberate lowering of core body temperature has been utilised for a range of 

neurological conditions and is now a well-established means for preventing secondary 

brain injury in survivors of cardiac arrest.64 As such, it is readily and safely applied to 

critically ill patients worldwide.65 Several explanations have been proposed regarding 

the beneficial effects observed in the cerebral oedema of ALF.66-74 Hypothermia slows 

basal metabolic rate,75 attenuates proteolysis,76 reduces ammonia production by 

intestinal flora77 and hence, reduces splanchnic ammonia production. Cerebral 

ammonia levels are reduced through decreased cerebral ammonia uptake and 

production within the CNS.78 Astrocyte glutamate transporter function is also improved 

after reductions in brain ammonia levels, resulting in reduced neuro-excitation through 

normalisation of glutamate neurotransmitter inactivation.68 Cerebral cytokine 

production and oxidative stress are also diminished with hypothermia, reflecting 

reduced inflammation and maintenance of aerobic metabolism.19 Hypothermia also 
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ameliorates cerebral hyperaemia so that the vasogenic contribution to cerebral 

oedema is significantly attenuated.79 

 

Most studies in severe ALF-associated cerebral oedema have targeted a core 

temperature range of 32°C to 33°C, but higher targets of up to 35°C are also 

effective79,80 and may be safer. Lower temperatures may provide further cerebral 

protection, but with an increased theoretical risk of complications such as 

immunosuppression and sepsis.77 External cooling is usually effective, possibly in part 

due to the generalised vasodilation present in most patients with ALF. At the initiation 

of therapy, muscle relaxants may be required to prevent shivering. Sedation 

requirements are variable and may be reduced due to the existing encephalopathic 

state. Servo-controlled cooling blankets are very effective, as is the application of 

continuous renal replacement therapy, during which the blood warmer module can be 

turned off. Fever must be carefully avoided to prevent exacerbating cerebral 

complications.81 The necessary duration of therapy can be difficult to know and 

depends on the need and timing for transplantation or recovery in some cases (e.g. 

paracetamol induced ALF). Periods of up to five days of therapeutic hypothermia have 

been suggested as safe.82 Carefully controlled re-warming can be guided by evidence 

of general recovery in the context of normal (or near normal) blood ammonia levels 

and should occur over 48 to 72 hours to prevent rebound increases in ICP. Continuous 

monitoring of core temperature using a thermistor-tipped bladder catheter or similar 

device is necessary to achieve the required precision of thermal measurement. 

 

Rescue therapies for refractory cerebral oedema 

Deep sedation and muscle relaxants 

Most patients with high-grade hepatic encephalopathy do not require deep sedation, 

but occasionally agitation and neuromuscular irritability can interfere with some 
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components of treatment and contribute to worsening intracranial pressure. Transient 

improvement may be obtained through deepening of sedation and the administration 

of a muscle relaxant if required.43 Difficulties with this approach include the masking of 

neurological signs, hypotension and risk of hypoventilation if sufficient mandatory 

breaths are not provided. Small doses of short-acting agents that impact minimally on 

the circulation are preferred. Propofol is an effective means of safely providing 

additional sedation in this context,82 although hypotension associated with its use may 

require the co-administration of vasopressor therapy. While aiming to achieve a 

predefined cerebral perfusion pressure may be undesirable in the setting of ALF 

cerebral hyperaemia, it is reasonable to target a mean arterial blood pressure of more 

than 60 mmHg in order to maintain adequate end-organ perfusion.83 

 

Severe ALF does not substantially impact on the pharmacokinetics of propofol, and 

the relatively short duration of effect avoids clouding the neurological assessment after 

infusion has ceased. Propofol slows CMR, reduces neuronal excitation and may impart 

anti-inflammatory as well as antioxidant effects.84 However, hypothermia may 

decrease propofol clearance and, in such patients, lower doses may be desirable. 

Thiopentone is another anaesthetic agent that has been used to manage severe 

intracranial hypertension. While it reduces CMR and blood-flow, prolonged infusion 

results in a lengthy duration of CNS depression, which may interfere with clinical 

assessment. Additionally, thiopentone can cause immune dysfunction and metabolic 

abnormalities that are undesirable in the critically ill. As such, thiopentone should be 

reserved only for circumstances where all other measures have failed. 

 

Further hypothermia 

Lowering core temperature to less than 33°C may provide additional reductions in 

cerebral oedema and intracranial pressure as a rescue therapy via the mechanisms 
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outlined above.74 Complications might include worsening coagulopathy, vulnerability 

to infections85 and impaired hepatic regeneration.86 

 

Non-steroidal anti-inflammatory drugs 

Non-steroidal anti-inflammatory drugs cause cerebral vasoconstriction via a range of 

mechanisms involving inhibition of endothelial cyclooxygenase. Indomethacin is a 

potent cyclooxygenase inhibitor and may be effective in temporarily improving the 

hyperaemic cerebral circulation of ALF when other measures have failed.87-89 The 

transient nature of the effect, as well as potential side-effects, mean that indomethacin 

should be reserved for situations where a life-saving transplant is imminent, and it is 

necessary to treat very high ICP during the perioperative period. 

 

Seizure management 

Seizures are not a prominent feature of ALF-associated neurological impairment but 

should be considered in the event of deterioration or new evidence of elevations in 

ICP. Clinical manifestations may be subtle and an electroencephalogram is necessary 

under such circumstances to diagnose or exclude the possibility with certainty.40 In the 

event of focal neurological deficits or evidence of fitting, consideration for neuro-

imaging via computed tomography is appropriate to exclude the rare possibility of a 

spontaneous intracranial haemorrhage associated with coagulopathy. In the event of 

fitting, anticonvulsant therapy (such as benzodiazepines, propofol or levetiracetam) 

should be administered. Sodium valproate should be avoided due to the risk of further 

elevating ammonia levels. No role has been established for prophylactic 

anticonvulsant therapy. 
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Advanced blood purification and other therapies 

A number of technologies have been developed for the purpose of cleansing the blood 

of toxic substances, which accumulate in severe liver failure with multiple organ 

dysfunction. These therapies utilise veno-venous extracorporeal circuits to apply 

various combinations of dialysis, haemofiltration and adsorption to the bloodstream in 

order to remove toxic metabolites and inflammatory mediators. 

 

Coupled Plasma Filtration Adsorption diverts a modest proportion of plasma from the 

main blood circuit and passes it across a resin adsorbent before directing it back to 

rejoin the whole blood and directing it through a conventional haemofilter.90,91 

 

The Molecular Adsorbent Recirculation System uses diffusive techniques in two 

stages- first, dialysing blood against an albumin-rich intermediate fluid, which is then 

secondarily diafiltered and run through a charcoal haemoperfusion and resin 

adsorbent cartridge.92 

 

Case series and small studies have demonstrated effective clearance of several 

purported metabolic toxins from the blood.90,93 Haemodynamic and metabolic benefits 

have also been described,94-96 although evidence of compelling clinical benefits is less 

clear.97 Given that neuroprotection may be achievable via conventional CRRT, 

advanced blood purification therapies such as Coupled Plasma Filtration Adsorption 

and the Molecular Adsorbent Recirculation System are perhaps best reserved as 

rescue therapies for refractory intracranial hypertension, or for advanced states of 

shock.98,99 Vasodilatory shock associated with the severe systemic inflammatory 

response of ALF may improve through clearance of toxins and various mediators from 

the circulation. Further research in the form of randomised controlled trials is required 

to clarify the role of such strategies. 
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Plasma exchange has also been shown to provide some benefit in preliminary 

studies,100 but remains an experimental therapy in the context of acute liver failure. 

L-ornithine-L-aspartate and L-ornithine phenylacetate administration have been 

studied as an alternate means of reducing blood ammonia concentrations on the basis 

of promising preliminary animal and clinical studies.101,102 By providing crucial urea 

cycle substrate, ammonia metabolism is accelerated. Further evaluation is required to 

ascertain their therapeutic potential and safety profile. 

 

Other important aspects of care 

As with any critical illness, the clinical problems of severe ALF result from the complex 

interplay of parallel pathophysiological processes affecting a range of organ systems. 

With advanced and interdependent multiple organ failure, a co-ordinated approach to 

management ensures that all the important issues are addressed in an appropriately 

prioritised manner. In addition to the approaches already detailed, close attention must 

be paid to ensuring that metabolic, haematological, cardiovascular and respiratory 

aspects of care are addressed. 

 

Close monitoring of clotting parameters is necessary; however, serious bleeding is 

rare and measurements of the International Normalized Ratio, while often abnormal, 

do not necessarily reliably predict bleeding tendency. It may be that many patients with 

acute liver failure are actually hypercoagulable,103-105 despite routine test results 

suggesting otherwise, and a balanced approach to clotting factor administration is 

advisable in order to avoid thrombotic complications. 

 

Serious infection is a common cause of death and complications, so the early empirical 

initiation of appropriately broad-spectrum antimicrobials (antifungal agents as well as 

antibiotics) is recommended along with a comprehensive microbiological evaluation.6  
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Conclusions 

Severe cerebral oedema with resultant intracranial hypertension is a common cause 

of death in ALF. The combination of hyperventilation, haemodiafiltration, 

hypernatraemia and hypothermia (quadruple-H therapy) addresses a range of 

pathophysiological processes which underlie the development of cerebral oedema 

(Table 1), and it is likely that maximal benefit will be obtained when initiated at the time 

high-grade encephalopathy first develops. Whereas the use of single therapies may 

have some effect, the use of all four treatments simultaneously may be required to 

achieve a clinically significant impact on the attenuation of cerebral oedema. All are 

within the scope of experienced intensive care units to provide, as they are relatively 

simple to administer and involve minimal additional expense beyond that incurred 

through routine care. Prospective studies to evaluate the impact of quadruple-H 

therapy on outcome are warranted.  
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Figure 1. Ammonia production and detoxification 

 

 

 
The hepatic urea cycle is responsible for the majority of ammonia detoxification and 
hyperammonaemia is inevitable in the case of extreme loss of liver function. 
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Figure 2 The role of ammonia in acute live failure associated neurological 
injury 

  

Hyperammonaemia from ALF causes cerebral oedema through cerebral vasodilation, astrocyte swelling and an 
increase in interstitial fluid volume. The processes involve increases in glutamate concentrations, loss of regulation 
over crucial enzymes (such as alpha-ketoglutarate and lactate dehydrogenase) and mitochondrial dysfunction. 
 
COX= cyclooxygenase 
PG= prostaglandins 
iNOS= inducible nitric oxide synthase 
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Figure 3. CT imaging of a patient with acute liver failure after insertion of an 
intracranial pressure monitor 

 

 

 

Inadvertent placement of a solid-state intracranial pressure monitor into the brain parenchyma of the right frontal lobe, 
with resultant small haemorrhage adjacent to the tip. 
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Table 1: Summary of Quadruple-H interventions, therapeutic targets and 
mechanisms of benefit. 

Intervention Target Method Mechanism of benefit 
 

Hyperventilation The lower of PaCO2 = 35 
mmHg, or that achieved by 
patient prior to intubation 
 

Adjust mechanical 
ventilation to achieve 
necessary minute 
ventilation 
 

• Reduction of cerebral 
hyperaemia and ICP 

Haemo(dia)filtration Blood ammonia <60 µmol/L 
and even daily fluid balance 
 

High-exchange 
continuous 
hemofiltration with 
incorporating dialysis 
if required 
 

• Ammonia clearance 
• Assists cooling 
• Metabolic, fluid and 

electrolyte control 
 

Hypernatraemia Serum sodium 148-152 
mmol/L 
 

Continuous infusion 
of concentrated 
saline via CVC 
 

• Increase serum tonicity 
causing cerebral dehydration 

• Possible improvements in 
microcirculatory dynamics 

• Anti-inflammatory effects 
• Expansion of intravascular 

volume without significant 
overall positive fluid balance 

 
Hypothermia Core temperature of 35°C 

 
Servocontrolled 
cooling blanket and 
RRT circuit 
 

• Reduced ammonia 
production 

• Reduced ammonia uptake in 
the CNS 

• Reduced CBF 
• Reduced CMR 
• Reduced neuroexcitation 
• Anti-inflammatory effects 

 
CVC = central venous catheter, RRT=renal replacement therapy, CBF=cerebral blood flow, 
CMR=cerebral metabolic rate 
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Introduction 

Acute liver failure, also known as fulminant hepatic failure, is a compelling example of 

complex critical illness. The initiating event is extreme liver injury from a variety of 

possible causes. Thereafter, a severe multisystem critical illness rapidly develops, 

involving disruption of function in virtually all organ systems (Figure 1). Whilst ALF is a 

relatively rare cause of admission to the intensive care unit (ICU),1 it is important 

because it predominately affects those who are young and have few comorbidities yet 

it has a high mortality. Management challenges include hepatic encephalopathy, 

cerebral edema, disordered hemostatic parameters, haemodynamic instability, 

metabolic abnormalities, renal failure and vulnerability to infection. Whilst some causes 

of ALF have etiology specific treatments, most ICU management involves supportive 

care and prevention of complications, with the hope that life can be sustained until 

either hepatic regeneration takes place or emergency liver transplantation can occur. 

As with any complex or rare condition, a systematic and coordinated approach is 

required so as to ensure that all problems are anticipated and addressed. 
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Definition 

Despite a lack of a consensus definition,2 it is generally accepted that the diagnosis of 

ALF requires the triad of encephalopathy (regardless of severity), abnormal measures 

of hemostasis (generally elevation of the international normalized ratio (INR) or 

prolongation of the prothrombin time (PT)), and the development of overt liver failure 

over a short time interval in the absence of previously known liver disease. A number 

of classification systems have sought to define the cardinal features of ALF and 

patterns of presentation. In particular, the duration of illness prior the onset of 

encephalopathy is strongly associated with specific underlying etiologies and 

associated outcomes.3 Hyper-acute patients develop an altered mental state within a 

week of first becoming unwell and are often critically ill at initial presentation. Acute 

presentations are those with an illness duration of 7 to 21 days prior to encephalopathy, 

while subacute presentations involve the onset of encephalopathy up to 26 weeks after 

initial symptoms occur. Paradoxically, hyperacute patients have the highest 

spontaneous survival rate. 

 

Etiology 

While the causes of ALF are myriad (Table 1), there is marked variation in etiology 

across regions, with a relatively small number of underlying causes being responsible 

in any given locality.4 This has important implications for management and outcomes. 

 

Drug induced liver injury 

Drugs, traditional remedies and toxins are important causes of ALF in most countries. 

There are two broad types of drug induced liver injury; direct hepatotoxicity and 

idiosyncratic hepatotoxicity. 

 

  



458 

 

Direct hepatotoxicity 

Severe liver injury from exposure to a known hepatotoxin that produces dose related 

liver damage is the most common single cause of ALF in many countries. The typical 

onset of ALF following ingestion of a supratherapeutic or toxic dose is abrupt for most 

drugs, and the usual pattern is of major hepatic necrosis. 

 

Acetaminophen (paracetamol) 

Acetaminophen is the most common cause of ALF in most anglophone countries, 

where it may account for more than half of all ALF cases.1 A single major overdose 

(often with delayed presentation) is typical, however  some result from staggered 

supratherapeutic ingestion that may be deliberate, inadvertent or iatrogenic. Poor 

nutrition, low body mass and cytochrome P450 enzyme inducing medications may 

predispose to toxicity. The link between chronic alcohol excess and vulnerability to 

acetaminophen poisoning has not been fully elucidated.5 A thorough history (including 

from family members) may identify the timing and amount ingested, however 

information may be unreliable, limiting the utility of nomograms to determine risk and 

guide treatment decisions. Acetaminophen usually undergoes glucuronidation and is 

then excreted into the bile. The toxicity of acetaminophen overdose occurs through the 

generation of a toxic metabolite (N-acetyl-p-benzoquinone imine - NAPQI) by 

cytochrome P450 enzymes. If the ability metabolize acetaminophen via glucuronidation 

is overwhelmed and capacity to detoxify NAPQI through conjugation with glutathione 

is exceeded, massive hepatic necrosis will follow. The early initiation of n-

acetylcysteine (NAC) may prevent the development of serious liver injury and 

attenuate it if hepatic necrosis has already commenced. 
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Non-acetaminophen direct hepatotoxins 

A range of other medications can also cause liver injury via direct mechanisms (Table 

1). Patterns of acute hepatic injury vary from hepatic necrosis, to sinusoidal obstruction 

syndrome, and microvesicular steatosis. 

 

Idiosyncratic drug induced liver injury 

Idiosyncratic liver injury usually takes the form of acute hepatocellular hepatitis, with a 

period of latency that typically extends to several weeks. Other less common forms 

include cholestatic hepatitis and mixed hepatitis. Anti-infectives, psychotropics and 

nonsteroidal anti-inflammatory drugs are commonly implicated. Idiosyncratic drug-

induced hepatitis may variably be accompanied by hypersensitivity features, such as 

rash, fever, and eosinophilia. 

 

Herbal remedies, nutritional supplements, traditional medicines and illicit drugs 

Non-prescription alternate therapies and illicit drugs are widely used in many 

populations and represent an important cause of ALF. Patients may not disclose the 

use of such agents and direct enquiry is necessary. 

 

Viral Hepatitis 

Hepatotropic viruses 

Four out of the five generally recognized hepatotropic viruses are established causes 

of ALF. Hepatitis C virus (HCV) is a prominent cause of chronic liver disease, but 

almost never results in ALF.6 

 

Hepatitis A 

Most cases of hepatitis A virus (HAV) follow a relatively benign course but occasional 

cases lead to life-threatening ALF, especially for adults with pre-existing liver disease. 
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The virus is spread via the fecal-oral route (usually ingestion of contaminated food or 

drinking water) and vaccination is protective when travelling to endemic regions. 

Serological diagnosis is generally made on detection of anti-HAV immunoglobulin M 

(IgM) antibodies. 

 

Hepatitis B 

Hepatitis B virus (HBV) can cause ALF at the time of initial acquisition, through 

reactivation of a latent infection or with coinfection by hepatitis D virus (HDV). The virus 

may be vertically transmitted during pregnancy or acquired through either blood 

exposure or unprotected sexual activity. Detection of IgM antibodies against hepatitis 

B core antigen (HbcAg) is the key serological marker indicator of active disease. 

Immunosuppression may reactivate HBV in chronic carriers, resulting in a subacute 

presentation that is associated with a poor prognosis.7 

 

Hepatitis D 

Hepatitis D virus (HDV) is a defective virus that can only replicate in circumstances of 

coinfection with HBV and its acquisition in chronic HBV carriers has been reported to 

occasionally result in ALF.6 Diagnosis of acute infection by HDV may be determined 

through the detection of HDV RNA, or the presence of HDV antigen and anti-HDV IgM 

antibody. 

 

Hepatitis E 

While hepatitis E virus (HEV) is rare in developed regions, it is a common cause of 

ALF in some resource limited countries, with pregnant women being disproportionally 

affected. ALF from HEV is associated with high maternal and fetal mortality. Instances 

of HEV being transmitted by travelers returning from endemic regions have been 
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reported. Similar to HAV, the virus is spread via the fecal-oral route and is diagnosed 

through the detection of anti-HEV IgM antibodies. 

 

Other viral causes of ALF 

Several non-hepatotropic viruses, especially herpesviridae, are recognized to cause 

sporadic ALF and should especially be considered in situations where there are typical 

features of a specific infective agent (e.g. mucocutaneus lesions from varicella) in the 

absence of another clear cause. 

 

Cryptogenic acute liver failure 

No clear cause can be found for ALF in up to a fifth of cases.1 These may represent 

infection with as yet unidentified viral pathogens, unusual manifestations of AIH or 

unrecognized idiosyncratic drug reactions. 

 

Other causes of ALF 

Ischemic Hepatitis 

Cases of severe shock, especially if associated with hepatic congestion (e.g. cardiac 

tamponade) can result in ALF. The underlying cause of circulatory failure is the main 

determinant of outcome rather than the extent of liver injury per se. If effective 

resuscitation and reversal of the primary problem occur, hepatic recovery usually 

follows and specific liver directed therapies are rarely required. 

 

Autoimmune hepatitis 

Whilst autoimmune hepatitis (AIH) usually manifests as a chronic disorder, an 

important minority of cases may present with a subacute progression to ALF. Women 

are most commonly affected and autoimmune markers as well as liver biopsy are 

usually required for diagnosis. Corticosteroids for immunosuppression may achieve 
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effective disease control in some patients, occasionally preventing deterioration and 

need for ELT.  

 

Amanita mushroom poisoning 

Amanita phalloides has a wide geographic spread and an appearance similar to 

several common edible mushrooms. Amatoxins are heat stable and a single large 

mushroom may contain sufficient amounts to cause ALF. Many patients will 

experience early gastrointestinal upset that resolves prior to subsequent overt liver 

failure occurring several days later. 

 

Wilson’s Disease 

Wilson’s disease is a rare inherited disorder of copper accumulation that is typically 

diagnosed prior to the onset of overt liver failure but may occasionally present with 

ALF, hemolysis and thrombocytopenia as the first presentation. The prognosis without 

ELT is extremely poor and treatment is focused on supportive measures until 

transplantation can occur. 

 

Budd-Chiari Syndrome 

Thrombosis of the hepatic vein is a rare cause of ALF and is usually associated with 

an underlying prothrombotic state, such as malignancy (especially myeloproliferative 

disorders). The overall prognosis is poor, especially if occurring in the context of 

malignancy.8 

 

Acute Fatty Liver of Pregnancy 

This catastrophic illness occurs exclusively in the third trimester of pregnancy and is 

characterized by microvesicular fatty infiltration of hepatocytes causing ALF. Fetal 
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defects in fatty acid oxidation appear to be the underlying trigger. Urgent recognition 

and delivery is essential to prevent fetal and maternal death.9 

 

Reye Syndrome 

Reye syndrome is a rare pediatric condition strongly linked to aspirin use in the setting 

of a viral illness. Clinical features rather than specific investigations are key to making 

the diagnosis. Supportive care achieves full recovery in the majority of those affected.10 

 

Predictive Scoring Systems 

ELT is the only intervention proven to improve survival in ALF, yet many patients may 

achieve ELT-free survival with supportive care alone. The decision to proceed with 

ELT can therefore be extremely challenging. Several systems to guide clinical decision 

making have been developed in order to differentiate patients at high risk of death 

without ELT from those who may be reasonably expected to survive with supportive 

care alone. It is clear that in addition to the severity of liver damage and associated 

complications, important determining factors for outcome include the underlying 

etiology and patient age.11 Several of the main predictive criteria are summarized in 

Table 2. The utility of such scoring systems has been questioned, as some elements 

may be subjective (e.g. grade of encephalopathy) and many others are inevitably 

altered by various critical care interventions (e.g. use of CRRT). Whilst they remain in 

widespread use, improvements in outcome (especially for the hyperacute pattern of 

ALF such as acetaminophen related)  justify concerns that none demonstrate sufficient 

precision to be the sole determinant for selecting ELT candidates.11 Imaging with 

computerized tomography (CT) to ascertain residual liver volume may assist 

prognostically.12 Liver biopsy may be safer via a trans-jugular route than the 

percutaneous approach and can be diagnostically useful in some circumstances.13  
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Whilst acetaminophen often presents as hyperacute liver failure with extreme 

physiological and biochemical derangement, ELT-free survival is considerably more 

common than for other causes of ALF.1 Similar findings apply to HAV and AFLP, where 

patients generally achieve ELT-free survival with optimal supportive care. This is often 

not the case for patients with ALF due to idiosyncratic drug reactions, HBV, AIH, 

Wilson’s disease or BCS. Paradoxically, patients with hyperacute ALF presentations 

often have higher initial illness severity yet are more likely to survive through 

spontaneous hepatic regeneration and supportive care, while patients with a subacute 

ALF pattern may be less dramatically unwell at presentation, but relentlessly 

deteriorate and die without ELT. Regardless of etiology, given the high risk of death 

and the potential for rapid deterioration, transfer to a center capable of providing ELT 

should be considered in all ALF patients where this is feasible. 

 

Clinical features of acute liver failure 

Regardless of etiology, acute liver failure has a characteristic pattern of critical illness. 

Patients may complain of constitutional symptoms such as fatigue, nausea and 

anorexia. Consistent with diagnostic definitions, derangement in hemostatic 

parameters (especially of INR) are always evident, as are jaundice and hepatic 

encephalopathy (HE). It is this latter finding that differentiates ALF from the less severe 

acute liver injury (ALI), in which there is no neurological impairment.14 Laboratory tests 

are confirmatory, with elevations in amino acid transaminase levels (up to 25 times the 

normal upper limit) and bilirubin, as well as a tendency to hypoglycemia and 

hyperlactatemia. Hyperammonemia is a cardinal feature, especially in the setting of 

significant HE. In addition to an elevated INR, thrombocytopenia and 

hypofibrinogenemia frequently occur and suggest a likely bleeding tendency. Arterial 

blood gas analysis typically reveals a combination of respiratory alkalosis and 

metabolic acidosis.15 Spontaneous improvement of the INR indicates recovery whilst 
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progressive worsening, even in the setting of reductions in transaminase levels, 

portend deterioration. The absolute values of elevated amino acid transaminase levels 

do not reflect prognosis. 

 

Management challenges in ALF 

Hepatic encephalopathy, cerebral edema and intracranial hypertension 

HE is the result of complex pathophysiological process that reflects serious underlying 

liver failure. A combination of metabolic toxins, false neurotransmitters, 

benzodiazepine-like compounds and inflammatory mediators accumulate in liver 

failure resulting in a metabolic delirium that can proceed to drowsiness and overt coma. 

 

While HE occurs in both decompensated chronic liver disease and ALF, cerebral 

edema occurs almost exclusively in the latter. Hyperammonemia develops in hepatic 

failure because of the major role the liver plays in its detoxification via the urea cycle. 

Ammonia is a neurotoxic byproduct of protein metabolism that is converted to less 

toxic urea, which becomes the vehicle for excreting nitrogenous waste in the urine. 

While some conversion of ammonia to urea occurs in other organs, severe liver failure 

will invariably result in ammonia accumulation and low blood urea concentrations. 

Cytotoxic cerebral edema occurs when ammonia crosses the blood brain barrier 

(BBB), leading to increasing concentrations in brain tissue that cause glutamine 

mediated astrocyte swelling, neuroexcitation, and disruption of many neuronal 

metabolic and signaling processes. In cases of severe HE and progressive cerebral 

edema, normal autoregulation of cerebral blood flow and the integrity of the BBB is 

lost, leading to cerebral hyperemia and vasogenic edema. Up to 80% of patients with 

high grade HE may develop cerebral edema, and ammonia concentrations of more 

than 150µmol/L are associated with intracranial hypertension that may be complicated 

by neurological injury and death from brainstem herniation.16 Progressive neurological 
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deterioration can be difficult to detect on clinical assessment of critically ill patients and 

early intracranial hypertension may not be obvious on neuroimaging.17 Monitoring 

strategies such as near infrared spectroscopy, jugular venous bulb saturation 

monitoring, EEG, doppler ultrasound and intracranial pressure (ICP) monitoring all 

have significant limitations and none has been shown to improve patient outcomes. 

Invasive ICP monitoring in particular has associated risks of bleeding and infection.18 

While it is used routinely in many specialist centers,19 the technique has been 

abandoned by many in favor of other strategies. For most patients who recover either 

through ELT or spontaneous liver regeneration, resolution of HE and full neurological 

recovery is the usual outcome.20 

 

Deranged hemostatic parameters 

Abnormalities of hemostatic parameters are part of the definition of ALF. Reduced 

hepatic synthesis of factors II, V, VII, IX and X results in prolongation of the prothrombin 

time (and INR) and, later on, the activated partial thromboplastin time (aPTT). Whilst 

this results in a pattern of hemostatic derangement suggestive of high bleeding risk, 

the situation is complicated, with simultaneous reductions in the hepatic synthesis of 

anticoagulant factors such as proteins S and C, the accumulation of microparticles and 

generalized inflammation that combine to promote a prothrombotic state.21 For many 

patients, neither overt bleeding nor thrombosis occur,22 suggesting that while routine 

measures of clotting appear markedly deranged, hemostasis remains functionally 

balanced and intact. The INR is a poor predictor of bleeding risk in ALF while 

thrombocytopenia and hypofibrinogenemia may be more strongly associated with 

haemorrhage.22 
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Vasodilatory shock 

A vasodilated, hyperdynamic systemic circulation occurs in most patients with ALF, 

with the pattern of hemodynamic instability strongly resembling septic shock. Severe 

inflammation, endothelial injury and abnormal neurohormonal control are all important 

factors leading to circulatory dysfunction. Relative or absolute hypovolemia may be 

present due to poor fluid intake prior to presentation, gastrointestinal losses, and 

capillary leakage. After appropriate fluid resuscitation, vasopressor therapy with 

agents such as norepinephrine administered by continuous infusion according to 

similar treatment principles for managing septic shock is recommended. Occasionally, 

patients may develop a low cardiac output state due to pre-existing cardiovascular 

disease or overwhelming critical illness such that inotropic support becomes 

necessary. In circumstances of advanced circulatory failure, general malperfusion 

ensues, contributing to multiple organ failure. 

 

Metabolic abnormalities 

Severe metabolic derangement is a hallmark of ALF. Hyperlactatemia can develop 

secondary to generalized malperfusion combined with high circulating catecholamine 

levels. Reduced hepatic clearance and direct impairment of mitochondrial function by 

toxic levels of acetaminophen may also contribute.23 

 

Hypoglycemia is a serious development and suggests extreme liver injury. Failure of 

gluconeogenesis and loss of glycogen stores may lead to refractory hypoglycemia 

unless concentrated intravenous dextrose is administered. 

 

Hyponatremia is occasionally present early on and is associated with worse outcomes 

in acute liver dysfunction.24 Hypokalemia and hypophosphatemia may also occur, 

especially if high dose continuous renal replacement therapy (CRRT) is undertaken.  
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Relative or absolute adrenal insufficiency has been described in acute liver failure25 

and steroid replacement therapy should be considered in the setting of refractory 

shock.26 

 

Renal failure 

Acute renal failure occurs commonly in ALF, either secondary to the primary insult that 

caused liver injury (e.g. acetaminophen overdose) or from the systemic inflammatory 

response and associated shocked state. Uremia is notably rare due to reduced hepatic 

synthesis of urea, however fluid accumulation, acidosis and electrolyte derangement 

may all develop and cause complications. The initiation of CRRT should not be 

delayed until overt renal failure is evident as it plays a key neuroprotective role by 

removing ammonia and other water-soluble toxins that contribute to HE and cerebral 

edema. 

 

Respiratory failure 

Respiratory failure is rarely a prominent feature of ALF at initial presentation. ALF 

patients have a tendency to hyperventilation and develop a respiratory alkalosis; 

hypoxia is relatively uncommon. Over time, however, complications such as pulmonary 

edema, aspiration pneumonitis, atelectasis and pneumonia are common and severe 

hypoxic respiratory failure may develop. Hepatopulmonary syndrome is rare in ALF, 

but has been reported.27 

 

Susceptibility to infection and sepsis 

Severe susceptibility to bacterial and fungal infection is a hallmark of ALF and a major 

contributor to poor outcomes.28 Contributing factors include compromised 

reticuloendothelial function, reduced complement levels, impaired phagocytosis, and 

the presence of vascular access catheters. Common sites for infection are the lower 
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respiratory tract, urinary tract and vascular access devices with associated bacteremia, 

while common pathogens include gram positive cocci, gram negative bacilli and fungal 

species such as candida. Infection may arise from the patient’s own microbiome or 

from the hospital environment.  

 

Fluid and electrolyte abnormalities 

Critically ill patients with shock and multiple organ failure often receive considerable 

amounts of intravenous fluids and this is also true for ALF. A strongly positive fluid 

balance is undesirable in patients at high risk of cerebral edema and a strategy that 

aims to avoid excessive fluid accumulation is appropriate. Abnormalities of potassium 

and phosphate also occur frequently and need to be tested for and supplemented as 

necessary.29  

 

Initial Assessment and Management 

Following initial resuscitation, a comprehensive history (either first person or from 

family members) is the most important part of initial assessment. Essential details 

include previous overall health, past history of liver disease, family history of liver 

disease, and risk factors for hepatotropic viruses (especially intravenous drug use, 

blood exposure, sexual history and travel). All recent medications, alternative 

therapies, nutritional supplements, alcohol intake, use of illicit drugs and possible 

mushroom ingestion must be evaluated. Female patients should be asked about the 

possibility of pregnancy. 

 

A thorough clinical examination should also be completed. In addition to a general 

appraisal of vital systems, a directed search for signs of chronic liver disease (e.g. 

generalized sarcopenia, clubbing, leukonychia, spider nevi, gynecomastia, prominent 

abdominal wall veins and significant ascites) in order to differentiate ALF from 
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decompensated cirrhosis is essential. The presence of HE is a defining element of ALF 

but may be subtle early on. The West Haven criteria are often used to grade HE 

severity, however critical care clinicians may be more familiar with using the Glasgow 

Coma Scale (GCS) to make an initial assessment and follow progress. Cutaneous 

lesions such as herpetic vesicles, tattoos and needle marks may suggest the possibility 

of a viral etiology and ophthalmic review may assist in checking for Kayser Fleischer 

rings that are diagnostic of Wilson’s disease. Abdominal examination should evaluate 

liver and spleen size as well as for the presence of ascites. 

 

Investigations 

All ALF patients require a panel of investigations as outlined in Table 3. Hemostatic 

parameters (INR, fibrinogen, platelet count) as well as blood concentrations of bilirubin, 

transaminases, albumin, glucose and lactate can reveal the extent of liver injury and 

assist in detecting deterioration. Point of care arterial blood gas analysis is extremely 

helpful to assess oxygenation, ventilation, metabolic profile and acid-base status. 

Blood ammonia concentrations should be checked in all patients with high grade 

encephalopathy and any patient who is intubated. The persistence of extreme 

elevations are associated with neurological complications. Pancreatitis is easily 

missed in a critically ill ALF patient and serum lipase should be checked. All of these 

investigations should be repeated regularly to guide ongoing management. All female 

patients should be tested for pregnancy. Acetaminophen levels must be performed in 

every patient presenting with acute liver injury, even in the absence of a clear evidence 

for overdose. Interpreting the results may be difficult in the absence of a reliable history 

regarding the timing of and nature of ingestion (e.g. single overdose versus staggered 

supratherapeutic doses over time); empiric treatment with n-acetyl-cysteine (NAC) is 

wise where there is any doubt regarding the significance of test results. A screen for 

illicit drugs may be appropriate if circumstances are suggestive. Tests for relevant 
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hepatotropic viruses (HAV, HBV, HEV) as well as EBV, CMV and HSV are essential, 

as are copper studies and an autoimmune screen. Abdominal ultrasound with doppler 

evaluation of vascular integrity (especially of the hepatic vein) should occur early 

during assessment and may also be helpful in detecting ascites. For patients with focal 

neurological deficits, a history of trauma or other concerns for intracranial pathology, 

neuroimaging with CT should be arranged. A focused hemodynamic assessment with 

echocardiography may guide treatment for patients with progressive hemodynamic 

compromise and shock who do not respond to vasoactive infusions and fluid 

resuscitation.  

 

Management 

Patients with ALF almost always develop a severe critical illness. They often follow an 

unpredictable, rapidly progressive clinical course with high risk of complications and 

require admission to ICU in all circumstances where this is possible. Ward-based care 

will rarely suffice. 

 

Treatment directed at specific causes of ALF 

While supportive care is the most important aspect of management for most ALF 

patients, some etiologies have specific treatments that may limit further injury or 

reverse the underlying process. 

 

NAC by intravenous infusion should be started immediately for all known or suspected 

cases of acetaminophen overdose. Delays must be avoided, and it should be 

continued until critical illness has resolved. There may also be a role for the its use in 

other causes of ALF30,31 even though a survival benefit has not been clearly 

demonstrated.32 Given its favorable safety profile NAC recommended by several 

guidelines in such circumstances.33,34 
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Specific antiviral therapies may occasionally have a role, such as nucleoside 

analogues for HBV or acyclovir for HSV. Emergency delivery is the definitive treatment 

for AFLP, and an expedited approach achieves best outcomes. For BCS, an attempt 

at catheter directed thrombolysis or shunt placement (e.g. trans-jugular portosystemic 

shunt -TIPS), may be worthwhile. AIH induced ALF may variably respond to high-dose 

steroids, however it should be anticipated that ELT may prove necessary in many 

affected patients, especially those with high-grade encephalopathy.35 Evidence for 

antidotes is limited, but high dose penicillin (as a continuous infusion) or silibinin may 

be considered for amanita mushroom poisoning. 

 

Neurological care 

Patients with high grade HE from ALF can develop severe cerebral edema and 

intracranial hypertension. While the incidence of cerebral edema in this setting may be 

falling,36,37 affected patients are at high risk of neurological complications and death.38 

Intubation is recommended for all patients with progressive HE to ensure airway 

protection and facilitate other elements of care. The head should remain elevated to 

30° at all times and maintained in a neutral position. Except for ELT, no individual 

intervention has been demonstrated to improve outcomes, so a coordinated approach 

is required to ensure that the various underlying processes may be simultaneously 

addressed. A combination of early continuous renal replacement therapy, 

osmotherapy with hypertonic saline, optimized ventilation and careful temperature 

management is recommended (Table 4).39 

 

Hemofiltration 

Intubated ALF patients should commence renal replacement therapy to treat 

hyperammonemia as soon as possible, rather than waiting for overt acute renal failure 
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to manifest. 40,41 Continuous modalities are preferred as they offer benefits that include 

continuously titratable fluid management, effective thermoregulation, control of pH, 

management of electrolyte abnormalities, minimal hemodynamic impact and a lower 

risk of exacerbating intracranial hypertension.42 A dual lumen vascular access catheter 

can be safely inserted with ultrasound guidance and only extreme derangement of 

hemostatic parameters necessitates prophylaxis with clotting factors. Bicarbonate 

buffered replacement fluid is preferred to avoid exogenous lactate loading. While there 

is little evidence on which to recommend a specific mode of continuous renal 

replacement therapy (CRRT), a strategy that incorporates a diffusive component may 

improve ammonia clearance. Most CRRT machines incorporate an integrated heater 

that may be turned off in order to allow the patient’s temperature to be lowered. High 

blood flows (e.g. >250 ml/min) with effective vascular access help lower the risk of 

clotting within the circuit and anticoagulation may not be required. If anticoagulation 

proves necessary, low dose heparin or epoprostenol may be tried, whilst citrate 

regional anticoagulation should generally be avoided in the setting of severe hepatic 

insufficiency. Ammonia exhibits similar kinetics to urea and is effectively cleared in a 

similar manner, especially at an hourly exchange dose of 40 ml/kg/hour or more. The 

early initiation and continuity of therapy is essential to ensure ammonia concentrations 

are rapidly lowered and then maintained at a safe level.41 Serial monitoring of ammonia 

levels is recommended and failure to achieve reductions down to near the normal 

range or frequent interruptions to therapy should prompt efforts to optimize the 

application of CRRT. This approach may result in electrolyte abnormalities such as 

hypokalemia and hypophosphatemia, so diligent testing and pre-emptive 

supplementation is required. A strategy to avoid a strongly cumulative fluid balance is 

advisable in order to avoid potentiating cerebral edema. 
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Hypertonic saline 

Osmotherapy is an established treatment for cerebral edema. The two major 

therapeutic options are mannitol and hypertonic saline. While mannitol is often used in 

many regions, there is a theoretical risk of rebound cerebral edema after repeated use 

as it may leech into the brain parenchyma and induce a ‘reverse’ osmotic gradient. 

Hypertonic saline (HTS) is at least as effective as mannitol,43 and has been suggested 

both as a prophylactic strategy for cerebral edema in ALF, and as treatment for 

associated intracranial hypertension.44-47 Either bolus dosing or continuous infusion of 

HTS via a central venous catheter may be utilized, with the latter having the advantage 

of being titratable as guided by point of care testing. Other proposed advantages of 

HTS for the brain include anti-inflammatory effects, reduced hyperemia, improved 

microcirculation and maintenance of intravascular volume without excessive fluid 

loading.48 A target serum sodium concentration of 145 to 155 mmol/L is 

recommended46 and achieving this goal is more important than the method of 

administration (bolus or continuous infusion) or the absolute dose given.44 The serum 

sodium should not be permitted to exceed 160 mmol/L49 and it is important to avoid 

rapid increases in patients who are hyponatremic at presentation and therefore at risk 

of CNS demyelination syndromes.  

 

Mechanical ventilation 

Spontaneous hyperventilation is typical of ALF, even in patients who are obtunded.50,51 

Patients with high grade HE should be intubated. The arterial carbon dioxide tension 

exerts considerable influence over cerebral vascular resistance, which in turn is a 

major determinant of cerebral perfusion. Cerebral blood flow is reduced by 

approximately 3% per 1 mmHg reduction in PaCO2.52 While prefusion and cerebral 

metabolic requirements are usually well matched (including in patients with early HE), 

autoregulation may be lost in patients with severe HE who are at the highest risk of 
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cerebral edema and intracranial hypertension.51 Whether relative or absolute, cerebral 

hyperemia exacerbates cerebral edema and intracranial hypertension. Careful control 

of PaCO2 can restore cerebral blood flow autoregulation in ALF and a target PaCO2 

similar to that achieved by the patient prior to intubation or at the lower end of the 

normal physiological range is recommended.33,53 Adjustments to minute volume can 

be guided by end-tidal CO2 monitoring and regular arterial blood gas analysis. 

Hypercapnia must be avoided, especially during vulnerable periods such as during 

intubation and patient transport. More aggressive deliberate hyperventilation provides 

no clear benefit when applied routinely and the associated reductions in ICP are 

transient. It should be reserved for situations where, despite other measures, severe 

cerebral edema is complicated by intracranial hypertension and it is necessary to 

achieve an urgent reduction so that a definitive intervention such as ELT can 

proceed.54 Consistent with current recommendations, an approach that targets safe 

tidal volumes and plateau pressures, uses PEEP effectively and achieves satisfactory 

oxygenation are fundamental elements of respiratory care. 

 

Targeted temperature management 

It is widely accepted that fever is especially detrimental to patients with cerebral edema 

who are prone to intracranial hypertension.55 Evidence suggests a range of potential 

benefits from mild therapeutic hypothermia, especially for younger patients with 

acetaminophen overdose, and it can be safely undertaken with low risk of 

complications.56 More aggressive lowering of temperature provides no additional 

benefit and it is therefore appropriate reserve cooling lower than 34°C for situations of 

severe cerebral edema where ELT is planned.57 Many of the benefit from therapeutic 

hypothermia are obtained by targeting a temperature of 35°C (i.e. slightly sub-

physiological) and ensuring that fever never occurs.58 This approach also minimizes 

theoretical risks of exacerbating coagulopathy, immunosuppression or arrythmias. 
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Other potential neuroprotective therapies 

Other therapies with may be tried in the setting of refractory intracranial hypertension 

in instances where it is necessary to support a patient for sufficient time to undertake 

a definitive intervention, such as ELT. Most of these have little evidence and often 

entail risk of complications. Deep sedation with barbiturates may lower ICP but risks 

cardiovascular compromise. Indomethacin has been shown to be helpful in models of 

ALF associated cerebral edema, but evidence in humans is limited.59 Anticonvulsants 

such should only be used in the setting of clinically evident or EEG proven seizure 

activity. Lactulose is often used in the setting of HE complicating chronic liver disease, 

however it has little evidence for use in ALF and it causes diarrhea and bowel 

distension, which may be problematic. Similarly, enteral antibiotics such as rifaximin 

are often administered to cirrhotic patients with HE but have not been well-studied in 

ALF patients. L-ornithine-L-aspartate and L-Ornithine phenylacetate may provide a 

novel means of enhancing ammonia detoxification but have not shown benefit in 

human studies. Complex blood purification techniques such as Coupled Plasma 

Filtration Adsorption (CPFA), Molecular Adsorbent Recirculation System (MARS) and 

bio-artificial devices have not been shown to improve survival and have a limited role 

outside of clinical trials.60 

 

Other care 

Circulatory support 

An approach similar to the resuscitation and ongoing circulatory support for septic 

shock is appropriate for the hemodynamic abnormalities resulting from ALF. The early 

placement of an indwelling arterial catheter and multi-lumen central venous catheter 

permit continuous hemodynamic monitoring, regular blood sampling and the 

administration of essential infusions. Routine administration of clotting factors is not 

necessary, however extreme derangement of hemostatic parameters should be 
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corrected prior to the insertion of invasive monitoring lines. Pulse contour analysis and 

bedside echocardiography may guide the selection of hemodynamic supports with 

minimal additional risk to the patient. After hypovolemia has been addressed with fluid 

resuscitation, most patients will require vasopressor support. Norepinephrine via 

continuous infusion is a common approach and if high doses are required (e.g. 

>0.5µg/kg/min), additional agents such as vasopressin by continuous infusion and 

corticosteroids may improve vasomotor tone. Similar to other critically ill patients, ALF 

patients often accrue a positive fluid balance and are at risk of generalized edema. 

This may increase their risk of complications such as cerebral and pulmonary edema. 

After the initial resuscitation phase, it is prudent to avoid excessive fluid loading and 

consider strategies such as concentrated albumin (e.g. 20% human albumin or similar) 

to maintain intravascular volume whilst minimizing the volume of fluid administration. 

 

Management of deranged hemostatic parameters 

While measures of hemostasis in ALF suggest a high risk of bleeding, this does not 

eventuate in most patients. The INR is not a reliable guide to bleeding tendency and 

isolated elevations should not prompt administration of clotting factors such as fresh 

frozen plasma. Similarly, it is not necessary to routinely administer clotting factors on 

the basis of INR prior to most invasive procedures.33 Thrombocytopenia and 

hypofibrinogenemia are clearly associated with bleeding risk however, and extreme 

derangements should be corrected.22 Daily assessment of all hemostatic parameters 

is recommended to asses for possible hepatic recovery and to pre-empt potential 

bleeding complications. Recommended targets are outlined in Table 5. Intravenous 

vitamin K is appropriate for all ALF patients and can be given on a daily basis. While 

the evidence that clotting factor administration may precipitate a prothrombotic state is 

limited, it is sensible to limit therapy to situations where there is a clear indication, such 

as active bleeding in the setting of abnormal hemostatic test results. 
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Sepsis 

Immune paresis is an important complication of ALF, and infection with bacterial or 

fungal pathogens is a common cause of death. Prophylactic antibiotics seem to offer 

no clear benefit and there are concerns that resistance may be facilitated by their 

unnecessary use.61 Vigilance with a low threshold to investigate for and empirically 

treat infection with broad spectrum antimicrobials is a reasonable strategy. A typical 

septic work up should include imaging (e.g. chest X-Rays) and surveillance cultures of 

blood, urine and sputum. Standard markers of infection such as fever, leukocytosis 

and biomarkers (e.g. CRP) may not follow a typical pattern and should not be wholly 

relied upon.62 There may be a role for empiric antifungal therapy if a patient remains 

critically ill or is deteriorating after several days of critical care support. Antimicrobial 

selection should be guided by knowledge of local resistance patterns and the 

avoidance of potential hepatotoxins. 

 

Metabolic, gastrointestinal and nutritional support 

Hypoglycemia is common in ALF patients with extreme hepatic insufficiency. It must 

be immediately corrected and a continuous infusion of concentrated dextrose (e.g. 

25% dextrose via a central line) may be required, with a target blood glucose of 

between 6 and 10 mmol/L. Hyperglycemia is common during the recovery phase and 

an insulin infusion may then be required to control elevations in blood glucose. Upper 

gastrointestinal bleeding may occur in ALF patients,22 especially those with 

hypofibrinogenemia and thrombocytopenia and use of H2-blockers or proton pump 

inhibitors is appropriate. 

 

Nutritional support via the enteral route is preferred and intubated patients will require 

a nasogastric feeding tube. There is scant evidence on which to base 



479 

 

recommendations for specific formulations; branch-chain amino acid enriched 

preparations offer few additional benefits beyond standard options. 

 

Emergency Liver Transplantation 

Emergency Liver Transplantation is the only single intervention proven to reduce 

mortality in ALF, however it accounts for only a small proportion of liver transplants 

undertaken in jurisdictions where it is available. While ELT for ALF has a slightly higher 

early mortality than transplantation undertaken for chronic liver disease, the outcomes 

are otherwise very good,63 with rapid improvement in all aspects of critical illness over 

a short period after a successful procedure.20 Developing reliable and generalizable 

selection criteria has proven challenging. The survival benefit of ELT in non-

acetaminophen ALF seems clear, however there is less certainty in the setting of ALF 

from acetaminophen overdose.1,64,65 Other issues that require careful consideration 

include judging whether the patient has become too critically ill to survive major surgery 

and also complex ethical issues such as whether or not a patient who has deliberately 

overdosed in an act of self-harm should proceed to ELT.66 Contraindications to ELT 

include known malignancy, irreversible neurological injury and uncontrolled sepsis. 

The most common surgical approach is orthotopic transplantation of a whole cadaveric 

organ, however cadaveric split livers, living related partial donations and the increasing 

use of marginal donors (including donation after circulatory death) increase the options 

available when organs are scarce. Another interesting approach is the use of auxiliary 

partial orthotopic liver transplantation (APOLT) in which a cut down donor liver is 

transplanted orthotopically after partial hepatectomy of the native liver.67 The 

transplanted donor tissue provides effective function for a bridging period until 

sufficient regeneration of the native liver can occur. When convincing evidence of 

recovered native liver function is evident, immunosuppression can be tapered to 
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cessation and a controlled chronic rejection of the transplanted tissue causes gradual 

atrophy.  

 

The optimal approach to decision making utilizes predictive criteria as a preliminary 

screening assessment which then informs the clinical interpretation of dynamic 

measures (such as INR, lactate as well as indicators of shock and organ failure). It is 

usual practice to proceed to ELT in situations where death is likely in the absence of 

ELT, an organ is available, and there are no absolute contraindications. Frequent 

assessment and consultation between intensive care clinicians and transplant teams 

at the bedside is essential in order to make the best decisions possible under 

circumstances where certainty is so often impossible. 

 

Conclusion 

Whilst rare, ALF causes extreme critical illness to which patients often succumb. With 

optimal care, ELT-free survival is possible for many of those patients with favorable 

etiologies and transplantation may be lifesaving for others.68 Clinicians should be 

aware of the common causes in their region and know etiology specific therapy as well 

as how to coordinate the complex supportive care that is often necessary. Early 

consultation with a liver transplant service is recommended so that transfer can be 

considered, even if ELT does not seem necessary on preliminary assessment. As with 

any complex critical illness, a proactive, coordinated approach to care is required and 

frequent re-evaluation to assess clinical course and detect complications is essential.  
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Key points 

1. Acute liver failure (ALF) is defined by the triad of over liver failure with jaundice 

occurring over a period of weeks with encephalopathy and deranged 

hemostatic measures (usually INR or PT) in the absence of known chronic liver 

disease. 

2. Causes of ALF vary considerably by region, with acetaminophen and other 

drugs common in most developed countries, whilst viral hepatitis is much more 

frequent in many resource limited and developing regions. 

3. Mortality is high and emergency liver transplantation (ELT) is the only single 

intervention proven to reduce mortality. Some etiologies have a more favorable 

outcomes (e.g. acetaminophen overdose), whilst some are usually lethal 

without ELT (e.g. Wilson’s Disease). 

4. Cerebral edema as a complication of hepatic encephalopathy is unique to ALF, 

and rarely occurs in encephalopathic cirrhotic patients. The pathophysiology is 

complex, but hyperammonemia is a potent neurotoxin that drives many of the 

contributing processes and is a readily measured surrogate for other 

unmeasured toxins that accumulate in liver failure.  

5. For patients with high grade hepatic encephalopathy, the early initiation of 

continuous renal replacement therapy (e.g. CRRT with hemodiafiltration at an 

effluent dose of ≥40 ml/kg/hour), hypertonic saline administration (to achieve a 

serum sodium of 145-155 mmol/L), optimized mechanical ventilation (PaCO2 

lower of either low normal or that achieved by the patient prior to intubation) 

and targeted temperature management (core temperature 35°C and strict 

avoidance of fever) may limit the risk of intracranial hypertension. These 

interventions should be applied to all patients intubated for high grade 

encephalopathy and continue until recovery is evident. While it is widely 
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utilized, invasive intracranial pressure monitoring does not improve outcomes 

and its role remains unclear. 

6. The initiation of continuous renal replacement therapy (CRRT) is 

neuroprotective and should not be delayed until overt renal failure is apparent. 

It effectively treats hyperammonemia and reduces levels to near normal, 

thereby reducing the risk of neurological complications. Ammonia levels should 

be checked at least daily whilst encephalopathy persists. Hypertonic saline 

should be used in conjunction with CRRT to avoid inadvertent reductions in 

serum osmolarity. Intermittent dialysis risks exacerbating cerebral edema and 

has an adverse impact on the systemic circulation. 

7. Elevations in the INR, whilst indicative of liver injury, are not especially 

predictive of bleeding risk. Administration of fresh frozen plasma to treat an 

isolated INR result or routinely prior to most procedures is not recommended. 

Hypofibrinogenemia and thrombocytopenia are associated with bleeding 

tendency and the administration of cryoprecipitate and platelet transfusion is 

recommended for extremely low levels. Hemostatic parameters (especially 

INR, fibrinogen and platelet count) should be checked at least daily.  

8. Various predictive scoring systems have been developed, and while they may 

assist with identifying many patients at high risk of death without ELT, none of 

the criteria developed so far should be wholly relied upon to determine listing 

for ELT. Clinicians must apply their own expertise and engage in repeated 

clinical assessment to ensure that patients capable of spontaneous recovery 

avoid ELT, whilst those who will likely die without it undergo transplantation. 

9. Emergency liver transplantation should be considered early during the course 

of management for patients with unfavorable etiologies who are unlikely to 

achieve ELT-free survival (e.g. Wilson’s Disease, idiosyncratic drug reactions, 

cryptogenic ALF).  
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Figure 1. Key management challenges in acute liver failure 
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Table 1. Causes of Acute Liver Failure 

Drugs 
Dose related (predictable): 

- Acetaminophen 
- Aspirin 
- Niacin 

Idiosyncratic (unpredictable and individually rare): 
- Isoniazid 
- Beta-lactams 
- NSAIDS 
- Herbal remedies 
- 3,4-Methylenedioxymethamphetamine (ecstasy) 

Toxins 
- Amanita mushroom 
- Carbon tetrachloride 
- Yellow phosphorous 

Viral 
Hepatotropic: 

- HAV 
- HBV 
- HDV 
- HEV 

Non-hepatotropic: 
- HSV 
- CMV 
- EBV 
- Parvovirus B19 

Vascular thrombosis 
- Budd-Chiari syndrome 

Inherited metabolic disorders 
- Wilson’s disease 

Pregnancy-related 
- Acute fatty liver of pregnancy 

Other 
- Autoimmune hepatitis 
- Reye Syndrome 
- Cryptogenic 

 

NSAID: non-steroidal anti-inflammatory drug; HAV: hepatitis A virus; HBV: hepatitis B virus; 
HEV: hepatitis E virus; HSV: herpes simplex virus; CMV: cytomegalovirus; EBV: Epstein-Barr 
virus. 
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Table 2. Predictive criteria for death without emergency liver transplantation 

King's College Criteria69 
Acetaminophen Overdose 

- Arterial pH <7.3 (irrespective of grade of encephalopathy) 
or 

- PT >100 seconds (INR > 6.5) and 
- Serum creatinine > 3.4 mg/dL (>300 µmol/L) and 
- Patients with West Haven grade III and IV hepatic encephalopathy 

Non–Acetaminophen-Induced Liver Injury 
Acute form (delayed jaundice-encephalopathy <7 days): 

- PT >100 seconds (INR >6.5) (irrespective of grade of encephalopathy) 
or any three of the following variables: 

- Aged <10 or >40 years 
- Non-A, non-B hepatitis, halothane hepatitis, idiosyncratic drug reactions 

Subacute form: delayed encephalopathy >7 days 
- Serum bilirubin 17.4 mg/dL (300 µmol/L) 
- PT >50 seconds 

Clichy Criteria70 
- Grade III or IV encephalopathy 

and 
- Factor V <20% in patients <30 years 

or 
- Factor V <30% in patients >30 years 

Liver Biopsy13 
- ≤60% necrosis on trans-jugular biopsy associated with ELT-free survival 

Computerized Tomography12 
- Liver volume <1000 cm3 predicts failure to achieve ELT-free survival for non-

acetaminophen ALF 
 
INR, international normalized ratio; PT, prothrombin time, ELT, emergency liver transplantation 
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Table 3. Investigations in Acute Liver failure 

Investigation Purpose Suggested Frequency 

Hematology   

Full Blood Examination anemia and thrombocytopenia for bleeding risk daily 

Hemostatic parameters:   daily 

INR measure or hepatic insufficiency daily 

fibrinogen measure or hepatic insufficiency and bleeding risk daily 

Blood film assess for hemolysis in Wilson’s disease and AIH at presentation 

Biochemistry   

Serum electrolytes management of Na+, K+ - 6 hourly 

Liver function tests  daily 

AST, ALT assess hepatocyte injury and necrosis daily 

Bilirubin, ALP, GGT assess hepatic insufficiency and cholestasis daily 

Phosphate often low with liver failure especially with CRRT daily 

Creatinine measure of renal function daily 

Urea usually low in liver failure daily 

Ammonia hyperammonemia associated with neurological injury daily (at least) 

Lactate measure of hepatic and circulatory failure 6 hourly 

Blood glucose measure of hepatic insufficiency 6 hourly 

Arterial blood gas analysis assess ventilation, oxygenation and acid-base status 6 hourly 

Acetaminophen concentration check for acetaminophen overdose in all ALF patients at presentation 

Copper studies caeruloplasmin low in Wilson’s disease at presentation 

ßHCG screen for pregnancy in female patients at presentation 

Lipase assess for pancreatitis as indicated 

Toxicological screen assess for illicit drug use according to local practice as indicated 

Microbiology   

Serology   

Hepatotropic viruses HAV, HBV, HDV, HEV as causes of ALF at presentation 

Non-hepatotropic viruses EBV, CMV, HSV, VZV, Parvovirus B19 at presentation 

Microscopy and culture low threshold to assess for sepsis- blood, sputum etc. as indicated 

Autoimmune markers  at presentation 

ANA, ANCA, AMA, anti-LKM, anti-SM varying patterns in AIH at presentation 

Imaging   

Liver ultrasound with Doppler assess liver size, parenchyma, vascular integrity for 
Budd-Chiari 

at presentation 

Chest X-Ray assess for pulmonary complications daily 

CT brain if evidence of trauma or focal neurological deficits as indicated 
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CT abdomen volumetric assessment of liver for prognosis as indicated 

Other   

ECG assess for toxidromes, arrhythmia, ischemia daily 

EEG assess for possible seizure activity as indicated 

Liver biopsy assessment for AIH or possible underlying cirrhosis as indicated 

 

ABG, arterial blood gas; ALP, alkaline phosphatase; ALT, alanine transaminase; ANA, 
antinuclear antibody; ANCA, anti-neutrophil cytoplasmic antibody; Anti-LKM, anti-liver kidney 
microsomal antibody; Anti-SM, anti-Smith antibody; APTT, activated partial thromboplastin 
time; ARDS, acute respiratory distress syndrome; AST, aspartate transaminase; ßHCG, beta 
human chorionic gonadotrophin; CMV, cytomegalovirus; CXR, chest X-ray; EBV, Epstein Barr 
virus; ECG, electrocardiograph; EEG, electroencephalograph; FBE, full blood examination; 
G&H, group and hold; GGT, gamma glutamyl transpeptidase; HAV, hepatitis A virus; HBV, 
hepatitis B virus; HDV, hepatitis D virus; HEV, hepatitis E virus; HSV, herpes simplex virus 
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Table 4. Management of intubated ALF patients with high grade hepatic 
encephalopathy at risk of cerebral edema and intracranial hypertension 

Neuroprotective 
intervention39 

Therapeutic Target Method of Therapy Mechanism 

Hemodiafiltration Blood ammonia<60 μmol/L and 
even daily fluid balance 

High volume CRRT 
utilizing dialysis and 
filtration 

Treats 
hyperammonemia and 
allows precise 
metabolic, electrolyte 
and fluid management 
as well as providing a 
cooling effect 
 

Hypernatremia Serum sodium 145–155 mmol/l Continuous infusion of 
concentrated saline via 
central venous catheter 

Increases serum tonicity 
and reduces cerebral 
edema 
 

mild 
Hyperventilation 

Lower of PaCO2 =35mmHg or 
that achieved by the patient 
before intubation 

Set ventilator to provide 
minute ventilation 
sufficient to achieve target 

Attenuates cerebral 
hyperemia and lowers 
intracranial pressure 
 

mild 
Hypothermia 

Core temperature 35°C 
Always prevent fever 

CRRT 
Active cooling device 

Reduces ammonia 
production and CNS 
uptake, attenuates 
cerebral hyperemia, 
reduces cerebral 
metabolic rate, reduces 
neuro-excitation and has 
anti-inflammatory effects 

 
Data from Warrillow SJ, Bellomo R. Preventing cerebral oedema in acute liver failure: the case 
for quadruple-H therapy. Anaesth Intensive Care 2014;42:78-88. 
 
CRRT= continuous renal replacement therapy, CNS= central nervous system 
General measures include: Sedation, elevation of head to 30 degrees, avoidance of hypo and 
hypertension, avoidance of hypoxemia 
 
‘Rescue’ measures for refractory intracranial hypertension: Deep sedation, hyperventilation, 
moderate hypothermia, bolus hypertonic saline or mannitol, indomethacin, advanced blood 
purification e.g. plasmapheresis 
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Table 5. General ICU care of acute liver failure patients 

Intervention Suggested Target / Approach Method / Examples 
Treatment for specific 
underlying etiology 
 

Reversal of pathological process 
and minimisation of ongoing injury 

• N-acetyl cysteine infusion for 
acetaminophen overdose 

• Withdrawal of hepatotoxic drugs 
• Nucleoside analogues for HBV 
• Penicillin or silibinin for amanita 

mushroom poisoning 
• Urgent delivery of fetus for AFLP 
 

Haemodynamic support Hemodynamic parameters 
according to patient’s clinical 
progress: 
• CVP 6-10mmHg 
• MAP 65-70mmHg 
• Even daily fluid balance 
 

• Fluid administration 
• Vasoactive infusions e.g. 

norepinephrine 
• Low dose corticosteroid 

administration if persisting shock 

Sepsis Care • Low threshold for empiric 
broad-spectrum antibiotics if 
clinical suspicion of infection 

• Consider antifungal therapy if 
deterioration after several days 
of critical illness 

• Regular cultures of blood, urine 
and sputum 

• Daily CXR 
 

• Extended spectrum beta-lactams 
• Liposomal amphotericin or 

echinocandin antifungal therapy if 
deterioration after several days of 
critical illness 
 

Respiratory support See hyperventilation section of 
Table 4 

• Intubate patients with high grade 
encephalopathy 

• Avoid hypoventilation, especially 
during vulnerable periods such as 
during intubation, neuroimaging and 
during transfers 

 
Renal support See hemodiafiltration section of 

Table 4 
• Ensure blood flow >200ml/min 
• Use high exchange rates of lactate 

free replacement fluid (40-50 ml/kg/hr) 
• Turn off heater 
• Aim for blood ammonia within normal 

range 
• Monitor electrolytes (especially 

phosphate, potassium, magnesium) 
• Administer hypertonic saline by 

continuous infusion to avoid reduced 
serum osmolarity whilst on CRRT 
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Hematological support • Hb >7.0 g/dL 
• INR<6 
• Platelet count >75 x 109/L 
• Fibrinogen >1.5 g/L 

• Avoid treating isolated derangements 
in hemostatic parameters  

• Prophylactic FFP is not recommended 
prior to most procedures 

• Avoid extreme hypofibrinogenemia 
and thrombocytopenia 

• Administer Vitamin K 10mg iv daily 
• Use FFP, platelets and cryoprecipitate 

if factor support is required 
Metabolic/Gastrointestinal/
Nutritional Care 

• Blood glucose 6-10 mmol/L 
• Stress ulcer prophylaxis 
• Enteral feeding 

• Concentrated dextrose infusion via 
central line 

• H2-blocker or PPI therapy 
• Enteral feeding via nasogastric tube 
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Abstract

Background: Knowledge about patients with acute liver failure (ALF) in Australia and
New Zealand (ANZ) is lacking.
Aims: To evaluate whether the pattern of ALF would be similar to previous studies
and whether, despite potentially low transplantation rates, mortality would be
comparable.
Methods: We obtained data from the ANZ Intensive Care Society Adult Patient Data-
base and the ANZ Liver Transplant Registry for 10 years commencing 2005 and
analysed for patient outcomes.
Results: During the study period, 1 022 698 adults were admitted to intensive care
units across ANZ, of which 723 had ALF. The estimated annual incidence of ALF over
this period was 3.4/million people and increased over time (P = 0.001). ALF patients
had high illness severity (Acute Physiology And Chronic Health Evaluation III 79.8 vs
50.1 in non-ALF patients; P < 0.0001) and were more likely to be younger, female,
pregnant and immunosuppressed. ALF was an independent predictor of mortality (odds
ratio 1.5 (1.26–1.79); P < 0.0001). At less than 23%, the use of liver transplantation
was low, but the mortality of 39% was similar to previous studies.
Conclusions: ALF is a rare but increasing diagnosis in ANZ intensive care units. Low
transplantation rates in ANZ for ALF do not appear to be associated with higher mortal-
ity rates than reported in the literature.

Introduction

Acute liver failure (ALF) is relatively uncommon1 but
leads to a characteristic pattern of critical illness with mul-
tiple organ failure and a high associated mortality2,3 in the
absence of transplantation.4–6 Admission to an intensive
care unit (ICU) is almost always required.3 Despite the
potential risk of a poor outcome and a period of extreme
critical illness, patients who survive ALF may return to
good health.7 While some studies evaluating the patterns
of presentation and incidence of ALF have been

undertaken in several regions or specialised centres,4–6,8–29

little is known about the characteristics of these patients
in Australia and New Zealand.30,31 However, an under-
standing of the characteristics, management and out-
comes of these patients would help develop a binational
research agenda and interventional trials aimed at
improving outcomes.32–34 Accordingly, we sought to
describe the key characteristics, incidence and outcomes
of patients with ALF admitted to Australian and
New Zealand (ANZ) ICU over a 10-year period using data
from the ANZ Intensive Care Society’s Centre for Out-
come and Resource Evaluation (CORE) Adult Patient
Database (APD).

We hypothesised that patients with ALF admitted to
ANZ ICU would have similar characteristics and survival
outcomes to those reported in previous studies from
other regions despite lower emergency liver transplanta-
tion (ELT) rates.
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Methods

This study was approved by the Alfred Hospital Research
Ethics Committee as a low risk project without need for
individual patient consent.
We conducted a retrospective cross-sectional study

using data extracted from the ANZ Intensive Care Soci-
ety CORE APD. The APD is a high-quality database35

that receives prospectively collected contributions from
over 180 participating ICU across ANZ, including more
than 80% of tertiary referral units during the study
period and all five liver transplant centres. De-identified
individual patient data are submitted for 109 variables.
All completed adult ICU admissions that were submit-

ted to the APD over the period 2005–2014 were included
in the analysis, excluding re-admission episodes to ICU
during an index hospital admission and palliative care
patients. Patients with ALF were identified as having
admission diagnosis Acute Physiology And Chronic
Health Evaluation (APACHE) III-J sub-code 301.01
(ALF), excluding those also recorded as having cirrhosis
or chronic liver disease as a pre-existing chronic health
condition. We obtained data regarding baseline physiolog-
ical conditions (age, gender, weight, pregnancy status),
comorbidities, arterial blood gases, fraction of inspired
oxygen (FiO2), respiratory rate, need for mechanical ven-
tilation and haemodynamic characteristics within the first
24 h of ICU admission. In addition, we obtained data on
adverse events (respiratory or cardiac arrest in the 24 h
prior to ICU admission, acute renal failure occurrence
during the first 24 h of ICU stay), ICU admission source,
admission unit (ICU or high dependency unit (HDU)) and
admission type (emergency response admission or not).
The APACHE III and the Australian and New Zealand
Risk of Death (ANZROD)36 scores were calculated to mea-
sure critical illness severity. The key patient outcomes of
interest were ICU and in-hospital mortality. Data on ICU
and hospital length of stay, mortality outcome and dis-
charge destination were also collated, with in-hospital
30-day mortality calculated by excluding deaths with a
hospital length of stay greater than 30 days.
To estimate emergency transplantation rates, data on

ELT use during the period analysed were obtained from
the Australian and New Zealand Liver Transplant
Registry,37 which records all liver transplant related
activity in ANZ, including all instances of liver transplan-
tation for ALF. These data were not linked to those
obtained from the APD.

Data analysis

We analysed presentation type, comorbid medical condi-
tions, patterns of pathophysiological derangement and

need for ventilator support. We evaluated differences
between survivors and non-survivors and compared ALF
patients with all other patients admitted with non-ALF
diagnoses during the 10-year period. Data are reported as
numbers and percentage for binomial variables, means
with standard deviation when reporting normally distrib-
uted continuous data and medians with interquartile
ranges when reporting non-normally distributed data.
We evaluated all hospital outcomes, including mortality
and discharge destination. We performed group compari-
sons using chi-square tests for equal proportion, student’s
t test for parametric variables and Wilcoxon rank sum
tests otherwise. To facilitate a measure of illness severity
that was independent of liver failure, patient risk of death
was calculated in accordance with ANZROD,36 with ALF-
related components removed from the calculation
(hepatic failure, cirrhosis, chronic liver disease).
To determine independent predictors of mortality within

the ALF population, we developed multivariable models
for features at both presentation to ICU (baseline demo-
graphics) and after 24 h. To identify independent baseline
differences that may exist between ALF and non-ALF
patients, a multivariable logistic regression model was
developed with the resulting probability then used to
reflect each patient’s propensity of presenting to ICU with
ALF. To determine if ALF was an independent predictor of
survival among all ICU patients, we used both logistic and
Cox-proportional hazard regression models that adjusted
for year, severity of illness and propensity for ALF. Changes
in hospital outcomes over time were determined using
logistic regression, adjusting for illness severity, propensity
to present with ALF and year. To ascertain if changes in
outcome over time differed between ALF and non-ALF
patients, an interaction term between ALF and year of
admission was fitted with year of admission treated both as
a categorical variable and as a continuous variable. All
regression models were constructed in SAS, version 9.4
(SAS Institute Inc., Cary, NC, USA) using mixed hierarchi-
cal regression with patients nested within site and site
treated as a random effect. Unless otherwise stated, multi-
variable models were developed using stepwise selection
procedures (P < 0.001) and validated using backwards
elimination procedures with logistic regression results pres-
ented as odds ratios (OR) (95% confidence interval) while
Cox-proportional hazards regression models are presented
as hazard ratios (95% confidence interval). A two-sided
P-value of 0.01 was used to indicate statistical significance.
To calculate the population prevalence of ALF, we used

end-of-year population estimates for Australians and
New Zealanders above age 16 from the Australian Bureau
of Statistics (3101.0 Table 59) and Statistics New Zealand
Infoshare (http://www.stats.govt.nz/infoshare/ViewTable.
aspx), adjusting for annual APD coverage of ANZ ICU
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admissions of 80%. This study is reported in accordance
with the STrengthening the Reporting of OBservational
studies in Epidemiology (STROBE) statement guidelines
for observational epidemiologic studies.38

Results

Identification of ALF patients

A total of 1 022 698 patients aged 17 years or older was
admitted to contributing ICU across ANZ from 2005 until
2014 inclusive. During this period, data were submitted for
an average of more than 80% of eligible intensive care
beds. ICU and hospital outcomes were available for all
patients. After excluding re-admissions and patients with
pre-existing chronic liver disease or cirrhosis, 723 patients
with the diagnosis of ALF (APACHE III-J 301.01) were
admitted to ICU over the study period, accounting for
0.07% of all ICU admissions. This correlates to an esti-
mated average of 3.4 admissions to intensive care with the
diagnosis of ALF per million people across ANZ each year.
The number of ALF admissions to ANZ ICU increased over
the 10-year period (Fig. 1) at a rate that was significantly
greater than population growth (P = 0.001).

Differences between patients with and
without ALF

Differences between patients with ALF and all other
ICU patients are summarised in Table 1. ALF patients

were more likely to be younger, female, pregnant and
immunosuppressed by disease or medical treatments.
They were also less likely to have chronic severe car-
diopulmonary conditions. During the first day of ICU
admission, patients with ALF had higher illness acuity
as measured by APACHE III and ANZROD than non-
ALF ICU patients. Fewer than 5% of ALF patients
were Indigenous (Australian Aboriginal, Torres Strait
Islander or New Zealand M!aori), slightly less than the
general ICU population. ALF patients were less likely
to have been admitted from home and more likely to
be admitted to ICU following transfer from another
hospital than non-ALF patients. ALF patients
exhibited hyperventilation (higher respiratory rates
and lower PaCO2), thrombocytopenia and developed
acute renal failure more often than non-ALF patients,
while limitations of treatment were similar between
both groups.

Multivariable propensity analysis confirmed several
key differences at the time of admission. More common
among ALF patients were younger age, female gender,
immune suppression from comorbid disease and emer-
gency response admissions from general wards (P <
0.0001 for all).

Patient outcomes

A comparison of patient outcomes is outlined in Table 2.
ICU and hospital mortality for ALF patients occurred in
32 and 39%, respectively (similar to that predicted by the
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Figure 1 Acute liver failure (ALF)
admissions to Australasian intensive
care units over the period 2005–2014.
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mean APACHE III (38%) or ANZROD (34%), whereas it
occurred in only 6 and 10% of non-ALF patients (P <
0.0001 for both). Patients died early and mostly in the
ICU. ALF was an independent predictor of mortality,
with ALF patients being significantly more likely to die in

hospital (OR 1.5 (1.26–1.79); P < 0.0001) and at 30 days
(OR 1.63 (1.36–1.95); P < 0.0001), than patients admitted
to intensive care with other diagnoses. This finding was
confirmed by survival analysis (hazard ratio 1.57
(1.38–1.78); P < 0.0001) (Fig. 2). Independent predictors

Table 1 Comparison between characteristics of ALF patients and non-ALF patients admitted to intensive care

Reported ALF (n = 723) Non-ALF (n = 1 021 975) P-value

Age (years) Mean (SD) 49.7 (16.3) 61.6 (17.9) <0.0001
Female gender Percentage (n) 60% (437) 42% (426 162) <0.0001
Weight (kg) Mean (IQR) 72.5 (60–86) 80 (67.2–94) <0.0001
Indigenous status Percentage (n) 5% (33) 6% (65 527) 0.04
Pregnant Percentage (n) 1% (8) 0.2% (2204) <0.0001
Comorbidities
Chronic respiratory disease Percentage (n) 3% (19) 8% (76 966) <0.0001
Chronic cardiovascular disease Percentage (n) 3% (22) 10% (106 579) <0.0001
Chronic renal failure Percentage (n) 2% (12) 3% (33 381) 0.02
Metastatic cancer Percentage (n) 3% (25) 3% (33 882) 0.83
Immunosuppressing disease Percentage (n) 3% (24) 1% (14 934) <0.0001
Immunosuppressing therapies Percentage (n) 5% (39) 3% (35 116) 0.004
Diabetes mellitus (requiring insulin) Percentage (n) 2% (15) 3% (33 701) 0.07

Admissions source
Hospital admission source
Home Percentage (n) 51% (369) 74% (760 642) <0.0001
Other hospital Percentage (n) 36% (259) 17% (169 371) <0.0001
Chronic care Percentage (n) 0.7% (5) 1% (11 741) 0.25

ICU admission source
Emergency department Percentage (n) 39% (280) 26% (267 663) <0.0001
Ward Percentage (n) 31% (222) 14% (138 323) <0.0001
Hours in hospital prior to ICU Median (IQR) 5.9 (0.1–26.9) 10.8 (4.4–31) <0.0001
Emergency response admission Percentage (n) 13% (91) 7% (67 682) <0.0001

Other ICU Percentage (n) 29% (209) 31% (138) <0.0001
Treatment limitations Percentage (n) 4% (29) 3% (30 606) 0.11
Markers of illness severity
APACHE III score Mean (SD) 79.8 (35.7) 50.08 (26.82) <0.0001
APACHE III risk of death (%) Median (IQR) 30 (13–63) 4 (1–5) <0.0001
ANZROD (%) Median (IQR) 24 (10–56) 2 (1–9) <0.0001
Conscious state
Glasgow Coma Score Median (IQR) 12.2 (4.0) 13.4 (3.4) <0.0001

Cardiovascular
Heart rate (b.p.m.) Mean (SD) 108 (31) 87 (31) <0.0001
Lowest MAP (mmHg) Median (IQR) 68 (59–104) 69 (62–104) 0.004

Respiratory/ventilation
Respiratory rate (breaths/min) Mean (SD) 23.4 (9.8) 19.14 (9.5) <0.0001
Worst PaO2 (mmHg) Median (IQR) 93 (74–134) 103 (78–154) <0.0001
Worst PaCO2 (mmHg) Mean (SD) 34.8 (12) 42.4 (12) <0.0001
FiO2 Median (IQR) 0.40 (0.27–0.7) 0.45 (0.3–0.6) 0.003
Intubation Percentage (n) 37% (268) 39% (393 754) 0.42

Acute renal failure Percentage (n) 30% (219) 5% (54 972) <0.0001
Biochemical/metabolic parameters
pH Mean (SD) 7.30 (0.18) 7.34 (0.11) <0.0001
Sodium (mmol/L) Mean (SD) 136 (8.6) 139 (5.0) <0.0001
Potassium (mmol/L) Mean (SD) 4.2 (1.2) 4.3 (0.8) <0.0001
Bicarbonate (mmol/L) Mean (SD) 18.5 (7.2) 23.5 (5.5) <0.0001
Creatinine (μmol/L) Median (IQR) 149 (82–255) 83 (64–117) <0.0001
Urea (mmol/L) Median (IQR) 9.5 (4.7–15.3) 6.2 (4.5–9.5) <0.0001
Bilirubin (μmol/L) Median (IQR) 87 (47–173) 12 (8–19) <0.0001
Glucose (mmol/L) Median (IQR) 7.8 (5.5–10.4) 9.4 (5.0) <0.0001
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of death for ALF patients at time of admission to ICU and
24 h after admission to ICU are outlined in Table 3.

Over the 10-year study period, illness severity adjusted
mortality in the non-ALF ICU population decreased by 5%

per year (OR 0.95 (0.95–0.95); P = <0.0001); however, no
significant reduction in mortality was observed for patients
admitted with ALF (OR 1.01 (0.95–1.08); P = 0.72)
(Fig. 3). While this temporal trend is potentially

Figure 2 Kaplan–Meier curve survival analysis of patients admitted to intensive care with acute liver failure (ALF) compared with those admitted with
non-ALF diagnoses. STRATA: ( ), acute hepatic failure = No; ( ), censored acute hepatic failure = No; ( ), acute hepatic failure = Yes; ( ), cen-
sored acute hepatic failure = Yes.

Table 1 Continued

Reported ALF (n = 723) Non-ALF (n = 1 021 975) P-value

Haematological parameters
Haematocrit Mean (SD) 0.31 (0.08) 0.34 (0.07) <0.0001
White cell count (×109/L) Median (IQR) 12.0 (7.3–17.4) 12.1 (9–16.3) 0.049
Platelets (×109/L) Mean (SD) 127 (93) 197 (95) <0.0001

All data collected at time of ICU admission or worst values during the first 24 h of ICU management Indigenous: Aboriginal, Torres Strait Islander or
M!aori. A-a gradient, alveolar to arterial oxygen gradient; ALF, acute liver failure; ANZROD, Australian and New Zealand Risk of Death; APACHE III, Acute
Physiology And Chronic Health Evaluation–revision III; FiO2, fraction of inspired oxygen; ICU, intensive care unit; IQR, interquartile range; MAP, mean
arterial pressure, acute renal failure defined by presence of oliguria 24 h urine output <410 mL and serum creatinine >133 μmol/L; PaO2, arterial par-
tial pressure of oxygen; PaCO2, arterial partial pressure of carbon dioxide; SD, standard deviation.

Table 2 Comparison of outcomes for ALF patients and non-ALF patients admitted to intensive care

Reported ALF (n = 723) Non-ALF (n = 1 021 975) P-value

Mortality
Intensive care unit Percentage (n) 32% (230) 6% (64712) <0.0001
Hospital Percentage (n) 39% (282) 10% (100762) <0.0001

Length of stay
Intensive care unit (hours) Median (IQR) 69.1 (28.2–157) 42.3 (21.9–81) <0.0001
Hospital (hours) Median (IQR) 209 (83–417) 205 (113–387) 0.2

Hospital discharge destination
Home Percentage (n) 37% (267) 72% (731102) <0.0001
Rehabilitation facility Percentage (n) 5% (37) 8% (79627) <0.0001
Other hospital (ward) Percentage (n) 14% (98) 10% (97658) <0.0001
Other hospital (ICU) Percentage (n) 5% (39) 1% (12826) <0.0001

ALF, acute liver failure; ICU, intensive care unit; IQR, interquartile range.
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concerning, it did not meet our threshold for statistical
significance.
A comparison between patients with ALF who sur-

vived versus those who died is presented in Table 4. ALF
patients who survived were considerably younger and
had lower rates of chronic comorbidities. Non-survivors
had a higher proportion of admissions to ICU from gen-
eral wards and spent longer there than those who sur-
vived. Both specific (e.g. bilirubin) and non-specific
(e.g. pH, bicarbonate and platelet count) markers of liver

failure were deranged to a greater extent in those ALF
patients who died.
Data obtained from the Australian and New Zealand

Liver Transplant Registry indicate that only 8.9% (n = 164)
of the 1842 liver transplants during the period of our study
were undertaken for ALF.37 Thus, it is estimated that less
than 23% of ANZ ICU patients with ALF underwent ELT
during the study period. Thirty-day mortality for ALF
patients who were transplanted during the study period
was 12.8% (n = 21), with more than 80% of these deaths
occurring within the first week. Most of these deaths were
due to cerebral oedema, intraoperative complications or
refractory multiple organ failure. Causes of ALF in patients
undergoing ELT in Australasia over the 10-year period
from 2005 are outlined in Table 5.

Discussion

Key findings

In ANZ data from 2005 to 2014, we found that the num-
ber of patients admitted to ICU with ALF increased at a
rate exceeding population growth. Such ALF patients are
younger in age, more often female, and more often
require retrieval from the hospital of presentation than
other ICU patients. Early during admission to ICU, they
have greater illness severity and much greater mortality.
While outcomes have improved for other ANZ ICU
patients over time, this may be less clearly the case for
patients with ALF. Finally, although the incidence,
patient characteristics and overall outcomes of ALF

Table 3 Independent predictors of mortality for ALF patients admitted
to ICU

Variable OR 95% CI P-value

On admission to ICU (AUC = 0.72)
Need for ICU versus Need for

HDU
3.63 2.25–5.88 <0.0001

Cardiac arrest in previous 24 h 9.19 1.94–43.45 0.005
Metastatic cancer 10.17 2.85–36.37 0.0004
Immune suppressing comorbid

disease
4.68 1.73–12.69 0.02

Age 45–64 years versus
patients <45 years

2.34 1.60–3.43 <0.0001

Age 65–84 years versus
patients <45 years

3.88 2.41–6.26

Age ≥85 years versus patients
<45 years

7.93 1.98–31.84

24 h after admission to ICU (AUC = 0.84)
ANZROD† 4.64 3.64–5.92 <0.0001

†The Australian and New Zealand Risk of Death (ANZROD) was
log-transformed prior to analysis. ANZROD, Australia and New Zealand
Risk of Death mortality prediction model; AUC, area under the curve;
HDU, high dependency unit; ICU, intensive care unit.

Figure 3 Mortality for acute liver fail-
ure (ALF) versus non-ALF intensive
care admission diagnoses over the
period 2005–2014. ( ), ALF; ( ), non-
ALF; ( ); linear ALF, P = 0.72;
( ), linear non-ALF, P < 0.0001;
interaction, P = 0.03.
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Table 4 Comparison of patient characteristics for survivors and non-survivors of ALF admitted to intensive care

Reported Survivors (n = 441) Non-survivors (n = 282) P-value

Age (years) Mean (SD) 45.7 (15.8) 55.8 (15.1) <0.0001
Female gender Percentage (n) 62% (272) 59% (165) 0.40
Weight (kg) Mean (IQR) 70 (60–84) 79 (65–92) 0.05
Indigenous Percentage (n) 4% (18) 5% (15) 0.44
Pregnant Percentage (n) 2.0% (8) 0% (0) 0.03
Comorbidities
Chronic respiratory disease Percentage (n) 2% (7) 4% (12) 0.03
Chronic cardiovascular disease Percentage (n) 2% (10) 4% (12) 0.13
Chronic renal failure Percentage (n) 1% (6) 2% (6) 0.43
Metastatic cancer Percentage (n) 1% (3) 8% (22) <0.0001
Immunosuppressing disease Percentage (n) 2% (7) 6% (17) 0.001
Immunosuppressing therapies Percentage (n) 4% (16) 8% (23) 0.009
Diabetes mellitus (requiring insulin) Percentage (n) 2% (9) 2% (6) 0.94

Admissions source
Hospital admission source

Home Percentage (n) 50% (221) 52% (148) 0.53
Other hospital Percentage (n) 35% (155) 37% (104) 0.64
Chronic care Percentage (n) 1% (3) 1% (2) 1.00

ICU admission source
Emergency department Percentage (n) 40% (175) 36% (101) 0.51
Ward Percentage (n) 27% (121) 38% (96) 0.02
Hours in hospital prior to ICU 5.5 (0–21.5) 6.9 (0.3–35.0) 0.03
Emergency response admission Percentage (n) 10% (40) 16% (14) 0.03

Other ICU Percentage (n) 31% (138) 25% (71) 0.08
Treatment limitations Percentage (n) 1% (5) 9% (24) <0.0001
Markers of illness severity
APACHE III score Mean (SD) 64.2 (28.0) 104.2 (32.6) <0.0001
APACHE III risk of death (%) Mean (IQR) 18 (8–35) 64 (36–82) <0.0001
ANZROD (%) Mean (IQR) 14 (6–27) 59 (28–8) <0.0001
Conscious state

Glasgow Coma Score Median (IQR) 13.1 (3.3) 10.7 (4.6) <0.0001
Cardiovascular

Heart rate (b.p.m.) Mean (SD) 104 (30) 113 (31) <0.0001
Lowest MAP (mmHg) Mean (SD) 71.5 (13.6) 59.9 (14.8) <0.0001

Respiratory/ventilation
Respiratory rate (breaths/min) Mean (SD) 22.4 (9.7) 25.0 (10.4) 0.001
Worst PaO2 (mmHg) Median (IQR) 92 (73–133) 93 (74–144) 0.52
Worst PaCO2 (mmHg) Mean (SD) 33.8 (9.7) 36.1 (13.9) 0.02
FiO2 Median (IQR) 0.3 (0.21–0.5) 0.6 (0.32–1.0) <0.0001
Intubation Percentage (n) 27% (118) 53% (150) <0.0001

Acute renal failure Percentage (n) 21% (91) 45% (128) <0.0001
Biochemical/metabolic parameters

pH Mean (SD) 7.35 (0.14) 7.23 (0.20) <0.0001
Sodium (mmol/L) Mean (SD) 135 (8) 136 (9) 0.54
Potassium (mmol/L) Mean (SD) 3.9 (1.0) 4.6 (1.3) <0.0001
Bicarbonate (mmol/L) Mean (SD) 19.9 (6.8) 16.3 (7.2) <0.0001
Creatinine (μmol/L) Median (IQR) 123 (71–230) 185 (116–269) <0.0001
Urea (mmol/L) Median (IQR) 8.1 (4–13.3) 11.4 (6.1–18.8) <0.0001
Bilirubin (μmol/L Median (IQR) 79 (41–141) 102 (57–248) <0.0001
Glucose (mmol/L) Median (IQR) 7.7 (6.0–10.4) 7.8 (4.0–10.4) 0.03

Haematological parameters
Haematocrit Mead (SD) 0.32 (0.08) 0.29 (0.08) <0.0001
White cell count (×109/L) Median (IQR) 11.0 (7.3–15.4) 14.0 (7.9–21.0) <0.0001
Platelets (×109/L) Median (IQR) 118 (72–181) 87 (51–139) <0.0001
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patients admitted to ICU are similar to those reported in
other regions, the ELT rate is lower than reported from
other developed countries.

Relationship to previous studies

Research on the characteristics and outcomes of ALF
patients is overwhelmingly dominated by northern hemi-
sphere experience (Table 6). However, the majority of
such studies are single centre and small, assess specific
causes of ALF (e.g. drug induced22,39 or viral42) or very
specific subgroups of ALF patients5,13,32 or children,43–45

and include patients without hepatic encephalopathy.33

Some high-volume transplant centres have published
large single-centre observational studies7,13,29,46 or collabo-
rations with similar centres.5,14,18 Thus, very few studies
arise from an analysis of both retrospective1,17,25,40 and
prospective28 databases dedicated to the study of severe

hepatic failure. Moreover, even when they do originate
from the largest and most inclusive studies, such as the
Acute Liver Failure Study Group, they cannot evaluate an
entire population (the Acute Liver Failure Study Group
enrolled only about 6.5% of potential ALF cases across the
United States) and derive their data only from select spe-
cialist liver centres.28 This approach creates a major selec-
tion bias and likely markedly influences ELT rates. In
addition, over 40 different definitions of ALF have been
described,47 limiting the potential comparative and exter-
nal validity of such studies. Of further relevance to our
study, recent data are scarce, with very few studies cover-
ing the period up to 2014. In addition, only five previous
studies evaluated a larger number of ALF patients than
assessed in our study; however, these were also either sin-
gle centre, included only a very small proportion of the
overall number of ALF patients in the relevant region or
were heavily skewed to specialist liver transplantation hos-
pitals. In contrast to the above studies, our investigation is
highly inclusive, recent and captures almost all ALF admis-
sions to ICU in ANZ. As such, our findings are less affected
by the over representation of highly specialised liver cen-
tres and are the first to provide population data for two
countries. Finally, in several previous studies including
high-activity transplantation centres, the approach to
reporting overall survival, transplant-free survival and ELT
survival varied considerably so that direct comparisons are
challenging. Nonetheless, the number of ALF patients
receiving ELT in most studies has consistently been
approximately 50% or more.14,15,18,23,29 In this regard, the
ELT rate in ANZ is among the lowest reported in the litera-
ture from developed countries where mature cadaveric
organ donation programmes exist. Knowledge of the defi-
nition and dominant causes of ALF for each region would
be required best to interpret and validly compare ELT
utilisation rates, however. Given the possibly limited role

Table 4 Continued

Reported Survivors (n = 441) Non-survivors (n = 282) P-value

Mortality
Intensive care unit Percentage (n) – 82% (230)
Hospital Percentage (n) – 100% (282)

Length of stay
Intensive care unit (h) Median (IQR) 75 (31–167) 60 (26–130) 0.02
Hospital (hours) Median (IQR) 276 (120–527) 125 (47–297) <0.0001

Hospital discharge destination
Home Percentage (n) 61% (267) –

Rehabilitation facility Percentage (n) 8% (37) –

Other hospital Percentage (n) 22% (98) –

All data collected at time of ICU admission or worst values during the first 24 h of ICU management Indigenous: Aboriginal, Torres Strait Islander or
M!aori. A-a gradient, alveolar to arterial oxygen gradient; APACHE III, Acute Physiology And Chronic Health Evaluation–revision III; FiO2, fraction of
inspired oxygen; ICU, intensive care unit; IQR, interquartile range; MAP, mean arterial pressure, acute renal failure defined by presence of oliguria 24 h
urine output <410 mL and serum creatinine >133 μmol/L; PaO2, arterial partial pressure of oxygen; PaCO2, arterial partial pressure of carbon dioxide;
SD, standard deviation.

Table 5 Causes of ALF for patients undergoing ELT in Australasia over
ten-year period from 2005 (from the Australian and New Zealand Liver
transplant registry)

Aetiology Total

Wilson disease 10
Herbal therapies 4
Non A-G viral hepatitis 21
Autoimmune hepatitis 2
Non-paracetamol drugs 15
Cryptogenic acute liver failure 53
Paracetamol overdose 13
Trauma related 1
Nondrug toxins 4
Hepatitis A virus 2
Hepatitis B virus 38
Postoperative iatrogenic liver injury 1
Total 164

ALF, acute liver failure; ELT, emergency liver transplantation.
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for ELT in paracetamol induced ALF48 and the potentially
high rates of this cause of ALF in Australia,31,49,50 the low
overall use of ELT in ANZ may reflect such differences in
the aetiology of ALF.

Despite the above limitations, women made up to 60%
of ALF patients in ANZ, a finding that is strikingly similar
to previous reports (Table 6). Hospital mortality for ALF in
ANZ was 39%, also very similar to studies. The average
age of patients with ALF in our study was nearly 50 years,
which is older than that reported in any previous study.
Given that older age is an independent predictor of poor
outcome, the mortality rate we observed in ANZ may com-
pare favourably with those from previous reports.

Implications

Our findings imply that the population incidence of ALF
patients treated in ICU is increasing in ANZ. While data on
aetiology was not available, other important characteristics
of ALF patients in ANZ are similar to those reported in
other developed countries, except for the older age of ANZ

patients. They also imply that mortality for these patients
may not be declining over time, unlike for other critically ill
ANZ patients during this period,51 suggesting that disease-
specific interventions are important drivers of better out-
comes.52 Finally, they imply that ELT rate in ANZ are much
lower than reported in other developed countries but that
despite such low rates of ELT, overall mortality is at least
equivalent to that reported from other developed countries.

Strengths and weaknesses

Our study has several strengths. First, the data were
derived from one of the largest, most inclusive and com-
prehensive intensive care databases in the world, with
very high levels of data completeness and reliable
recording of patient outcomes.53 The findings come from
over 1 million ICU patient episodes and describe patient
characteristics at the time of ICU admission, illness sever-
ity and hospital outcomes across the entire population of
two countries for the whole of a 10-year period.
Through the exclusion of patients coded for pre-existing

Table 6 Observational studies of ALF presentations (exclusive of paediatric only studies)

Study Country/
region

Year Type Patients (n) Population Female (%) Age
(years)

Mortality (%)

Bernal et al.29 UK 1973–2008 Single centre 3305 ALF and ALI 60 33 43
Shakil et al.23 USA 1983–1995 Single centre 177 All ALF 63 39 37
Bhatia et al.13 India 1986–2006 Single centre 1015 All ALF 58 26 57
Acharya et al.9 India 1987–1993 Single centre 423 All ALF 53 30 66
Gow et al.31 Australia 1988–2001 Single centre 80 All ALF 80 38 38
Khuroo et al.21 India 1989–1996 Single centre 180 All ALF 62 31 73
Brandsaeter et al.5 Scandinavia 1990–2001 Single centre 315 ALF listed for ELT 60 – 58 (non-ELT)
Hiramatsu et al.19 Japan 1990–2006 Single centre 50 All ALF 34 46 60
Khuroo20 India 1992–1996 Single centre 119 All ALF 61 – 74
Escorsell et al.14 Spain 1992–2000 Multi-centre 267 All ALF 56 37 42
Areia et al.12 Portugal 1992–2006 Single centre 61 All ALF 57 37 31
Marudanayagam
et al.7

UK 1992–2008 Single centre 1237 All ALF 55 37 27 (non-ELT)

Yantorno et al.41 Argentina 1995–2004 Single centre 64 All ALF (paediatrics
excluded)

– 35 17

Adukauskiene et al.11 Lithuania 1996–2004 Single centre 28 All ALF 57 44 61
Fujiwara et al.17 Japan 1998–2003 Multi-centre 634 All ALF 50 47 52
Larson et al.22 USA 1998–2003 Database 275 Paracetamol ALF 74 37 29
Taylor et al.42 USA 1998–2005 Database 29 HAV ALF 48 48 14
Forde et al.16 USA 1998–2006 Database 927 All ALF 32 38 31
Reuben et al.39 USA 1998–2007 Database 133 DILI ALF 71 44 34
Reuben et al.28 USA 1998–2013 Database 2070 All ALF 64 39 29
Fabrega et al.15 Spain 2000–2010 Single centre 17 All ALF 65 45 35
Reddy et al.32 USA 2000–2013 Database 617 ALF listed for ELT 68 39 23
Canbay et al.26 Germany 2002–2004 Single centre 134 All ALF 63 41 19
Hadem et al.18 Germany 2008–2009 Multi-centre 109 All ALF 63 46 28
Koch et al.33 USA 2008–2013 Database 386 ALI only 61 38 5
Sugawara et al.25 Japan 2010 Multi-centre 220 All ALF – – 47

ALF, acute liver failure; ALI, acute liver injury (severe liver injury in the absence of hepatic encephalopathy); ELT, emergency liver transplantation; HAV,
hepatitis A virus; DILI, drug-induced liver injury.
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liver disease, we can be confident of ALF classification.
Second, through the collection of 109 clinical variables
on every patient, we could define illness severity and
patient outcomes in detail. This allows comparisons
between patient groups across a range of parameters and
provides insights on clinically relevant differences. Third,
the data collected for submission to the CORE APD
include APACHE III variables (including age, acute phys-
iology, admission diagnosis and chronic health status)
that are widely collected by ICU clinicians around the
world. This provides an opportunity for future compari-
sons with studies from other jurisdictions where
APACHE III data are routinely collected as part of exis-
ting practice. Finally, data obtained from the ANZ Liver
Transplant Registry, which records all liver transplant
related activity in ANZ, including all instances of liver
transplantation for ALF allowed us to derive an approxi-
mate population-based ELT rate for both countries.
Our study has several potential weaknesses. As with

all retrospective research based on administrative pro-
cesses for data collection, there is the possibility of mis-
coding or other similar errors. The incidence of ALF
might be underestimated if the reason for admission was
incorrectly recorded as overdose, coma or severe sepsis.
However, as the data are used for comparative
benchmarking purposes, units that submit data ensure
that processes are accurate and reliable and data quality
is regularly evaluated for the purposes of quality
improvement. This system also has data quality processes
to evaluate for systemic errors and provide regular
reporting to all submitting units regarding errors.
Another weakness is that the database records only the
admission diagnosis (ALF in this case), but not the
underlying cause. As such, we are unable to determine
the aetiology of ALF in our cohort, preventing explora-
tion of the relationship between aetiology and outcomes
and limiting the comparison with other reports. A fur-
ther issue is that while most ALF patients are critically ill
and require ICU admission, it is possible that a small

number are managed on general wards and therefore
not captured by the CORE APD. While we evaluated
over 1 million ICU admissions, the actual number of
patients with ALF was very small, limiting our ability to
draw firm conclusions about some comparisons, such as
changes in outcome over time, which failed to reach our
criteria for statistical significance. Finally, we could only
analyse data about illness and therapies as collected for
the purposes of routine submission to the database
which means that potentially relevant information (lac-
tate, INR, liver function tests) was not available for anal-
ysis. Several previous studies have demonstrated that
outcomes for ALF are highly dependent on these
factors,5,26,54,55 and a more detailed analysis that is inclu-
sive of these additional considerations may assist in
predicting outcomes and the advancement of treatment
strategies.

Conclusion

The present study is one of the largest and, to our
knowledge, the most inclusive study of ALF to date. Our
findings confirm that ALF patients are a unique popula-
tion among the critically ill, with a high mortality despite
relatively young age. Gender patterns and patient char-
acteristics are consistent with previous studies, but ANZ
patients are older and, in keeping with our hypothesis,
less likely to undergo ELT than patients in other regions.
However, their overall outcomes are similar to those pre-
viously reported in the literature. These findings provide
the basis for future interventional trials of ALF manage-
ment among such patients in ANZ.
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Characteristics, management and outcomes of patients with 
acute liver failure admitted to Australasian intensive care 
units

Stephen Warrillow, Heath Tibballs, Michael Bailey, Colin McArthur, Pia Lawson-Smith, 
Bheemasenachar Prasad, Matthew Anstey, Balasubramanian Venkatesh, Gemma Dashwood, James Walsham, 
Andrew Holt, Ubbo Wiersema, David Gattas, Matthew Zoeller, Mercedes Garcia Alvarez and Rinaldo Bellomo, 

on behalf of the Australasian Management of Acute Liver Failure Investigators (AMALFI)

Acute liver failure (ALF), also referred to as fulminant 
hepatic failure, is an uncommon but devastating 
illness. It is defined by the onset of severe liver 
dysfunction within a period of less than 8 weeks 
in the setting of no previous known liver disease.1 
Regardless of the underlying cause of severe liver 
injury, a typical pattern of multiple organ failure 
generally ensues as hepatic function is lost. Severe 
metabolic disturbances, susceptibility to infection, 
vasodilatory shock and acute kidney injury are 
extremely common in severely affected patients.2-5 
Nearly all patients with ALF become critically ill and 
require admission to an intensive care unit (ICU).6 
While admissions for ALF account for less than 
1% of patients cared for in Australian and New 
Zealand ICUs, it is an important condition because 
patients tend to be young, have few serious chronic 
illnesses and are at high risk of death.7 The only 
intervention that demonstrably reduces mortality is 
emergency liver transplantation (ELT); however, this 
is a highly specialised service that is not available 
at most hospitals. In addition, ELT is limited by the 
availability of suitable organs for transplantation and 
necessitates lifelong immunosuppression. Despite 
the importance of this condition, little is known 
about the characteristics, treatment and outcomes 
of patients with ALF admitted to Australian and 
New Zealand liver transplantation centres. It is 
concerning that the incidence of ALF requiring ICU 
admission may be increasing and mortality may not 
have improved7 despite increasing access to liver 
transplantation associated with better donation 
rates8 and significant reductions in poor outcomes 
for other critically ill ICU patients.9-11

Accordingly, we conducted a detailed study of 
patients admitted to all Australian and New Zealand 
liver transplant centres. Our primary hypothesis 
was that patients with ALF admitted to ELT-capable 
Australian and New Zealand ICUs would have similar 

ABSTRACT

Objective: Acute liver failure (ALF) leads to severe illness and 
usually requires admission to the intensive care unit (ICU). Despite 
its importance, little is known about patients with ALF in Australia 
and New Zealand.
Design: Binational observational study to evaluate the aetiology, 
baseline characteristics, patterns of illness, management, and 
outcomes for patients with ALF admitted to Australian and New 
Zealand ICUs.
Setting: All six Australian and New Zealand ICUs in liver transplant 
centres submitted de-identified data for ten or more consecutive 
patients with ALF. Data were obtained from the clinical record and 
included baseline characteristics, aetiology, mode of presentation, 
illness severity, markers of liver failure, critical care interventions, 
utilisation of transplantation, and hospital outcome.
Results: We studied 62 patients with ALF. Paracetamol overdose 
(POD) was the underlying cause of ALF in 53% of patients 
(33/62), with staggered ingestion in 42% of patients (14/33). 
Among patients with POD, 70% (23/33) were young women, 
most had psychiatric diagnoses, and most presented relatively 
early with overt liver failure. This group were transplanted in only 
6% of cases (2/33) and had an overall mortality of 24% (8/33). 
The remaining patients with ALF had less common conditions, 
such as hepatitis B and non-paracetamol drug-induced ALF. These 
patients presented later and exhibited less extreme evidence of 
acute hepatic necrosis. Transplantation was performed in 38% 
of patients (11/29) in this subgroup. The mortality of non-
transplanted non-POD patients was 56% (10/18). Illness severity 
at ICU admission, initial requirement for organ support therapies 
and length of hospital stay were similar between patients with 
POD and non-POD ALF.
Conclusion: POD is the major cause of ALF in Australian and New 
Zealand liver transplant centres and is a unique and separate form 
of ALF. It has a much lower associated mortality and treatment 
with liver transplantation than non-POD ALF. Non-POD patients 
have a poor prognosis in the absence of transplantation.

Crit Care Resusc 2019; 21 (3): 188-199
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Table 1. Patient characteristics prior to intensive care unit (ICU) admission at a liver transplant hospital

Variable All
Paracetamol 

overdose
Non-paracetamol 

overdose P
Total number of patients 62 33 29
Age, median (IQR) 36 (28–47) 34 (28–44) 44 (29–52) 0.07
Female 36 (58%) 23 (70%) 13 (45%) 0.048
Any psychiatric or substance misuse 33 (53%) 27 (82%) 6 (21%) < 0.0001
Depression/anxiety 20 (32%) 17 (52%) 3 (10%) 0.001
Schizophrenia 6 (10%) 6 (18%) 0 (0%) 0.026
Alcohol misuse 6 (10%) 4 (12%) 2 (7%) 0.68
Intravenous drug use 5 (8%) 4 (12%) 1 (3%) 0.36
Bipolar disorder 5 (8%) 4 (12%) 1 (3%) 0.36
Previous self-harm 4 (6%) 4 (12%) 0 (0%) 0.12
Personality disorder 2 (3%) 1 (3%) 1 (3%) 1.00
HBV carrier 5 (8%) 0 (0%) 5 (17%) 0.018
Hypertension 5 (8%) 1 (3%) 4 (14%) 0.18
Chronic pain syndrome 6 (10%) 5 (15%) 1 (3%) 0.20
Thyroid disease 5 (8%) 3 (9%) 2 (7%) 1.00
Asthma 5 (8%) 4 (12%) 1 (3%) 0.36
Diabetes 4 (6%) 3 (9%) 1 (3%) 0.62
Ischaemic heart disease 4 (6%) 3 (9%) 1 (3%) 0.62
Obesity 4 (6%) 1 (3%) 3 (10%) 0.33
Cancer 2 (3%) 2 (6%) 0 (0%) 0.49
HCV infection 1 (2%) 1 (3%) 0 (0%) 1.00
No documented comorbidities 17 (27%) 4 (12%) 13 (45%) 0.004
Contraindications to emergency liver transplantation 17 (27%) 11 (33%) 6 (21%) 0.26
Paracetamol overdose (all) 33 (53%) - -
Paracetamol staggered 14 (23%) 14 (42%) -
Paracetamol single ingestion 19 (31%) 19 (58%) -
Paracetamol ingested dose known - 29 (88%) -
Paracetamol ingested dose (g), median (IQR) - 30 (8–42) -
Paracetamol level (mg/L)*, median (IQR) - 40 (27–148) -
HBV new acquisition 5 (8%) - 5 (17%)
HBV flare of chronic 2 (3%) - 2 (7%)
Non-paracetamol drugs† 5 (8%) - 5 (17%)
Amanita poisoning 3 (5%) - 3 (10%)
Haemophagocytic lymphohistiocytosis syndrome 2 (3%) - 2 (7%)
Budd–Chiari syndrome 1 (2%) - 1 (3%)
Acute fatty liver of pregnancy 1 (2%) - 1 (3%)
Iatrogenic portal vein injury 1 (2%) - 1 (3%)
Leptospirosis 1 (2%) - 1 (3%)
Cryptogenic 7 (11%) - 7 (24%)
Presented to non-liver transplant unit hospital 45 (73%) 25 (76%) 20 (69%) 0.55
Presented to/transferred from tertiary hospital 37 (60%) 19 (58%) 18 (62%) 0.72
Transferred from community hospital 16 (26%) 8 (24%) 8 (28%) 0.76
Transferred from rural hospital 9 (14%) 6 (18%) 3 (10%) 0.48
Time from first presentation to admission to specialist 
transplant hospital ICU (h), median (IQR) 25 (8–49) 17 (6–34) 43 (19–112) 0.011

HBV = hepatitis B virus; HCV = hepatitis C virus, IQR = interquartile range. * Multiple by 6.62 to convert paracetamol units of measurement from 
mg/L to mmol/L. †  Drugs involved include buprenorphine, agomelatine, infliximab, 3,4-methylenedioxymethamphetamine (“ecstasy” or MDMA) and 
methamphetamines.
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causes, baseline characteristics, and patterns of critical 
illness to those described in studies from comparable 
regions. Our secondary hypothesis was that there would 
be less frequent utilisation of ELT in Australia and New 
Zealand, but that clinical outcomes would be similar to 
those of comparable settings where there is access to 
comprehensive critical care services and mature liver 
transplant programs. Finally, we hypothesised that ALF 
from paracetamol overdose (POD) would be common 
and would have a pattern of presentation, clinical 
course and outcome that is distinctly different from 
other causes of ALF.

Method

Study design

We conducted a binational observational study in which 
the ICUs from all six Australian and New Zealand hospitals 
that provide adult liver transplantation services were 

invited to submit detailed de-identified clinical data relating 
to a series of the last ten adult patients admitted to ICU 
for management of ALF, using a standardised collection 
tool. The six hospitals were: Austin Health (Melbourne, 
VIC, Australia), Sir Charles Gairdner Hospital (Perth, WA, 
Australia), Royal Prince Alfred Hospital (Sydney, NSW, 
Australia), Flinders Medical Centre (Adelaide, SA, Australia), 
Princess Alexandra Hospital (Brisbane, QLD, Australia) and 
Auckland City Hospital (Auckland, New Zealand). All are 
university-affiliated academic teaching hospitals that provide 
a statewide (or nationwide in the case of New Zealand) liver 
transplant service. Information for each patient was obtained 
from the patient’s clinical record and only included data that 
were routinely documented as part of usual patient care. 
Local requirements governing the collection and collaborative 
sharing of de-identified clinical data for research purposes 
were adhered to at each participating site. Ethics approval 
from Austin Health was obtained (LNR/14/Austin/676) and, 
depending on local requirements, either a Memoranda of 
Understanding or a Clinical Trials Research Agreement was 

Table 2. Clinical data and test results at the time of intensive care unit admission

Variable
All 

(median, IQR)

Paracetamol 
overdose 

(median, IQR)

Non-paracetamol 
overdose 

(median, IQR) P

Total number of patients 62 33 29

APACHE III score 77 (57–102) 73 (55–106) 81 (58–99) 0.64

APACHE III risk of death 0.32 (0.12–0.54) 0.26 (0.11–0.53) 0.40 (0.15–0.67) 0.23

Temperature (°C) 36.3 (35.6–36.9) 36.0 (35.3–36.9) 36.4 (36.0–36.9) 0.14

pH 7.41 (7.26–7.45) 7.35 (7.22–7.43) 7.43 (7.33–7.37) 0.01

CO2 (mmHg) 31 (26–36) 30 (25–35) 32 (29–36) 0.18

Sodium (mmol/L) 137 (134–142) 138 (135–140) 137 (133–143) 0.83

Lactate (mmol/L) 4.9 (3.2–8.5) 7.2 (3.6–9.3) 4.1 (2.3–6.3) 0.03

Alanine aminotransferase (IU/L) 4020 (1800–6458) 5234 (3152–7569) 1987 (1217–5530) 0.005

γ-Glutamyltransferase (IU/L) 88 (55–180) 109 (59–188) 70 (55–145) 0.17

Alkaline phosphatase (IU/L) 129 (92–165) 119 (90–191) 137 (105–192) 0.26

Bilirubin (mmol/L) 75 (48–148) 61 (46–80) 148 (68–273) 0.001

Creatinine (mmol/L) 127 (68–231) 169 (93–266) 113 (56–189) 0.06

Urea (mmol/L) 6.5 (2.8–10.7) 7.8 (5.2–11.4) 3.4 (1.5–8.8) 0.034

INR 4.6 (3.2–6.8) 5.5 (3.8–9.2) 3.7 (2.5–5.5) 0.002

Activated partial thromboplastin time (s) 51 (43–66) 49 (40–64) 54 (46–68) 0.25

Fibrinogen (g/L) 1.4 (0.9–1.8) 1.4 (1.0–2.0) 1.3 (0.9–1.6) 0.60

Haemoglobin (g/L) 123 (100–137) 121 (100–130) 1240(100–140) 0.31

White cell count (109/L) 9.3 (6.8–15.0) 10.6 (7.0–15.9) 8.0 (6.6–14.6) 0.48

Platelets (109/L) 131 (82–194) 130 (84–206) 137 (80–157) 0.98

Ammonia (mmol/L)* 119 (82–170) 133 (84–187) 108 (81–141) 0.40

APACHE = Acute Physiology and Chronic Health Evaluation; INR = international normalised ratio. * Reference interval, 35–60 mmol/L.
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Table 3. Critical care interventions at the time of intensive care unit admission

Variable All Paracetamol overdose
Non-paracetamol 

overdose P

Total number of patients 62 33 29

Intubation and mechanical ventilation 18 (29%) 9 (27%) 9 (31%) 0.74

Renal replacement therapy 17 (27%) 11 (33%) 6 (21%) 0.26

Active cooling 3 (5%) 1 (3%) 2 (7%) 0.59

Noradrenaline infusion 21 (34%) 11 (33%) 10 (34%) 0.92

Antibiotic use 40 (65%) 21 (64%) 19 (66%) 0.88

N-acetylcysteine infusion 39 (63%) 29 (88%) 10 (34%) < 0.0001

implemented where required by participating sites to support 
the sharing of data with the principal investigator. Each ICU 
submitted ten or more consecutive patients coded as ALF in 
Acute Physiology and Chronic Health Evaluation (APACHE) III 
diagnostic code 301.01, with onset of overt liver failure over 
a period of less than 8 weeks in the absence of known pre-
existing liver disease.

Variables collected included gender, age, comorbidities, 
cause of ALF, time to first presentation for medical care, time 
to ICU admission, APACHE III illness severity score, vital signs, 
key biochemical and haematological test results, provision 
of physiological support, fluid balance, blood product 
administration, duration of ICU stay and patient outcomes 
including death and ELT. A sample size of 60 patients was 
decided upon on the basis of convenience and feasibility. The 
selection of at least ten consecutive patients from each site, 
regardless of outcome or aetiology of ALF, was undertaken 
to achieve a representative sample of ALF presentations. 
The design and reporting of this study is aligned with the 
Strengthening the Reporting of Observational Studies in 
Epidemiology (STROBE) recommendations.12 A search of 
the MEDLINE database for observational studies of ALF in 
adults was undertaken to assist with the interpretation of 
findings from the analysis of Australasian data.

Statistical analysis

Statistical analysis was performed using IBM SPSS statistics 
for Macintosh, version 25 (IBM Corporation, Armonk, 
NY, USA). Continuous variables are expressed as medians 
with interquartile ranges (IQR); categorical variables are 
expressed as frequencies with percentages. Continuous 
data were compared using Mann–Whitney test. Categorical 
data were compared using c2 analysis or Fisher exact test 
where appropriate. Kaplan–Meier and Mantel–Cox log rank 
analyses were performed to assess differences in survival 
and utilisation of ELT between groups. A P value of less than 
0.05 was considered significant.

Results

Patient characteristics before ICU admission

A total of 62 patients from across the six transplant centres 
over the period 2012–2016 were evaluated (Table 1). Most 
patients were women (36/62) and the median age was 36 
years (IQR, 28–47 years). Overall, slightly more than half of 
patients (33/62) had a past history of psychiatric problems or 
substance misuse. Other important comorbidities included 
prior hepatitis B virus and hepatitis C virus infections. More 
than a quarter of patients (17/62) had no pre-existing 
chronic medical problems documented. Twenty-seven per 
cent of patients (17/62) were deemed ineligible for ELT by 
treating clinicians on the basis of comorbid conditions and/
or extreme illness severity at presentation.

The cause of ALF was identified by treating clinicians in 
89% of cases (55/62). Slightly more than half of ALF cases 
were due to POD (33/62), of which 58% (19/33) were from 
a single major overdose, while the remainder (14/19) were 
due to the ingestion of multiple supratherapeutic doses 
with an interval period of more than 8 hours (“staggered 
overdose”).13 The total ingested dose of paracetamol 
was known or reliably estimated in 88% of POD patients 
(29/33), with a median of 30 g (IQR, 8–42 g). At the time 
of admission to ICU, the median paracetamol concentration 
in blood of those with ALF secondary to paracetamol was 
40 mg/L (265 mmol/L) (IQR, 27–148 mg/L). Hepatitis B virus 
infection caused ALF in 11% of patients (7/62), with most 
being newly acquired infections. Non-paracetamol drug-
induced ALF was the next largest identified cause, accounting 
for 8% of cases (5/62). The drugs responsible and the other 
less common causes of ALF are listed in Table 1.

Nearly three-quarters of patients (45/62) initially 
presented to a hospital that did not have liver transplant 
capability. Sixty per cent of patients (37/62) presented to a 
tertiary referral hospital (including the ELT-capable reporting 
hospitals). In contrast, 26% (16/62) and 14% (9/62) of 
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Figure 1. Kaplan–Meier paracetamol overdose versus non-paracetamol overdose time to emergency liver 
transplantation

ICU = intensive care unit; POD = paracetamol overdose.

Figure 2. Kaplan–Meier analysis of survival by paracetamol overdose status

ICU = intensive care unit; POD = paracetamol overdose.
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Table 4. Outcomes of study patients

Variable All
Paracetamol 

overdose
Non-paracetamol 

overdose P

Total number of patients 62 33 29

ICU length of stay (h), median (IQR) 116 (48–217) 144 (61–230) 102 (48–96) 0.39

Hospital length of stay (days), median (IQR) 10.5 (4.8–18.3) 11.0 (4.8–17.6) 9.1 (4.0–18.2) 0.49

Emergency liver transplantation 13 (21%) 2 (6%) 11 (38%) 0.002

ICU mortality 19 (31%) 8 (24%) 11 (38%) 0.24

Hospital mortality 19 (31%) 8 (24%) 11 (38%) 0.24

Non-transplanted ICU mortality 18/49 (37%) 8/31 (26%) 10/18 (56%) 0.037

Non-transplanted hospital mortality 18/49 (37%) 8/31 (26%) 10/18 (56%) 0.037

ICU = intensive care unit; IQR = interquartile range.

Figure 3. Kaplan–Meier analysis of time to either emergency liver transplant or death by paracetamol overdose status

ICU = intensive care unit; POD = paracetamol overdose.

patients first attended an outer metropolitan or rural 
hospital, respectively.

Several important differences between POD and non-
POD patients were apparent. POD patients tended to be 
younger, were much more likely to be women and were 
nearly four times as likely to have psychiatric or substance 
misuse problems than patients with non-POD ALF. Most 
POD patients had at least one chronic comorbidity (inclusive 
of psychiatric and substance misuse problems), while nearly 
half of all non-POD patients had no documented long term 

health problems. POD patients were admitted to intensive 
care units at ELT-capable hospitals considerably earlier than 
non-POD patients.

Clinical findings and investigation results at time of 
ICU admission

On admission to intensive care, illness severity was high 
(Table 2), with an overall median APACHE III score of 77 
(IQR, 57–102) and median APACHE III risk of death of 
0.32 (IQR, 0.12–0.54). POD patients had a lower median 
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pH and a greater lactate concentration compared with 
non-POD patients. The patterns of liver injury varied, 
with significantly higher alanine aminotransferase and 
international normalised ratio (INR) in POD patients, while 
bilirubin concentrations were more elevated in non-POD 
patients. Blood urea concentrations were greater in POD 
patients than in non-POD patients. The median fibrinogen 
concentration and platelet count were low for all patients, 
while the median blood ammonia level was high.

Critical care interventions

High level treatments were commonly required immediately 
on admission to the ICU, with treatment patterns broadly 
similar between patients with POD and non-POD ALF (Table 
3). At the time of admission to ICU, 29% of all patients 
(18/62) were intubated and mechanically ventilated, 27% 
(17/62) received immediate renal replacement therapy, 34% 
(21/62) required noradrenaline infusion, and antimicrobial 
agents were administered to 65% of all patients (40/62). 
Most but not all POD patients were receiving an intravenous 
infusion of N-acetylcysteine (NAC) at the time of admission 
to the ICU (29/33, 88%), while only about a third (10/29) of 
non-POD patients were receiving this therapy on admission 
to ICU. Of the four POD patients who were not receiving 
NAC at the time of admission to ICU, two had it commenced 
during the subsequent 12 hours, one of these patients 
survived to hospital discharge without ELT, while the other 
died. Two POD patients did not receive NAC during their 
period of care within the ICU, with one of them surviving to 
hospital discharge without ELT and the other dying within a 
matter of hours from admission to the ICU.

Outcomes

Median ICU length of stay was just under 116 hours (IQR, 
48–217 hours), while median hospital length of stay was 
10.5 days (IQR, 4.8–18.3 days). ELT was performed in 21% 
of patients (13/62), with a median time from ICU admission 
to surgery of 78 hours (IQR, 61–83 hours). Ninety-two per 
cent (12/13) of the liver transplant recipients survived to 
hospital discharge. ELT was rarely used in POD patients, 
with only 6% (2/33) receiving a transplant (Figure 1). For 
non-POD patients without a contraindication to ELT, the 
transplantation rate was 48% (11/23) (Table 4).

Overall hospital mortality was 31% (19/62), with 
all deaths occurring within the ICU and no significant 
difference in mortality between POD and non-POD patients 
(Figure 2). Forty-seven per cent of patients (9/19) who 
died had a contraindication to ELT, six of these were POD 
patients, while another three were non-POD patients. One 
non-POD patient died after undergoing ELT. Two POD and 
seven non-POD patients who did not have contraindications 

to ELT died before potential transplantation. Transplant-free 
survival was far more common for POD patients (Figure 3), 
with non-POD patients having twice the mortality rate in 
the absence of ELT (Table 4).

The MEDLINE search for observational studies of ALF in 
adults identified 30 publications. These studies describe 
patients over a 40-year period from 1973 and report 
outcomes from North America, South America, Australasia, 
Asia, Western Europe, Eastern Europe, Scandinavia and 
India. Most studies were relatively small and single centre. 
There were also several publications from multicentre 
collaborations and registry databases. Key attributes of 
these studies with their reported outcomes are summarised 
in Table 5.

Discussion

Key findings

Patients with ALF admitted to the ICU of Australian and 
New Zealand liver transplant centres are young, have a high 
illness severity, require high level critical care interventions, 
and have a high overall mortality. Moreover, patients with 
POD-induced ALF differ considerably from those with 
ALF from other causes, with pre-existing mental health 
problems; higher lactate, alanine aminotransferase and INR 
levels at presentation; and higher survival rates despite low 
ELT rates. POD patients are a unique and substantial subset 
of those admitted to the ICU with ALF and have a different 
pattern of presentation, clinical course, and transplant-free 
survival outcomes from most other causes of ALF. Non-POD 
patients with ALF had a poor transplant-free survival, with 
more than half dying in the absence of ELT, while 90% of 
those transplanted survived to hospital discharge. Finally, 
nine patients who were potentially eligible for ELT died 
without undergoing this procedure.

Comparisons with previous studies

No multicentre data detailing the current characteristics, 
treatment or outcomes of critically ill patients with ALF 
admitted to liver transplant centres in Australia and New 
Zealand have been previously published. Compared with 
a 2004 single centre study from one of the participating 
transplant units,18 the proportion of POD ALF has increased 
and the proportion of female patients has decreased, while 
patient age, utilisation of ELT, and survival outcomes appear 
similar. It is well recognised that the aetiology, the use of ELT 
and the outcome of ALF differ between countries42 (Table 
5). Paracetamol is the dominant cause of ALF in the United 
States,34 Britain14 and Australia,18 with affected patients 
often surviving without ELT.43 By contrast, studies from 
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elsewhere in Europe24,28,36,38,44 as well as Asia17,21,22,41 
report a low incidence of POD, with hepatotropic viruses, 
non-paracetamol drugs, and toxins being the major causes 
of ALF. This current study confirms that Australia is similar 
to the northern hemisphere anglophone countries and 
suggests that New Zealand may be more like continental 
Europe and Asia in terms of ALF aetiology, with hepatitis 
B virus infection being quite common (70%) and POD 
relatively rare (10%). We found a higher proportion of POD 
patients affected by a staggered overdose than reported in 
previous studies. While this group are described as having 
poorer outcomes than those with ALF from a single major 
overdose,13,43,45 overall survival and use of ELT for POD 
were similar to previous reports. Given that more than 
half of all ALF cases in Australasia are associated with 
paracetamol, the introduction of additional public health 
measures to reduce both deliberate and inadvertent POD 
warrants further consideration.

Access to ELT is a major determinant of outcome for 
ALF due to causes other than POD.34 In some regions, 
ELT is provided to nearly half or more of all patients with 
ALF,15,24,36,39 while it has limited utilisation41 or is not 
available at all elsewhere.16,17,19 Access to ELT has also 
varied over time14 as transplant services become established 
and organ donation rates improve. Our findings regarding 
overall ELT and survival outcomes are consistent with previous 
data from Australia and New Zealand18 and comparable 
to observational studies in the United States,32,34 where 
the proportion of POD patients was very similar (Table 5). 
These findings suggest that, in a region where ELT is rarely 
used for POD patients and is used in less than half of non-
POD ALF cases, outcomes are at least as good as previously 
reported21,30,32,34 and are indeed similar to regions with 
substantially higher rates of transplantation.15,24,33,36,39,44

Strengths and limitations

All liver transplant-capable ICUs in Australia and New 
Zealand participated in this study and only patients with 
definite ALF were included. Highly complete and clinically 
relevant data were obtained, including aetiology of ALF, 
patient characteristics, comorbidities, illness severity, 
biochemical findings, haematological parameters, critical 
care interventions, ELT utilisation and survival outcomes 
for all patients. Data were collated by experienced clinical 
researchers at each centre using a consistent methodology 
to ensure accuracy and completeness. Given that the 
findings are remarkably consistent with a recent evaluation 
of ALF in Australia and New Zealand undertaken using a 
very large and entirely separate dataset, it seems likely that 
the findings of this study are representative and robust.7

While this study reports data from every liver transplant 
unit in Australia and New Zealand, only a relatively 
small number of patients with ALF were evaluated. As 
a convenience-based, fixed-size sample of ALF, there 
is the possibility that the patients studied were not truly 
representative of ALF patients overall, thus limiting the 
certainty of the findings. Nevertheless, participating ICUs 
selected ten or more sequential patients based solely on 
having ALF at the time of admission to ICU, limiting the 
potential for selection bias. Furthermore, many previous ALF 
studies are quite small and most are single centre reports, 
limiting the external validity of their findings. Another 
potential limitation of our study is the retrospective, chart-
based nature of the review. The accuracy of documented 
findings and clinical data are sometimes uncertain, and it is 
possible that errors occurred during the process of clinical 
documentation. However, all patients were managed within 
large, experienced, university-affiliated ICUs with rigorous 
systems for clinical data collection. In addition, all diagnoses 
were carefully checked, and a comprehensive review of all 
data submitted was completed before the analysis.

Conclusion
In summary, more than half of all current patients with ALF 
admitted to Australian and New Zealand liver transplantation 
ICUs are related to POD. The majority of patients with POD 
survive without needing ELT, despite being extremely ill at 
ICU admission. Patients with non-POD ALF present with 
a different pattern of liver injury and have a much lower 
likelihood of survival in the absence of ELT. These findings 
strongly imply that POD- and non-POD-associated ALF are 
best considered as distinctly separate forms of ALF with 
specific implications for treatment and prognosis. Despite 
relatively low overall utilisation of ELT in Australia and New 
Zealand, outcomes are similar to most previous reports, 
including those from higher ELT use regions. While the 
survival benefit associated with ELT for non-POD ALF seems 
clear, the appropriateness of this intervention in patients 
with POD is unclear.
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Abstract
Background and Aim: To study the management of coagulation and hematological
derangements among severe acute liver failure (ALF) patients in Australia and New
Zealand liver transplant intensive care units (ICUs).
Methods: Analysis of key baseline characteristics, etiology, coagulation and hematological
tests, use of blood products, thrombotic complications, and clinical outcomes during the
first ICU week.
Results: We studied 62 ALF patients. The first day median peak international normalized
ratio was 5.5 (inter-quartile range [IQR] 3.8–8.7), median longest activated partial thrombo-
plastin time was 62 s (IQR 44–87), and median lowest fibrinogen was 1.1 (IQR 0.8–1.6)
g/L. Fibrinogen was only measured in 85% of patients, which was less than other tests
(P < 0.0001). Median initial lowest platelet count was 83 (IQR 41–122) × 109/L. Overall,
58% of patients received fresh frozen plasma, 40% cryoprecipitate, 35% platelets, and 15%
prothrombin complex concentrate. Patients with bleeding complications (19%) had more
severe overall hypofibrinogenemia and thrombocytopenia. Thrombotic complications were
less common (10% of patients), were not associated with consistent patterns of abnormal
hemostasis, and were not immediately preceded by clotting factor administration and half
occurred only after liver transplantation surgery.
Conclusion: In ALF patients admitted to dedicated Australia and New Zealand ICUs, fi-
brinogen was measured less frequently than other coagulation parameters but, together with
platelets, appeared more relevant to bleeding risk. Blood products and procoagulant factors
were administered to most patients at variable levels of hemostatic derangement, and bleed-
ing complications were more common than thrombotic complications. This epidemiologic
information and practice variability provide baseline data for the design and powering of
interventional studies.

Introduction

Acute liver failure (ALF) leading to intensive care unit (ICU)
admission carries a high mortality1 and more than half of all cases
in Australia and New Zealand (ANZ) are due to paracetamol
overdose.2 Regardless of etiology, loss of liver function results in
a characteristic pattern of illness, including abnormal measures of
hemostasis that are hallmarks of ALF.3 These include elevation

of the international normalized ratio (INR) or prolongation of the
prothrombin time,4 with such changes often being a focus of treat-
ment.5 Despite being a defining characteristic of ALF, little is
known about how changes in INR and other common tests of he-
mostasis change over time and relate to outcome and bleeding
complications or how clinicians respond by administering clotting
factors of blood products and how such administration affects the
risk of thrombosis.6,7
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Accordingly, we conducted an exploratory evaluation of hemo-
static abnormalities and their current ICU management in ANZ.
We hypothesized that different markers of hemostasis might be
variably monitored and yet may be associated with higher risk of
bleeding complications. We further hypothesized that there would
be complex patterns of blood product and clotting factor utilization
with considerable practice variation. Finally, we hypothesized that
bleeding complications would be more common than thrombotic
complications.

Methods

Study design. As previously described,2 all adult liver
transplant ICUs in ANZ hospitals were invited to submit detailed
de-identified retrospective clinical data relating to adult patients
admitted to ICU with ALF over a 4-year period concluding at
the end of 2016, using a standardized collection tool. Local
requirements governing data sharing were adhered to at each
site. Austin Health Ethics committee approval was obtained
(LNR/14/Austin/676), and depending on local requirements, either
a Memorandum of Understanding or a Clinical Trials Research
Agreement was implemented.
Information for each patient was obtained from the clinical re-

cord and only included routinely documented usual patient-care-
related data. Each ICU submitted 10 or more consecutive patients
coded as ALF (acute physiology and chronic health evaluation III
diagnostic code 301.01), with onset of overt liver failure over a pe-
riod of less than eight weeks in the absence of known pre-existing
liver disease.
Variables collected included background characteristics, cause

of ALF, illness severity, components of the Kings College Criteria
(KCC), pathology test results, interventions, blood product utiliza-
tion, and key outcomes. Data were collected at ICU admission, 6,
12, and 24 h after admission and then every day for 1 week. A
sample size of approximately 60 patients was deemed sufficient
on the basis of convenience and feasibility. The selection of at least
10 consecutive patients from each site, regardless of outcome or
etiology of ALF, was undertaken to achieve balanced representa-
tion across the region. Bleeding episodes were defined as
documented instances of any hemorrhage requiring intervention
or specific imaging with or without a subsequent blood transfu-
sion. Thrombotic complications evaluated for included any venous
thrombosis (including portal vein thrombosis), pulmonary embo-
lism, acute myocardial infarction, ischemic stroke, and any arterial
thrombosis. To assess the relationship between bleeding complica-
tions and hemostatic parameters, two exploratory models were de-
veloped. The first model evaluated differences between hemostatic
parameters recorded at around the time of bleeding versus those
from the same patient documented at a randomly selected, tempo-
rally distant period without documented active bleeding. The
second model, at a similar length of time from ICU admission,
compared hemostatic parameters from around the time of a
bleeding episode in those patients who bled with those in matched
patients who did not (matching was according to age [± 5 years],
ALF etiology and KCC status). A similar approach was also used
to explore the relationship between thrombotic complications and
hemostatic parameters. The design and reporting of this study

was aligned with the Strengthening the Reporting of Observational
Studies in Epidemiology recommendations.8

Statistical analysis. Statistical analysis was performed
using IBM SPSS statistics for Macintosh, Version 25 (IBM Corpo-
ration, Armonk, NY, USA). All assessments and comparisons
relate to data collected in the first week in ICU. Continuous vari-
ables are expressed as medians with inter-quartile range (IQR),
while categorical variables as frequencies with percentages.
Continuous data were compared using the Mann–Whitney test.
Categorical data were compared using Chi Square or Fisher’s exact
test as appropriate. The Wilcoxon signed-rank test was used for
comparisons of tests taken at different times in the same patients
and matched patients for the exploratory model. Longitudinal data
were assessed for normality and log-transformed where appropri-
ate. Differences between groups over time were analyzed using re-
peat measures analysis of variance fitting main effects for group,
time, and an interaction between group and time to determine if
groups behaved differently over time. These results are present
as means with standard error or as geometric means with 95%
confidence interval (95% CI) in accordance with the underlying
distribution of the data. To correct for multiplicity of comparisons,
a two-sided P value of <0.01 was used to indicate statistical
significance.

Results

Patient characteristics, etiology of acute liver fail-
ure, and clinical outcomes. We studied 62 ALF patients
(Table S1). Just over half of cases were due to paracetamol over-
dose, 60% fulfilled KCC for transplantation, and 20% overall
underwent emergency liver transplantation (ELT). Nearly a third
of patients died, with all deaths occurring in the ICU. Only half
achieved ELT-free survival.

Intensity of testing of coagulation and hematolog-
ical variables. Coagulation and hematological variables were
monitored in most patients at the defined times (Table 1). How-
ever, fibrinogen was measured less often than INR (P < 0.0001)
and was not checked at all in nine (15%) patients.

International normalized ratio. The INR was elevated on
admission in every patient (Fig. 1). The mean initial peak INR was
5.5 (IQR 3.8–8.7) with no difference between patients with or
without subsequent bleeding complications. During the remaining
week of ICU management, patients with a bleeding episode had an
overall mean INR of 3.0 (95% CI 2.3–3.7) compared with 2.3
(95% CI 2.0–2.5) for those without bleeding (P = 0.02) (Fig. S1).

Activated partial thromboplastin time. Overall, 47
(76%) patients had a prolonged activated partial thromboplastin
time (aPTT) on day 1, with a mean longest aPTT of 62 seconds
(IQR 44–77). The aPTT shortened to within the normal range after
this time, varying little thereafter (Fig. 1). There was no overall
significant difference in aPTT according to bleeding complications
(Fig. S2).
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Fibrinogen. At ICU admission, 77% of all fibrinogen results
were abnormally low, with a median lowest initial concentration
of 1.1 g/L (IQR 0.8–1.6). The fibrinogen concentration remained
persistently low throughout ICU admission (Fig. 1). Compared
with patients without a bleeding episode, those with a bleeding
complication had worse overall hypofibrinogenemia in ICU (mean
1.1 g/L [95% CI 0.8–1.4] versus 1.8 g/L [95% CI 1.6–2.0];
P = 0.0004) (Fig. 2).

Platelet count. The median initial lowest platelet count was
83 × 109/L (IQR 41–122), and 53 (85%) patients had thrombocy-
topenia. The median platelet count decreased over the next 2 days
and then stabilized (Fig. 1). Patients who experienced an episode
of bleeding had a significantly lower nadir count on day 1
(Table 2) and more severe thrombocytopenia overall while in
ICU (mean 44 x 109/L (95%CI 32–60) versus 89 x 109/L (95%
CI 76–105); P < 0.0001) (Fig. 3).

Blood product use

Fresh frozen plasma. Overall, 36 (58%) patients received fresh
frozen plasma (FFP) with 89% receiving their first dose on day 1.
Few patients received FFP after day 3 (Fig. S3). For FFP-treated
patients, the median total dose was 5.5 units (IQR 4.0–10.0). The
peak INR on day 1 for FFP-treated patients was 5.7 (IQR 4.1–
9.2) compared with 5.0 (IQR 3.4–7.0); P = 0.21) for FFP-untreated
patients. Patients with a bleeding episode were more likely to re-
ceive FFP (Table 2); however, 50% of patients without bleeding
also received FFP.

Cryoprecipitate. Overall, 25 (40%) patients received
cryoprecipitate (CRYO) with 76% receiving their first dose on
day 1. For CRYO-treated patients, the median total dose was 16
units (IQR 10–30 units). Their lowest fibrinogen on day 1 was
0.9 g/L (IQR 0.8–1.1) (Fig. S4), compared with 1.2 g/L (IQR
0.8–1.6) for CRYO-untreated patients (P = 0.001). Patients with

Table 1 Intensity of coagulation and hematological testing during the first week in intensive care unit

Parameter Tests performed/test opportunities tests performed (%) P

INR 448/484 93% Reference
aPTT 447/484 92% 0.91
Fibrinogen concentration 358/484 74% <0.0001
Platelet count 454/484 94% 0.25
Hemoglobin concentration 424/484 88% 0.01

Testing data collected at 0, 6, 12, and 24 h and then daily to a total of 7 days. The fourth column shows comparisons with frequency of INR testing.
INR, international normalized ratio; aPTT, activated partial thromboplastin time.

Figure 1 Changes in hemostatic parameters over time in all acute liver failure patients. Geometric means of log transformed data. Error bars indicate
95% confidence interval (only positive or negative values displayed for upper and lower lines respectively to assist visual clarity). aPTT, activated partial
thromboplastin time; ICU, intensive care units; INR, international normalized ratio
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a bleeding episode were more likely to receive CRYO (Table 2).
However, 32% of patients without bleeding also received CRYO.

Prothrombin complex concentrate. Only 9 (15%) patients re-
ceived three factor prothrombin complex concentrate (PCC) (four
factor PCC is unavailable in ANZ). Eight received their first dose
on day 1, and 71% of the overall amount was given by then. For
PCC-treated patients, the median dose was 2500 units (IQR
2000–4000). The median peak INR on day 1 for PCC-treated
patients was 10.1 (IQR 5.4–10.7) versus 5.1 (IQR 3.8–7.0) for un-
treated patients (P = 0.02). All PCC-treated patients fulfilled KCC
(24% [9/37]; P = 0.001).

Recombinant factor VII-activated. Only 4 (6%) patients re-
ceived recombinant factor VII-activated (rFVIIa.) All were cared
for in the same ICU, and treatment occurred exclusively on day
1, with a median total dose of 5.2 mg (IQR 4.8–5.6). No patient
experienced a bleeding episode or thrombotic complication, and
none achieved ELT-free survival, with two dying and two surviv-
ing after ELT.

Platelet transfusion. Overall, 22 (35%) patients received at
least one platelet transfusion, with 64% receiving their first transfu-
sion on day 1. For platelet-transfused patients, the median number
of pooled bags (each bag containing four units) transfused during
the first week was 2.5 (IQR 1–4). The median nadir platelet count
on the first day for transfused patients was 44 × 109/L (IQR 35–96)
(Fig. S5), vs. 102 x 109/L (IQR 72–140), for non-transfused
patients (P = 0.004). Platelets were given for 11 of 12 bleeding ep-
isodes, with 76% of all administered platelet given at this time.

Packed red blood cells. Overall, 29 (47%) patients received a
blood transfusion, with a median amount of 3 units (IQR
1–4 units). The median nadir hemoglobin concentration on day 1
for transfused patients was 80 g/L (IQR (40–141) vs. 111 g/L
(IQR 102–123) for non-transfused patients (P < 0.001). Numeri-
cally, more KCC patients were transfused (59% vs 28%;
P = 0.02). Patients who bled were also more likely to be transfused
(Table 2).

Bleeding complications. Twelve patients had a bleeding
complication (Table 2). These patients were younger and appeared
more severely ill. The median time from ICU admission to the oc-
currence of the bleeding episode was 12 h (IQR 6–161). Two pa-
tients received FFP at some point during the 24-h period
preceding the onset of their hemorrhage. Diffuse upper gastrointes-
tinal oozing was the commonest form of bleeding (five patients).
However, only one of these patients underwent endoscopic
intervention. Bleeding from vascular access sites affected three pa-
tients; however, this was only associated with the actual line inser-
tion procedure in one patient. None required specific interventions
other than blood product administration. Bleeding occurred at the
site of recent non-ELT related major surgery in two patients and
necessitated further operative intervention, while one other patient
had a spontaneous intra-abdominal hemorrhage. Spontaneous in-
tracranial bleeding occurred in two patients. No significant differ-
ences in the requirement for critical care supports were evident
except for mechanical ventilation, which was used more often in
patients with a documented bleeding episode (12/12 bleeding pa-
tients vs 35/50 nonbleeding patients; P = 0.02). Management and
outcome details are shown in Table S2.
In multivariable models, a longer recent aPTT and a lower plate-

let count were associated with bleeding episodes (Table S3).

Figure 2 Comparison of fibrinogen concentration
by bleeding episode status. Geometric means of
log transformed data. Error bars indicate 95% confi-
dence interval. P = 0.0004 (value for overall differ-
ences between groups). ICU, intensive care units
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Thrombotic complications. Six patients had a thrombotic
complication (Table 3). These patients were younger and appeared
more severely ill. Three patients had a deep venous thrombosis
(one associated with a peripherally inserted central catheter), one
had superficial thrombophlebitis, one developed thrombosis-
associated ischemic bowel, and one developed both portal vein
and hepatic artery thrombosis (possibly related to heparin-induced
thrombocytopenia occurring after ELT). Only this last patient died
as a result of their thrombotic complication. The median time from
ICU admission to thrombotic complication was 6.5 days (IQR 5–
9). In three of the cases, the thrombotic complication occurred after
ELT, with at least 4 days between surgery and the thrombosis in
each instance. Only a single patient with a thrombotic

complication actually received blood products in the preceding
48 h (prior to the development of a deep venous thrombosis in this
case). Comparisons of clotting parameters was not informative
(Table S4).

Discussion

Key findings. In patients with severe ALF admitted to liver
transplant ICUs in ANZ, we found that INR appeared to dominate
coagulation monitoring and treatment; however, its association
with bleeding was not significant. Low platelet counts and low fi-
brinogen concentrations were significantly associated with

Table 2 Clinical characteristics of acute liver failure patients with and without bleeding episodes

Clinical feature Nonbleeding eventn = 50 Bleeding event n = 12 P

Age (years) 39 [30–48] 29 [22–36] 0.04
Female 30 (60%) 6 (50%) 0.53
Paracetamol overdose 26 (52%) 7 (58%) 0.69
APACHE III score 74 [54–96] 96 [74–121] 0.07
KCC fulfilled 27 (54%) 10 (83%) 0.10
First 24 hours in ICU

Peak INR 5.6 [3.8–8.7] 5.2 [3.9–10.1] 0.87
Peak aPTT (seconds) 63 [45–78] 65 [39–81] 0.88
Nadir Fibrinogen (g/L) 1.2 [1.0–1.6] 0.8 [0.4–0.9] 0.005
Nadir Platelet count (x109/L) 100 [69–130] 38 [20–61] <0.0001

Day 2 to 7 in ICU
INR peak 2.5 [1.7–4.1] 4.9 [2.3–7.6] 0.04
aPTT peak (seconds) 47 [36–69] 41 [34–59] 0.26
Fibrinogen nadir (g/L) 1.8 [0.9–2.4] 0.9 [0.7–1.3] 0.02
Platelet count nadir (x109/L) 62 [43–98] 30 [21–43] 0.002

Product and clotting factor use
FFP

Number treated 25 (50%) 11 (92%) 0.01
Median amount (units) 4 [2.5–9] 9 [4–16] 0.07

Cryoprecipitate
Number treated 16 (32%) 9 (75%) 0.01
Median amount (units) 11 [4–20] 34 [17–55] 0.005

Platelets
Number treated 14 (28%) 8 (67%) 0.02
Median amount (pooled bags) 2 [1–3] 4.5 [1.8–8.8] 0.05

Prothrombin Complex Concentrate
Number treated 5 (10%) 4 (33%) 0.06
Median amount (units) 2500 [20000–4750] 3750 [2375–7750] 0.32

rFVIIa
Number treated 4 (8%) 0 (0%) 0.58
Dose (mg) 5.2 [4.8–5.6] - -

Packed red blood cells
Number treated 18 (36%) 11 (92%) 0.001
Median amount (units) 2 [1–3] 4 [1–14] 0.07

Outcomes
ICU length of stay (hours) 106 [45–198] 218 [120–384] 0.01
Hospital length of stay (days) 11 [4–19] 10 [5–18] 0.64
ELT 22% (11) 17% (2) 0.52
ELT free survival 27 (54%) 4 (33%) 0.20

Data presented as n (%), median [IQR].
APACHE III, acute physiology and chronic health evaluation III; aPTT, activated partial thromboplastin time; ELT, emergency liver transplant; FFP, fresh
frozen plasma; ICU, intensive care unit; INR, international normalized ratio; KCC, Kings College Criteria; rFVIIa, recombinant factor VII activated.
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bleeding; however, fibrinogen monitoring was significantly less
frequent. Clotting factor use and blood product administration
were common. However, unlike for other products, which differed
in use according to clear derangements, the initial use of FFP did
not. Bleeding occurred in less than a fifth of patients while throm-
botic complications occurred in less than 10% and half occurred
many days after ELT.

Relationship to previous studies and current guide-
lines. The dominant approach to hematological monitoring in
ALF has been to focus on changes in INR or PT.4,9–12 Our findings
show this strategy has important limitations13–15; fibrinogen con-
centration and platelet count seems more relevant to the risk of
bleeding. This insight into the relationship between fibrinogen
and bleeding appears novel14,16–24 (Table S5). Furthermore, apart
from one study that evaluated registry data,25 almost all such pre-
vious studies were single center in nature, with numbers similar to
ours and often focused on very specific hematological parameters.
Consistent with our findings, such studies found that INR
improved over a short period of time in ICU26 and that bleeding
was neither especially common nor clinically serious for the ma-
jority of patients.25 In this regard, the pathophysiology of hemosta-
sis in ALF is complex5 with preserved clotting capability17 and
even hypercoagulability,27 and apart from case reports,28 our study
is only the second to systematically evaluate for thrombotic com-
plications in patients with ALF.
Our findings suggest a somewhat liberal use of FFP despite lack of

evidence29,30 or support by guidelines.31–35 Unnecessary FFP admin-
istration is not without risk, and its use may result in complications
such as transfusion related acute lung injury, volume overload, and
even exacerbation of bleeding because of venous distension.
The aPTT is a measure of the intrinsic pathway, but its useful-

ness as an outcome predictive value has been questioned.32,33

Our findings raise the possibility that the aPTT may warrant
re-evaluation. Thrombocytopenia is clearly associated with a
bleeding tendency in liver patients.25,34,35 However, the associa-
tion between hypofibrinogenemia and hemorrhage (as shown in

our study) has not been previously described. Our findings suggest
that monitoring fibrinogen concentrations and correcting very low
levels may be desirable. PCC use was relatively uncommon in our
study. In two small single center studies that evaluated a combined
total of 33 ALF patients,36,37 PCC administration was shown to
improve hemostatic parameters with a low incidence of thrombotic
complications. Given the theoretical prothrombotic risks of
PCC37–39 and the limited data on safety for use in ALF, further
evaluation is warranted.40 Nonetheless, studies in liver transplanta-
tion suggest a favorable safety profile,41–43 and our study also
found no association with thrombosis. Descriptions of rFVIIa uti-
lization in ALF patients have been reported in small retrospective
single center observational studies16,44; however, its cost is high,
and its safety is unclear. In our cohort, the use of rFVIIa was rare
but free of thrombotic complications.

Implications of study findings. Our findings imply that
routine hemostatic parameters focus on INR but that the platelet
count and the less frequently measured fibrinogen concentration
may be more relevant to bleeding risk. Our findings also imply
that, on average, maintaining a fibrinogen concentration > 1.5 g/
L and a platelet count > 75 × 109/L (both at the lower 95% CI
for nonbleeding patients during their ICU admission) might repre-
sent a reasonable balance between bleeding and thrombosis risk in
ALF, especially if bleeding has already occurred. While the mini-
mum safe level of these parameters currently remains unknown,
these values are similar to current guidelines for ALF patients with
a bleeding complication.45 Moreover, our findings imply that, in
the absence of the impact of surgery (e.g. ELT), thrombosis risk
is markedly less than bleeding risk and not apparently related to
clotting factor therapy.

Strengths and limitations. Our study has several
strengths. All liver transplantation ANZ ICUs contributed to this
study, thus providing the first assessment of binational ANZ
practice. Complete laboratory and clinically relevant data were

Figure 3 Comparison of platelet count by bleed-
ing episode status. Geometric means of log trans-
formed data. Error bars indicate 95% confidence
interval. P < 0.0001 (value for overall differences
between groups). ICU, intensive care units [Color
figure can be viewed at wileyonlinelibrary.com]
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Table 3 Characteristics of acute liver failure patients with and without thrombotic complications

Variable No thrombotic complication n = 56 Thrombotic complication n = 6 P

Age (years) 38 [30–49] 24 [20–34] 0.02
Female 59% (33) 50% (3) 0.69
Paracetamol overdose 54% (30) 50% (3) 1.00
APACHE III Score 76 [56–102] 90 [58–118] 0.55
KCC fulfillment 57% (32) 83% (5) 0.22
First 24 h in ICU

Peak INR 5.6 [3.8–8.9] 5.2 [4.4–7.2] 0.89
Nadir INR 2.7 [1.8–3.6] 2.5 [1.8–3.1] 0.79
Peak aPTT (seconds) 63 [44–79] 56 [44–107] 0.95
Nadir aPTT (seconds) 43 [36–55] 38 [35–43] 0.22
Peak fibrinogen (g/L) 1.8 [1.3–2.2] 2.0 [1.7–3.0] 0.27
Nadir fibrinogen (g/L) 1.1 [0.8–1.6] 1.0 [0.9–2.1] 0.98
Peak platelets count (× 109/L) 131 [95–190] 139 [109–206] 0.69
Nadir platelets count (× 109/L) 86 [43–128] 68 [39–91] 0.34
Peak Hb (g/L) 124 [100–139] 105 [83–139] 0.30
Nadir Hb (g/L) 102 [80–118] 81 [69–128] 0.35

Day 2 to 7 in ICU
Peak INR 2.5 [1.9–4.3] 5.9 [1.8–9.4] 0.17
Nadir INR 1.4 [1.2–1.8] 1.4 [0.9–2.0] 0.41
Peak aPTT (seconds) 45 [35–70] 65 [58–81] 0.04
Nadir aPTT (seconds) 33 [29–42] 36 [23–41] 0.72
Peak fibrinogen (g/L) 2.0 [1.4–2.9] 2.6 [1.2–4.4] 0.61
Nadir fibrinogen (g/L) 1.5 [0.9–2.2] 1.6 [0.7–2.6] 0.99
Peak platelet count (× 109/L) 95 [60–151] 78 [66–121] 0.46
Nadir platelet count (× 109/L) 56 [33–96] 44 [32–53] 0.20
Peak Hb (g/L) 101 [89–120] 89 [81–107] 0.16
Nadir Hb (g/L) 85 [73–102] 71 [66–75] 0.45

Clotting factor use
FFP

Number treated 59% (33) 50% (3) 0.50
Median amount (units) 4 [3.5–9] 13 [12–14] 0.52

Cryoprecipitate
Number treated 36% (20) 83% (5) 0.04
Median amount (units) 12 [5–22] 49 [25–58] 0.002

Platelets
Number treated 30% (17) 83% (5) 0.02
Median amount (pooled bags) 2 [1–4] 4 [1–9] 0.01

Prothrombin complex concentrate
Number treated 11% (6) 50% (3) 0.04
Median amount (units) 2250 [2000–2750] 7000 [4000–10000] 0.004

rFVIIa
Number treated 7% (4) 0% (0) 0.66
Median amount (mg) 5.2 [4.8–5.6] - -

Packed red blood cells
Number treated 43% (24) 83% (5) 0.07
Median amount (units) 3 [1–4] 4 [2–25] 0.03

Complications and outcomes
Bleeding episode 16% (9) 50% (3) 0.08
ICU length of stay (hours) 111 [47–215] 248 [141–616] 0.01
Hospital length of stay (days) 9 [4–17] 19 [10–35] 0.07
ELT 18% (10) 50% (3) 0.10
ELT-free survival 50% (28) 50% (3) 0.66

Data presented as n (%) and median [IQR].
APACHE III, acute physiology and chronic health evaluation III; aPTT, activated partial thromboplastin time; ELT, emergency liver transplant; FFP, fresh
frozen plasma; ICU, intensive care unit; INR, international normalized ratio; KCC, Kings College Criteria; rFVIIa, recombinant factor VII activated.
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obtained. All data were obtained by experienced clinical re-
searchers from patient records at each center, using a consistent
methodology to ensure reliability of approach. We found impor-
tant variability and shortcomings in the monitoring of fibrinogen,
an observation with likely practical clinical implications. Finally,
we report data on thrombosis for the first time.
We acknowledge some limitations. Although this study included

ALF patients from every transplant unit in ANZ, only a relatively
small number was evaluated. Some complications (such as thrombo-
sis) affected only a small proportion of patients, limiting our analysis.
However, ALF is uncommon, and our cohort is the largest of its type
in the last 40 years and only the second ever to assess thrombotic
events. The use of a convenience-based approach may have failed
to provide an accurate overall representation of ALF patients. How-
ever, contributing units identified 10 or more consecutive patients
based solely on each of them fulfilling the primary diagnosis of
ALF at the time of admission to ICU, thus limiting selection bias.
We used a medical record-based retrospective approach. The accu-
racy of clinical data and investigation results is sometimes uncertain,
and treating clinicians may make errors during the entry of informa-
tion into the patient record. However, all patients were treated in
major ICUs with processes for complex data collection. Addition-
ally, all submitted data were carefully checked prior to analysis.
Finally, we did not collect data on other potentially useful measures
of hemostasis, such as individual clotting factor concentrations or
results of thromboelastography. These measures of hemostasis are
not currently in widespread routine use, but thromboelastography
in particular may have considerable utility as a convenient point of
care functional test of hemostasis. Further studies are required to
establish its role in guiding the management of ALF.

Conclusion
This is the largest study of coagulation testing and management,
bleeding complications, thrombotic complications, and associated
management for ALF in the last 40 years. We found that fibrino-
gen was measured less often than other parameters, that the INR
had a modest and nonsignificant association with bleeding while
platelet count and fibrinogen levels did; thus suggesting that avoid-
ance of extreme thrombocytopenia and hyperfibrinogenemia is
important. There was no clear association between clotting factor
administration or hemostatic parameters and thrombotic complica-
tions, further suggesting that correcting low fibrinogen and platelet
levels is likely safe. Overall, these findings provide considerable
baseline information for the design and powering of interventional
trials and by demonstrating considerable practice variation help
identify what interventions fall within the range of current practice
and, therefore, could be ethically compared.
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Objectives: Hyperammonemia is a key contributing factor for ce-
rebral edema in acute liver failure. Continuous renal replacement 
therapy may help reduce ammonia levels. However, the optimal 
timing, mode, intensity, and duration of continuous renal replace-
ment therapy in this setting are unknown. We aimed to study 
continuous renal replacement therapy use in acute liver failure 
patients and to assess its impact on hyperammonemia.
Design: Retrospective observational study.
Setting: ICU within a specialized liver transplant hospital.
Patients: Fifty-four patients with acute liver failure.
Interventions: Data were obtained from medical records and ana-
lyzed for patient characteristics, continuous renal replacement 
therapy use, ammonia dynamics, and outcomes.
Main Results: Forty-five patients (83%) had high grade enceph-
alopathy. Median time to continuous renal replacement therapy 
commencement was 4 hours (interquartile range, 2–4.5) with 
35 (78%) treated with continuous venovenous hemodiafiltration 
and 10 (22%) with continuous venovenous hemofiltration. Me-
dian hourly effluent flow rate was 43 mL/kg (interquartile range, 
37–62). The median ammonia concentration decreased every day 

during treatment from 151 µmol/L (interquartile range, 110–204) 
to 107 µmol/L (interquartile range, 84–133) on day 2, 75 µmol/L 
(interquartile range, 63–95) on day 3, and 52 µmol/L (interquar-
tile range, 42–70) (p < 0.0001) on day 5. The number of patients 
with an ammonia level greater than 150 µmol/L decreased on the 
same days from 26, to nine, then two, and finally none. Reductions 
in ammonia levels correlated best with the cumulative duration of 
therapy hours (p = 0.03), rather than hourly treatment intensity.
Conclusions: Continuous renal replacement therapy is associ-
ated with reduced ammonia concentrations in acute liver failure 
patients. This effect is related to greater cumulative dose. These 
findings suggest that continuous renal replacement therapy 
initiated early and continued or longer may represent a use-
ful approach to hyperammonemia control in acute liver failure 
patients. (Crit Care Med 2019; XX:00–00)
Key Words: acute liver failure; hemodiafiltration; hemofiltration; 
hepatic encephalopathy; hyperammonemia

Acute liver failure (ALF) is multisystem condition that, 
despite significant progress in management, is still as-
sociated with high morbidity and mortality (1, 2). ALF 

is characterized by the combination of hepatic encephalopathy 
(HE) and coagulopathy of short duration in the absence of 
pre-existing liver disease. A major determinant of mortality is 
the degree of encephalopathy and associated cerebral edema 
resulting in intracranial hypertension. Hyperammonemia may 
contribute to these complications.

Ammonia, as a by-product of protein catabolism, is predom-
inately metabolized by the liver (3). In the setting of ALF, circu-
lating ammonia levels rise due to decreased hepatic metabolism. 
Hyperammonemia causes alterations in neurotransmitter 
synthesis and release, increases in neuronal oxidative stress, 
impaired mitochondrial function, and induction of osmotic dis-
turbances in astrocytes secondary to the increased production of 
glutamine (4, 5). The net effects of these changes are astrocyte 
swelling, vasogenic edema, and disruption of the blood-brain 
barrier, contributing to cerebral edema (3). Thus, ammonia is a 
potential therapeutic target in ALF patients (4–10).DOI: 10.1097/CCM.0000000000004153
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Ammonia has a low molecular weight, low protein-binding 
capacity, and is soluble. Thus, it can be removed by conven-
tional renal replacement therapies (RRTs) making continuous 
RRT (CRRT) a possible intervention for hyperammonemia  
(3, 11–14). However, there are no guidelines regarding the use 
of CRRT to treat hyperammonemia (14) and limited data exist 
on its effectiveness.

Accordingly, we performed a retrospective study of CRRT 
practice and associated ammonia dynamics in ALF patients. 
We hypothesized that most ALF patients would receive early 
CRRT. We further hypothesized that total CRRT dose would 
modulate the impact of this therapy on ammonia levels. Finally, 
we hypothesized that there may be an association among treat-
ment intensity, successful ammonia reduction, and patient 
outcomes.

METHODS
In accordance with institutionally approved quality assurance 
activities within our ICU, we conducted a study of existing 
practice. We collected and analyzed de-identified data from 
the clinical records of all patients admitted with ALF (Acute 
Physiology and Chronic Health Evaluation [APACHE] III code 
301.01) over the 5-year period from 2011 to 2016. Patients were 
excluded if they had underlying cirrhosis, did not undergo 
CRRT, underwent non-CRRT blood purification therapy (e.g., 
coupled plasma filtration adsorption), had CRRT initiated 
elsewhere prior to transfer, did not have ammonia testing, were 
under 18 years old, or were pregnant. All ALF patients admitted 
to our ICU are managed according to institutional guidelines 
that recommend maintenance of low-normal arterial PaCO

2
 (in 

mechanically ventilated patients), early initiation of CRRT, ad-
ministration of hypertonic saline, and strict avoidance of fever 
for patients at risk of cerebral edema (Supplemental Table 1, 
Supplemental Digital Content 1, http://links.lww.com/CCM/
F199) (3). Electrolytes are closely monitored in these patients, 
and IV supplementation (especially potassium and phosphate) 
is administered routinely to ensure that serious deficiencies are 
prevented.

Data included patient age, gender, weight, cause of ALF, 
APACHE III illness severity score, biochemical and hemato-
logic markers of liver injury, West Haven HE grade, CRRT 
mode, blood flow, ultrafiltration volume, duration of CRRT 
therapy, length of stay, and outcomes including bleeding, 
emergency liver transplant (ELT), and death. The design and 
reporting of this study are aligned with the Strengthening the 
Reporting of Observational Studies in Epidemiology recom-
mendations (15).

Statistical analyses were performed using IBM SPSS statis-
tics for Macintosh, version 25 (IBM, Armonk, NY) and SAS 
Version 9.4 (SAS Institute, Cary, NC). Continuous variables 
are expressed as medians with interquartile ranges (IQRs), cat-
egorical variables as frequencies with percentages. Continuous 
data were compared using Mann-Whitney U test. Categorical 
data were compared using chi-square or Fisher exact test where 
appropriate. Longitudinal data were assessed for normality 
and log transformed. Differences over time were then analyzed 

using mixed linear modeling fitting main effects for time and 
charted as geometric means with 95% CI. Spearman correla-
tion was used for assessing correlations between continuous 
variables. A p value of 0.05 or less was accepted as significant.

RESULTS
A total of 76 patients coded with ALF at ICU admission were 
admitted over the 5-year period. Of these, 22 patients were 
excluded according to our study protocol, including 13 patients 
with ALF who did not receive CRRT (Supplemental Fig. 1, Sup-
plemental Digital Content 2, http://links.lww.com/CCM/F200; 
legend, Supplemental Digital Content 7, http://links.lww.com/
CCM/F205). For completeness, a summary of baseline charac-
teristics, outcomes, electrolyte profile, platelet count, and am-
monia dynamics over time for these non-CRRT–treated ALF 
patients is provided in Supplemental Table 2 (Supplemental 
Digital Content 3, http://links.lww.com/CCM/F201), Supple-
mental Table 3 (Supplemental Digital Content 4, http://links.
lww.com/CCM/F202), and Supplemental Figure 2 (Supple-
mental Digital Content 5, http://links.lww.com/CCM/F203; 
legend, Supplemental Digital Content 7, http://links.lww.com/
CCM/F205), respectively.

Baseline Characteristics and Initial Clinical Test 
Parameters of CRRT-Treated Patients
Characteristics of ALF patients on the first day of ICU admis-
sion are summarized in Table 1. Patients were mostly young 
and female. Illness severity was high and paracetamol overdose 
accounted for the majority of cases.

Of study patients, 45 (83%) had high grade HE (West Haven 
grade ≥ 3) with elevated bilirubin levels, extreme elevations of 
transaminase levels, lactic acidosis, and increased international 
normalized ratio. Nearly half had a blood ammonia greater 
than 150 µmol/L. The median peak serum creatinine concen-
tration was modestly elevated (158 mmol/L [IQR, 102–266]), 
and the median urea concentration was within normal limits. 
At the time of CRRT commencement, 14 patients (26%) had a 
normal serum creatinine.

Lactulose was administered to 20 patients (37%). The me-
dian number of 20-g doses over 5 days was 8 (IQR, 6–13 doses). 
Only six patients received lactulose on day 1 in ICU, whereas 
seven patients received a total of 10 or more doses over 5 days. 
There were no significant differences in patient characteristics, 
critical care interventions, application of CRRT, proportional 
reductions in ammonia concentration, or clinical outcomes on 
the basis of lactulose use, even for those who received a higher 
total number of doses. Rifaximin was used in only two patients, 
and sodium benzoate was not used at all.

CRRT Management
Most CRRT-treated patients started therapy on their first ICU 
day, at a median of 4 hours (IQR, 2–4.5) from admission. By 
day 2 of their ICU admission, 52 of the 54 patients had com-
menced CRRT. Treatment was initiated later in two patients; 
one patient on their third ICU day and one patient on their 
fourth ICU day. Median treatment duration was 75 hours 
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(57–78) (Table 2). The majority of patients were treated with 
continuous venovenous hemodiafiltration (CVVHDF) and 
only one in five with continuous venovenous hemofiltration 
(CVVH). Similar number of patients received 2,000, 3,000, and 
4,000 mL/hr of effluent flow rate, with less than 10% treated 
at higher intensity. The median CRRT dose was 43 mL/kg/hr 
(IQR, 37–61). Anticoagulation was not used in most patients; 
however, 18 patients received a variety of regional and systemic 
anticoagulant strategies at some point during their treatment 
with CRRT (Table 2). Forty-eight patients (89%) required 
regular IV phosphate supplementation and 45 (83%) needed 

regular IV potassium replacement in order to avoid electro-
lyte depletion. Thrombocytopenia was common; 39 patients 
(70%) had a platelet count of less than 75 × 109/L documented 
at one or more time points. Details of serum phosphate, serum 
potassium, and platelet count for CRRT-treated patients are 
summarized in Supplemental Table 4 (Supplemental Digital 
Content 6, http://links.lww.com/CCM/F204).

Ammonia Dynamics
Median ammonia level decreased rapidly from day 1 to day 5 
(Fig. 1). The proportion of patients overall with a measured 
ammonia concentration greater than 150 µmol/L also fell on a 

TABLE 1. Characteristics of Acute Liver 
Failure Patients Treated With Continuous 
Renal Replacement Therapy in ICU

Characteristic
Patients
(n = 54)

Patient characteristics on the first  
day of ICU admission

 

 Baseline characteristics  

  Age (yr), median (IQR) 40 (32–47)

  Female, n (%) 42 (78)

  Height (cm), median (IQR) 166 (165–175)

  Weight (kg), median (IQR) 70 (61–80)

  Body mass index (kg/m2),  
median (IQR)

24 (22–29)

 Illness severity, median (IQR)  

  APACHE III score 78 (61–98)

  APACHE III risk of death 0.32 (0.17–0.54)

 Etiology of acute liver failure, n (%)  

  Acetaminophen overdose 46 (85)

  Nonacetaminophen overdose 8 (15)

 Grade of hepatic encephalopathy,  
n (%)

 

  West Haven grade 1 4 (7)

  West Haven grade 2 5 (9)

  West Haven grade 3 24 (44)

  West Haven grade 4 21 (39)

 APACHE III organ failure, n (%)  

  Acute renal failure 21 (39)

 Critical care interventions, n (%)  

  Mechanical ventilation 45 (83)

  Vasopressor infusion 45 (83)

  N-acetyl cysteine infusion 54 (100)

  Lactulose administration 20 (37)

(Continued )

Biochemical and hematologic  
parameters first day of admission

 

 Markers of liver injury  

  Peak bilirubin (µmol/L),  
median (IQR)

100 (66–128)

  Alanine aminotransferase (U), 
median (IQR)

5,350 (2,700–8,550)

  Aspartate aminotransferase (U), 
median (IQR)

7,300 (3,250–11,150)

  International normalized ratio, 
median (IQR)

4.5 (3.3–6.0)

  Ammonia (µmol/L), median (IQR) 142 (107–189)

  Ammonia > 150 µmol/L, n (%) 26 (48)

 Markers of renal failure, median (IQR)  

  Peak creatinine (µmol/L) 158 (102–266)

  Peak urea (µmol/L) 6.3 (3.7–11.0)

 Patients with normal creatinine at 
commencement of continuous 
renal replacement therapy, n (%)

 

  Men < 110 µmol/L 14 (26)

  Women < 90 µmol/L

 Markers of illness severity,  
median (IQR)

 

  Lactate (mmol/L) 5.6 (3.4–9.3)

  Nadir bicarbonate (mmol/L) 16 (13–20)

  Sodium (mmol/L) 138 (134–140)

  Albumin (g/L) 27 (23–29)

APACHE = Acute Physiology and Chronic Health Evaluation,  
IQR = interquartile range.
Data presented as n (%) or median (IQR).

TABLE 1. (Continued). Characteristics of 
Acute Liver Failure Patients Treated With 
Continuous Renal Replacement Therapy 
in ICU

Characteristic
Patients
(n = 54)

http://links.lww.com/CCM/F204
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daily basis, with the greatest reduction occurring in the initial 
2 days with no patient having extreme hyperammonemia by 
day 5 (Fig. 2).

The median proportional reduction in blood ammonia 
concentration from the first to second day in ICU was 0.21 
(IQR, 0.12–0.30) and 0.44 (IQR, 0.33–0.57) to day 3 and 0.63 
(IQR, 0.57–0.63) to day 5. There was trend toward a positive 
correlation between CRRT treatment dose and the propor-
tional reduction in ammonia concentration between day 1 and 
2 (r

s
 = 0.249; p = 0.07), and it was the overall cumulative dura-

tion (hours) of CRRT treatment that was the significant con-
tributing factor (r

s
 = 0.299; p = 0.03), rather than the hourly 

intensity of CRRT therapy (r
s
 = 0.159; p = 0.26). There were no 

differences on the basis of CRRT technique.

To explore whether ammonia clearance may be somewhat 
gradient dependent, we compared ammonia dynamics between 
patients with extreme hyperammonemia (> 150 µmol/L) and 
therefore at highest risk of neurologic complications and those 
with lower levels. Patients with extreme hyperammonemia 
demonstrated greater proportional reductions in median am-
monia concentration over all measured time intervals. From 
the first day to the fifth day, the proportional reduction in am-
monia concentration for patients with extreme hyperammo-
nemia was 0.70 (IQR, 0.61–0.73) versus 0.60 (IQR, 0.35–0.66) 
(p = 0.005) in those without such high levels, despite no signif-
icant differences in overall CRRT dose.

To evaluate the possibility that spontaneous recovery with 
hepatic regeneration might contribute to reductions in am-
monia levels over time, we compared ammonia dynamics 
between acetaminophen-related ALF ELT-free survivors 
with ELT-free nonsurvivors. Acetaminophen ALF ELT-free 

TABLE 2. Details of Continuous Renal 
Replacement Therapy

Details of CRRT 
Management Characteristic

Patients  
(n = 54)

Timing of  
CRRT, hr, 
median (IQR)

Time from admission to 
CRRT

4.0 (2.0–4.5)

Cumulative duration  
of CRRTa

75 (57–78)

CRRT mode,  
n (%)

Continuous venovenous 
hemodiafiltration

42 (78)

Continuous venovenous 
hemofiltration

12 (22)

Blood flow,  
mL/min,  
n (%)

Blood flow 200 51 (94)

Blood flow 250 2 (4)

Blood flow 300 1 (2)

Ultrafiltration 
volume,  
mL/hr, n (%)

Ultrafiltrate rate 2,000 13 (24)

Ultrafiltrate rate 3,000 19 (35)

Ultrafiltrate rate 4,000 18 (33)

Ultrafiltrate rate 5,000 5 (9)

CRRT dosing,  
mL/kg/hr,  
median (IQR)

CRRT hourly rate 43 (37–61)

Anticoagulation 
during CRRT, 
n (%)

No anticoagulation 36 (67)

Unfractionated heparin 1 (2)

Unfractionated heparin +  
protamine (regional)

10 (19)

Unfractionated heparin + 
epoprostenol

6 (11)

Citrate (regional) 1 (2)

CRRT = continuous renal replacement therapy, IQR = interquartile range.
a Cumulative total time on CRRT up to day 5 of ICU admission (i.e., excludes 
time in ICU prior to CRRT commencement and time after CRRT final 
cessation, as well as intervals between treatments that were interrupted by 
technical problems, filter clotting, and patient transfers to radiology, operating 
room, and bed moves). The number of patients who received CRRT on each 
ICU day was as follows: day 1: 41; day 2: 52; day 3: 46; day 4: 44; and day 
5: 39.

Data presented as median (IQR) and n (%).

Figure 1. Ammonia dynamics over 5 d of treatment with continuous renal 
replacement therapy in acute liver failure. p < 0.0001. Geometric means 
of log transformed data. Error bars indicate 95% CI.

Figure 2. Proportion of patients with measured extreme 
hyperammonemia (> 150 µmol/L) over 5 d in ICU.



Copyright © 2019 by the Society of Critical Care Medicine and Wolters Kluwer Health, Inc. All Rights Reserved.

Clinical Investigation

Critical Care Medicine www.ccmjournal.org 5

survivors demonstrated a greater proportional reduction in 
ammonia concentration between day 3 and day 5 than ELT-free 
nonsurvivors (0.39 [IQR, 0.10–0.52] vs 0.03 [IQR, 0.14–0.26]; 
p = 0.05) and also a lower absolute ammonia concentration 
on day 5 (48 µmol/L [IQR, 40–68] vs 65 µmol/L [IQR, 69–92]; 
p = 0.02). No other significant differences were evident be-
tween these subgroups in terms of CRRT dosing or ammonia 
dynamics.

Patient Outcomes
Despite reductions in hyperammonemia, most patients 
did not demonstrate obvious neurologic recovery during 
the initial 5 days of ICU management. The Glasgow Coma 
Scale (GCS) score remained low in the majority of patients 
even after several days of CRRT (median GCS = 7 on day 5 
[IQR, 5–13]).

Outcomes for ALF patients are summarized in Table 3. 
Bleeding episodes occurred in six patients and all involved 
the gastrointestinal tract. One patient required a gastroscopy, 
whereas the rest were minor in nature and required clotting 
factor administration only. The median ICU length of stay was 
10 days (IQR, 6–15), and overall hospital length of stay was 
17 days (IQR, 11–28). Less than one in 10 patients underwent 
ELT, and over three-quarters of all patients were discharged 
alive from ICU. All deaths except one occurred within the ICU. 
In total, 65% of patients were discharged from hospital alive 
and without ELT.

Details of non-CRRT–treated ALF patients are summa-
rized in Supplemental Table 2 (Supplemental Digital Content 
3, http://links.lww.com/CCM/F201) and Supplemental Table 3 
(Supplemental Digital Content 4, http://links.lww.com/CCM/
F202). In summary, these patients had lower markers of ill-
ness severity, required fewer interventions, and all survived to 

hospital discharge. The pattern of ammonia dynamics was dif-
ferent, in that early reductions of ammonia levels were minor 
and substantive proportional reductions took longer to occur 
(Supplemental Fig. 2, Supplemental Digital Content 5, http://
links.lww.com/CCM/F203; legend, Supplemental Digital 
Content 7, http://links.lww.com/CCM/F205).

DISCUSSION

Key Findings
We studied CRRT practice in a referral center for liver disease 
focusing on its effect on ammonemia. We found that CRRT was 
started early with effluent rates above 40 mL/kg/hr. Second, in 
association with such therapy, ammonia concentrations were 
rapidly reduced to levels considered safe. The greatest propor-
tional reduction occurred in those with ammonia concentra-
tions recognized as at highest risk for neurologic injury (7). 
Furthermore, the cumulative dose was the most important fac-
tor in achieving these reductions and was mostly dependent on 
CRRT duration. Although 37% of patients received lactulose, 
administration was relatively infrequent in most and the cu-
mulative dose was small. There was no impact on ammonia 
concentration based on lactulose administration.

Comparisons With Previous Studies
Until now, the dynamics of ALF-induced hyperammonemia 
and use of RRT have not been investigated in detail. Cardoso 
et al (11) used the Acute Liver Failure Study Group database 
to retrospectively review 61 ALF patients treated with CRRT, 
finding a 38% reduction in ammonia levels in the first 2 days 
of treatment. However, the indication for starting CRRT, the 
timing of commencement in relation to ICU admission, and 
the modality and hourly dosing intensity of CRRT were not 
reported. In the United Kingdom, Slack et al (12) investi-
gated ammonia clearance in both ALF (n = 10) and chronic 
liver disease populations. They found that CRRT resulted in 
a 22% reduction in levels within the first 24 hours and that 
ammonia clearance closely correlated with effluent flow rate. 
Our study demonstrated greater ammonia reduction over the 
first 24-hour and 72-hour periods with CRRT than the above 
studies. This may be due to the early commencement of RRT, 
a cohort only of ALF patients and possibly less circuit down-
time (16).

Slack et al (12) used continuous hemofiltration at both high 
exchange (90 mL/kg/hr) and low effluent flow rate (35 mL/kg/
hr), demonstrating that ammonia clearance was positively 
associated with effluent flow rates. This is in contrast to our 
study (solely in ALF patients) which did not demonstrate an 
association with hourly CRRT exchange rates during the first 
5 days of therapy. However, the variability of hourly effluent 
dose in our study was much less than in the study by Slack et 
al (12) A subgroup analysis of a large multicenter randomized 
controlled trial, comparing a 40 versus 25 mL/kg/hr exchange 
rate, which focused on patients with liver and renal dysfunc-
tion, found no significant differences in outcome (17). In con-
trast, a recent report from Japan suggested that 80% of patients 

TABLE 3. Outcomes of Acute Liver Failure 
Patients Treated With Continuous Renal 
Replacement Therapy

Outcomes  

Bleeding episode, n (%) 6 (11)a

ICU length of stay (d), median (IQR) 10 (6–15)

Hospital length of stay (d), median (IQR) 17 (11–28)

Emergency liver transplantation, n (%) 5 (9)

Survived ICU, n (%) 41 (76)

Survived hospital, n (%) 40 (74)

Emergency liver transplant–free survival, n (%) 35 (65)

IQR = interquartile range.
a All bleeding episodes involved the gastrointestinal tract: oral mucosa 1, lower 
gastrointestinal tract 1, upper gastrointestinal tract 4 (one of which occurred 
prior to continuous renal replacement therapy [CRRT]). Only one patient 
with bleeding was receiving anticoagulation for CRRT (regional approach 
using unfractionated heparin and protamine). No bleeding episode required 
intervention beyond clotting factor administration except for one patient who 
underwent gastroscopy.

Data presented as median (IQR) and n (%).

http://links.lww.com/CCM/F201
http://links.lww.com/CCM/F202
http://links.lww.com/CCM/F202
http://links.lww.com/CCM/F203
http://links.lww.com/CCM/F203
http://links.lww.com/CCM/F205
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with ALF underwent this therapy and 90% recorded neuro-
logic improvement (18). However, in this study, patients had 
a lower grade of encephalopathy and also received plasma ex-
change. Various studies have used, individually or in combina-
tion, intermittent hemodialysis (11, 17), CRRT (as CVVHDF 
or CVVH) (12, 19), and sustained low efficiency dialysis to 
target ammonia removal (20). There are theoretical advantages 
to the use of CVVHDF in preference to CVVH to optimize 
solute clearance (21), and it is possible that our study was un-
derpowered to detect this. However, our findings suggest that if 
such a difference exists between these modes, it may be small in 
magnitude and of limited clinical significance. None-the-less, 
in instances where hyperammonemia is extreme or a patient is 
especially vulnerable, it may be reasonable to deliberately pro-
vide a higher intensity of CRRT in order to lower ammonia 
levels as quickly as possible.

There is also no consensus as to what threshold of ammonia 
constitutes a safe level. In this regard, a recent international 
survey of major ALF and transplant centers in Europe indi-
cated that only 50% of centers initiated RRT for the manage-
ment of hyperammonemia (22)

.
 Small studies have suggested 

that values greater than 150 µmol/L (normal < 35 µmol/L) are 
associated with poor neurologic outcomes and should be used 
as intervention thresholds (7). Our findings suggest that once 
treatment has commenced, it may be reasonable to target lev-
els similar to those achieved by day 5 in our study (median 
ammonia concentration of 52 µmol/L [IQR, 42–70]). This 
appears achievable in most patients and it seems improbable 
that such near-normal levels would be associated with neuro-
logic injury. Although it is difficult to compare retrospective 
studies, our study demonstrates lower hospital mortality and 
transplant rates compared with similar studies in Europe and 
North America despite comparable illness severity.

Study Implications
Our study implies that a rapid reduction in ammonia levels can 
be achieved with CRRT at the dose reported in our study. Fur-
thermore, our study implies that to achieve a rapid reduction 
of ammonia to safe levels requires initiation of CRRT within 
a few hours of ICU admission and specific targeting of am-
monia, irrespective of renal function. Finally, by demonstrat-
ing a relationship between cumulative duration of CRRT and 
correction of hyperammonemia, our study implies that both 
early intervention and extended treatment may offer a useful 
option for the control of hyperammonemia in ALF patients.

Study Limitations and Strengths
Our study has several strengths. It is the second largest case 
series of CRRT in ALF patients. It is the only one to present 
details of dose, duration, modality, and impact on ammonia 
levels over time. It demonstrates that even in a cohort of very 
acutely ill patients with ALF, ammonia control and reduction 
to clearly safe levels are rapidly achievable and can be sus-
tained. By demonstrating the feasibility and safety of very early 
intervention even in the presence of normal serum creatinine 
levels within a few hours of ICU admission, and a relationship 

between duration of therapy and cumulative dose, it provides 
evidence in favor of targeting ammonia levels as soon as pos-
sible and for as long as necessary. An important safety consid-
eration is that diligent monitoring and proactive treatment of 
electrolyte depletion are essential.

There are also a number of limitations in our study that 
warrant consideration. It is a relatively small, single-center, ret-
rospective study. However, ALF is an uncommon disease and 
only one slightly larger study has previously addressed this 
issue. Also, patient follow-up was only to hospital discharge. 
However, all major clinical events for these patients occur in 
ICU or in hospital; thus, long-term follow-up is unlikely to 
provide crucial additional information in relation to CRRT 
in ALF patients. We did not measure ammonia clearance. 
However, irrespective of clearance, it is the change in blood 
levels of ammonia that is relevant to patient safety. In this re-
gard, we present the most extensive description of ammonia 
levels and changes over time during CRRT and demonstrate 
the association of treatment hours with such levels.

It is possible that spontaneous recovery through hepatic 
regeneration is a partial explanation for the reduction in am-
monia concentrations we observed, and the findings of greater 
proportional reductions over for acetaminophen ALF ELT-free 
survivors support this hypothesis; future studies are required 
to further evaluate this possibility.

We also note that patients did not often become wakeful 
during the period we studied. Due to the complexity of crit-
ical illness in ALF, recovery to a lucid state may not occur dur-
ing the initial treatment period; however, the rationale for our 
approach is based on the concept that the prevention of cere-
bral edema and avoidance of long-term neurologic complica-
tions or death still justify an approach that targets ammonia.

The ammonia dynamics we observed during CRRT were 
achieved in the context of an established guideline for man-
aging ALF that is applied to all relevant patients in our ICU. 
Patient safety and overall outcomes in critical illness are rarely 
determined by a single specific intervention and it is likely that 
CRRT is but one important component of a complex process 
of care. Our study is observational; thus, causative inferences 
are only speculative. However, ALF is a rare life-threatening di-
sease, and hyperammonemia is a major contributor to cerebral 
edema, which in turn can be lethal. In contrast, early and sus-
tained CRRT is safe and, when it is performed with hyperam-
monemia correction as its target, ammonia levels fall to safe 
concentrations in a manner related to cumulative dose.

CONCLUSIONS
We conducted a retrospective study of CRRT in ALF and its 
impact on ammonia levels. We demonstrated a rapid reduction 
in ammonia levels during CRRT. We also demonstrated that 
such reduction to safe levels occurred in the setting of early in-
itiation of CRRT, specifically, within a few hours of ICU admis-
sion and with direct targeting of ammonia irrespective of renal 
function. Finally, by demonstrating a relationship between the 
cumulative duration of CRRT and the correction of hyperam-
monemia, our study provides evidence that early intervention, 
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a dose greater than 40 mL/kg/hr of effluent flow rate, and con-
tinued treatment to deliver a high cumulative dose represent 
an evidence-based option for the correction and subsequent 
control of hyperammonemia in ALF patients.
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Acute liver failure (ALF) is a relatively uncommon 
reason for admission to intensive care in Australia, 
with approximately 50 patients cared for annually1. 
These patients tend to be young, have good pre- 
morbid health and yet are dramatically ill. Mortality 
rates with best supportive care have been reported 
as up to 80%2,3, and liver transplantation is the only 
proven treatment for patients dying of ALF4,5. Co-
ordinated management strategies have not been well 
studied and treatment is often centre-specific6. Severe 
cerebral oedema is a key clinical problem and a major 
cause of death in ALF7–10. Important risk factors and 
underlying pathophysiological processes have been 
identified, which may contribute to cerebral oedema 
complicating severe hepatic encephalopathy11. No 
single element of current treatment strategies is likely 
to provide demonstrable improvements in patient 
outcome when evaluated in isolation. However, it 
is possible that the co-ordinated implementation of 

a multimodal ‘bundle of care’ targeting the patho-
physiology of cerebral oedema would protect such 
patients from a neurological death.

Pathophysiology of cerebral oedema in ALF
Brainstem herniation is a common cause of death 

in ALF2,12,13 and occurs because of severe cerebral 
swelling causing refractory intracranial hyperten-
sion14. Classic features of severe cerebral oedema 
with resultant intracranial hypertension are difficult 
to reliably detect in the context of hepatic coma15,16,  
and it is reasonable to assume its presence in the 
deeply encephalopathic patient and treat in a pro-
active manner to prevent neurological death.

The pathophysiology of ALF-associated cerebral 
oedema is complex, but the accumulation of metabolic 
toxins, especially ammonia, is considered a key 
factor11,17,18. Loss of cerebral vascular autoregulation 
is a second important contributing process19,20. Both 
are amenable to therapeutic intervention18,19,21–24, and 
the application of a synergistic suite of interventions 
that impact on several steps of this process is likely to 
confer benefit18.

Toxic injury to astrocytes
ALF results in the accumulation of a range of 

neurotoxins, especially ammonia. Ammonia is a key 
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Special Article
Preventing cerebral oedema in acute liver failure: the case 
for quadruple-H therapy
S. J. WARRILLoW*, R. BELLoMo†
Department of Intensive Care, Austin Health, Heidelberg, Victoria

SuMMARy
Severe cerebral oedema is a life-threatening complication of acute liver failure. Hyperammonaemia and cerebral 
hyperaemia are major contributing factors. A multimodal approach, which incorporates hyperventilation, 
haemodiafiltration, hypernatraemia and hypothermia (quadruple-H therapy), may prevent or attenuate severe 
cerebral oedema. This approach is readily administered by critical care clinicians and is likely to be more 
effective than the use of single therapies. Targeting of PaCo2 in the mild hyperventilation range, as seen in acute 
liver failure patients before intubation, aims to minimise hyperaemic cerebral oedema. Haemodiafiltration  
aims to achieve the rapid control of elevated blood ammonia concentrations by its removal and to reduce 
production via the lowering of core temperature. The administration of concentrated saline increases serum 
tonicity and further reduces cerebral swelling. In addition, the pathologically increased cerebral blood-flow 
is further attenuated by therapeutic hypothermia. The combination of all four treatments in a multimodal 
approach may be a safe and effective means of attenuating or treating the cerebral oedema of acute liver failure 
and preventing death from neurological complications.

Key Words: cerebral oedema, acute liver failure 
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Figure 1: The hepatic urea cycle is responsible for the majority of ammonia detoxification and hyper-
ammonaemia is inevitable in the case of extreme loss of liver function. NH3=ammonia, NH4

+=ammonium.

Figure 2: Hyperammonaemia from acute liver failure causes cerebral oedema through cerebral 
vasodilation, astrocyte swelling and an increase in interstitial fluid volume. The processes involve increases 
in glutamate concentrations, loss of regulation over crucial enzymes (such as alpha-ketoglutarate and 
lactate dehydrogenase) and mitochondrial dysfunction. CoX=cyclooxygenase, PG=prostaglandins, 

iNoS=inducible nitric oxide synthase,  No=nitric oxide, NH3=ammonia.
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waste product of nitrogen metabolism. The liver 
accounts for the majority of ammonia detoxification 
via the urea cycle and is the major route of clearance25 
(Figure 1). Increased blood ammonia levels cause 
ammonia concentrations within the brain to rise due 
to its ready passage across the blood-brain barrier 
(BBB) via diffusion and through ion channels. High 
levels of ammonia within the brain cause neuro-
excitation and astrocyte swelling via increased 
glutamine production and release. other cellular 
functions adversely affected by high ammonia levels 
within the astrocyte include calcium regulation, 
enzymatic function, free radical generation, 
protein synthesis and mitochondrial performance29  
(Figure 2). While blood ammonia concentrations 
may have a non-linear and somewhat unpredictable 
relationship with the severity of encephalo-
pathy in chronic liver disease26, very high levels  
(>117 μmol/l) have been shown to be highly 
associated with the development of severe cerebral 
oedema and severe intracranial hypertension in 
ALF27. Other identified risk factors for progression 
to intracranial hypertension in the setting of severe 
encephalopathy include prolonged elevations 
in blood ammonia concentrations, younger age, 
need for renal replacement therapy and need for 
vasoactive infusions11. The explanation as to why 
patients with decompensated cirrhosis infrequently  
develop significant cerebral oedema presumably 
relates to astrocyte adaptation in chronic hyper-
ammonaemia28. ALF also results in increasing 
concentrations of many other central nervous system 
(CNS) depressants, false neurotransmitters and in-
flammatory mediators, which reduce consciousness. 
While these are likely to worsen encephalopathy 
and coma, their contribution to cerebral oedema is 
less well understood29. Importantly, however, most, if  
not all, of these mediators are small water-soluble 
solutes, which may be removed by extracorporeal 
therapy.

Vasogenic oedema
Cerebral blood flow (CBF) is normally tightly 

regulated across a wide range of systemic arterial  
blood pressures. Patients with chronic hepatic ence-
phalopathy have a reduced cerebral metabolic rate 
(CMR) and concordantly lower CBF. Hepatic ence- 
phalopathy from ALF, however, is associated 
with relative or absolute increases in CBF despite 
progressive coma19. In the case of severe hepatic 
encephalopathy from ALF, loss of autoregulatory 
control of CBF results in marked hyperaemia30, 
which, coupled with ammonia-induced disruption 
of tight junctions throughout the BBB, causes 

seepage of plasma constituents into the cerebral 
interstitium31. Several mechanisms appear to underlie 
the development of cerebral hyperaemia32. These 
include increases in neuronal nitric oxide synthase 
activity resulting in excessive production of nitric 
oxide33, as well as alterations in the activity of other 
vasodilatory mediators such as prostaglandins and 
other eicosanoids19,34 (Figure 2). This pattern of an 
absolute and relative increase in CBF (above that 
driven by systemic arterial blood pressure or required 
for CMR) is characteristic of ALF-associated severe 
encephalopathy and does not generally occur in 
the context of decompensated chronic cirrhosis35. 
Because increased CBF is an important contributing 
factor in the development of cerebral oedema, 
the pursuit of increased systemic arterial blood 
pressure to achieve a designated cerebral perfusion 
pressure may paradoxically be deleterious. This 
is in contrast to the neuro-critical care of patients 
with CNS injury resulting from severe, closed head 
injury or from subarachnoid haemorrhage, where 
vasospasm and cerebral ischaemia may be important 
pathophysiological factors36.

Monitoring and measurement of cerebral status in ALF
The development of severe cerebral oedema ine-

vitably results in elevations of intracranial pressure.  
once the relatively modest buffering mechanisms 
are exhausted, intracranial pressure increases as 
per the Monro-Kellie hypothesis. Predictive factors 
for intracranial hypertension include Grade III 
or IV encephalopathy (which will be present in 
many patients requiring intubation for ALF) and 
very high levels of blood ammonia27. Features of 
very high intracranial pressure include deep coma, 
hypertension, bradycardia, dilated pupils and 
abnormal posturing in response to a painful stimulus. 
However, such findings are not universal and are, 
furthermore, unlikely to be clear-cut in the context 
of a shocked patient exhibiting multiple organ 
failure. These complexities of clinical assessment 
make accurate determinations of neurological status 
extremely challenging in ALF patients, and a range of 
strategies have been utilised in an attempt to provide 
an objective guide. Such strategies frequently include 
direct measurement of intracranial pressure via 
invasive catheters or solid-state devices. Alternative 
approaches include techniques which attempt in- 
direct measures of cerebral perfusion and oxygenation, 
such as jugular venous bulb saturation monitoring, 
near infrared spectroscopy and transcranial Doppler 
ultrasound. However, none of these approaches have 
been shown to favourably impact on outcome and the 
measurement data obtained are not always readily 
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interpretable for guiding management decisions. 
Furthermore, invasive modalities have uncertain in-
dications and no proven mortality benefit for patients 
with intracranial hypertension due to liver failure37,38 
or in other contexts39, and yet carry potential risks for 
these coagulopathic patients (Figure 3). 

Electroencephalography has been proposed as a 
means of detecting subclinical seizures and ischaemia 
in patients with severe hepatic encephalopathy40. 
Computed tomography may not demonstrate ab-
normalities until oedema and increases in pressure 
are advanced41, but is indicated if focal deficits 
are evident clinically, especially to exclude the  
rare complication of spontaneous intracranial haem-
orrhage secondary to coagulopathy. 

Management of cerebral oedema and intracranial 
hypertension

Given the relatively small number of patients 
presenting with severe ALF at risk of cerebral oedema, 
conducting adequately sized trials to determine the 
impact of specific single interventions on outcome 
is difficult18,42,43. Nonetheless, a suite of supportive 
therapies with biologically plausible mechanisms that 
target key pathophysiological processes may provide 
protection11. These are additional to conventional 
neurological nursing care such as head elevation, a low 
stimulus environment and avoidance of upper body 
venous congestion44. Delayed attempts to address 
severe hyperammonaemia and associated severe 
cerebral oedema may result in treatment failure if 
neurological injury has progressed to the point where 
a harmful positive feedback cycle of progressive 
damage is established.

A range of physical and pharmacological inter-
ventions have been proposed for treating cerebral 
oedema and many have been subjected to small studies 
to assess efficacy. While several provide benefit, 
the clinical significance of their impact has been 
questioned45. This may be because strategies based 
upon a single approach address only some aspects of 
the complex pathophysiological pathways involved.  
It is logical that a more comprehensive approach which 
combines hyperventilation, induced hypothermia, 
therapeutic hypernatraemia and haemodiafiltration 
to target several aspects of the underlying problems 
would be more effective19. 

Hyperventilation
Patients with severe ALF routinely hyperventilate 

spontaneously, even when in advanced states of 
encephalopathy42. It is crucial that this phenomenon  
is appreciated at the time of intubation and initia-
tion of mechanical ventilation in order to avoid 
inadvertent relative or absolute hypercapnia. Min-

ute ventilation volumes should be set which target a 
PaCo2 equal to that present prior to intubation. At 
the very least, PaCo2 should be maintained at the 
lower end of the normal range (35 mmHg)6. More 
extreme hyperventilation is not recommended as 
a routine management strategy42. Hyperventilation 
reduces intracranial hypertension via changes in 
pH of the cerebral interstitial fluid, which induces 
cerebral vasoconstriction46. Given that cerebral 
hyperaemia is a hallmark of ALF, some reduction 
in CBF from mild hyperventilation is theoretically 
beneficial and appears to be safe24,47. The reduction 
of intracranial pressure (ICP) resulting from more 
extreme hyperventilation is transient and subsequent 
normalisation of PaCo2 may result in rebound 
increases of ICP to disastrous levels48. Aggressive 
hyperventilation should therefore be reserved only 
for otherwise refractory major elevations of ICP. The 
reactivity of cerebral blood vessels to manipulation 
in PaCo2 is preserved in ALF encephalopathy, and 
some degree of autoregulation may be restored 
through increased minute volume without adversely 
impacting cerebral oxidative metabolism24.

Haemodiafiltration
Continuous renal replacement therapy (CRRT) 

provides a range of benefits for patients with ALF-
associated cerebral oedema. Renal failure is very 
common in ALF, from either the initiating insult 
(e.g. severe paracetamol toxicity is directly injurious 
to the renal tubule), or from the associated systemic 

Figure 3: Inadvertent placement of a solid-state intracranial 
pressure monitor into the brain parenchyma of the right frontal 
lobe, with resultant small haemorrhage adjacent to the tip.
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inflammatory response and vasodilatory shock49. 
CRRT has, therefore, been primarily considered as 
a means of addressing the direct consequences of 
renal failure itself, but its benefits might be broader. 
Haemodiafiltration may actually be a crucial part  
of a comprehensive neuroprotective strategy and 
should be commenced early, rather than waiting for 
manifest evidence of renal failure (e.g. refractory 
oliguria). In this regard, CRRT probably has its 
greatest impact through clearance of ammonia, and 
its intensity should be modulated to achieve adequate 
control of hyperammonaemia. 

Ammonia has similar electrochemical kinetics to 
urea in terms of diffusive and convective clearance 
techniques, with both modalities being effective50–52. 
Dialytic therapies appear modestly more effective 
than convective techniques and for patients with 
extreme levels of hyperammonaemia. Prolonged 
dialysis, using modalities such as Slow Low Efficiency 
Dialysis or hybrid modes (such as diafiltration), may 
be useful22. However, temporary cessation of therapy 
is not logical in these patients, making intensive 
CRRT a more rational approach. The intensity of 
therapy is important and the ‘dose’ of therapy should 
be directed to achieve effective reductions of blood 
ammonia to as close as possible to normal levels 
(less than 60 to 70 μmol/l). For convective clearance, 
this generally equates to 40 to 50 ml/kg/hour of 
CRRT intensity. In addition to early application 
and intensity of therapy, it is important to minimise 
interruptions of CRRT in order to ensure continuity 
of ammonia clearance and exposure to the other 
benefits provided by the treatment. Many patients 
do not require anticoagulation, as severe liver failure 
is usually associated with a coagulopathic state. 
Heparin administration does not improve filter life, 
and bleeding complications associated with CRRT 
are relatively frequent53. Ensuring high rates of 
blood-flow (200 to 300 ml/minute) and introducing 
some replacement fluid as a diluent pre-filter during 
haemofiltration are effective means of reducing the 
likelihood of clot forming within the CRRT circuit54. 

CRRT is also an extremely effective way of inducing 
hypothermia and controlling core temperature within 
a tight therapeutic range. Ensuring that the CRRT 
machine’s heater unit is turned off is a necessary 
step in this strategy, and clinicians must monitor true  
core temperature carefully during periods where 
CRRT is interrupted. CRRT also allows a degree of 
additional control of serum electrolytes, fluid balance 
and acid-base physiology. In particular, CRRT allows 
complete and continuous control of fluid balance.  
This is important because the administration of 

blood and/or blood products is common in ALF 
and can easily lead to fluid overload that, in turn, 
can contribute to pulmonary and cerebral oedema. 
The maintenance of a near-neutral fluid balance is 
another important step aimed at minimising the risk 
of cerebral oedema. Clinically important uraemia  
is rare in severe ALF55. Extreme degrees of liver 
failure inevitably lead to major reductions in urea 
production through loss of the hepatic contribution 
to the urea cycle. The early initiation of high-
intensity CRRT ensures that urea levels rarely rise 
far above the normal range. A requirement for 
phosphate administration is common to avoid serious 
hypophosphataemia, especially if higher intensity 
CRRT is applied and if liver regeneration occurs. 
Phosphate levels should be monitored at least twice 
daily, and supplemental phosphate (approximately  
60 to 80 mmol/day) is typically needed.

Intermittent haemodialysis should not be used 
in ALF as, in the setting of cerebral oedema56,57, the 
resultant loss of continuous control over hyper- 
ammonaemia, sodium concentration, core temper-
ature and fluid balance could be highly detrimental.  
In addition, most patients with ALF are in an advan-
ced state of shock and do not tolerate the circulatory 
effects of intermittent dialysis58.

Hypernatraemia
osmotherapies for cerebral oedema rely on some 

degree of integrity within the BBB in order to exert 
a beneficial effect. By increasing serum tonicity, the 
administration of concentrated saline induces the 
egress of water from brain tissue into the bloodstream. 
Sodium has a slightly higher reflection coefficient than 
mannitol (1.0 versus 0.9) and is effective in inducing 
cerebral dehydration. Hypertonic saline may also 
expand the circulating volume without contributing 
to an overall positive fluid balance59. Microcirculatory 
benefits as well as modification of the inflammatory 
response within the CNS may also be important 
mechanisms of cerebral protection with hypertonic 
saline60. By stabilising cell membranes, maintenance 
of the BBB integrity is also improved61, therefore also 
reducing the propensity of plasma water to move 
into the brain interstitium during hyperaemic states. 
osmotherapy using concentrated saline may improve 
cerebral vasoregulation by reducing blood viscosity 
and decreasing endothelial oedema, thus lowering 
capillary resistance62. These rheological effects may 
secondarily lead to cerebral vasoconstriction63. Such 
a mechanism would be advantageous in the context  
of the pathologically elevated cerebral blood-flow 
seen in severe hepatic encephalopathy.
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Therapeutic hypernatraemia may be readily 
achieved by a continuous infusion of hypertonic 
saline. Continuous infusion of 20% sodium chloride 
via a dedicated central line lumen allows a low volume 
to be given, is easily titratable and can be dosed 
according to serum sodium measurements obtained 
via point-of-care arterial blood gas analysis. Serum 
sodium concentrations maintained between 145 to 
155 mmol/l via the administration of concentrated 
saline appear to be beneficial and safe, with little 
risk of deleterious metabolic or circulatory adverse 
consequences64. 

Mannitol has similar initial benefits on elevations 
on ICP in ALF and has been used for over 30 years.  
In the setting of clinical findings consistent with 
severely elevated intracranial pressure or ICP 
measurements >25 mmHg, the commonly recom-
mended bolus dose is 0.5 to 1.0 g/kg. However, it is 
potentially problematic due to the risk of delayed 
worsening of cerebral oedema if it enters into brain 
tissue through a damaged BBB after repeated 
dosing and induces a ‘reverse’ osmotic gradient. For 
patients with persisting urine output, there is also the 
theoretical risk of an uncontrolled osmotic diuresis 
and resultant hypovolaemia, which could worsen 
any existing shocked state. The use of mannitol in a 
prophylactic manner has not been studied.

Hypotonic fluids should always be avoided in 
patients with cerebral oedema. If a patient with 
ALF requires administration of intravenous glucose  
to prevent hypoglycaemia, concentrated solutions 
given via a dedicated central line lumen are preferred.

Hypothermia
The deliberate lowering of core body temperature 

has been utilised for a range of neurological cond- 
itions and is now a well-established means for 
preventing secondary brain injury in survivors of 
cardiac arrest65. As such, it is readily and safely 
applied to critically ill patients worldwide66. Several 
explanations have been proposed regarding the 
beneficial effects observed in the cerebral oedema of 
ALF67–75. Hypothermia slows basal metabolic rate76, 
attenuates proteolysis77, reduces ammonia production 
by intestinal flora78 and hence, reduces splanchnic 
ammonia production. Cerebral ammonia levels are 
reduced through decreased cerebral ammonia uptake 
and production within the CNS79. Astrocyte gluta- 
mate transporter function is also improved after 
reductions in brain ammonia levels, resulting in red- 
uced neuro-excitation through normalisation of 
glutamate neurotransmitter inactivation69. Cerebral 
cytokine production and oxidative stress are also 
diminished with hypothermia, reflecting reduced 

inflammation and maintenance of aerobic meta-
bolism19. Hypothermia also ameliorates cerebral 
hyperaemia so that the vasogenic contribution to 
cerebral oedema is significantly attenuated80.

Most studies in severe ALF-associated cerebral 
oedema have targeted a core temperature range of 
32°C to 33°C, but higher targets of up to 35°C are also 
effective80,81 and may be safer. Lower temperatures 
may provide further cerebral protection, but with 
an increased theoretical risk of complications such 
as immunosuppression and sepsis78. External cooling  
is usually effective, possibly in part due to the 
generalised vasodilation present in most patients with 
ALF. At the initiation of therapy, muscle relaxants 
may be required to prevent shivering. Sedation 
requirements are variable and may be reduced 
due to the existing encephalopathic state. Servo-
controlled cooling blankets are very effective, as is 
the application of continuous renal replacement 
therapy, during which the blood warmer module can  
be turned off. Fever must be carefully avoided 
to prevent exacerbating cerebral complications82.  
The necessary duration of therapy can be difficult to 
know and depends on the need and timing for trans- 
plantation or recovery in some cases (e.g. paracetamol-
induced ALF). Periods of up to five days of therapeutic 
hypothermia have been suggested as safe83. Carefully 
controlled re-warming can be guided by evidence of 
general recovery in the context of normal (or near 
normal) blood ammonia levels and should occur 
over 48 to 72 hours to prevent rebound increases in  
ICP. Continuous monitoring of core temperature 
using a thermistor-tipped bladder catheter or similar 
device is necessary to achieve the required precision 
of thermal measurement.

RESCuE THERAPIES FoR REFRACToRy 
CEREBRAL oEDEMA 

Deep sedation and muscle relaxants
Most patients with high-grade hepatic ence-

phalopathy do not require deep sedation, but 
occasionally agitation and neuromuscular irritability 
can interfere with some components of treatment 
and contribute to worsening intracranial pressure. 
Transient improvement may be obtained through 
deepening of sedation and the administration of 
a muscle relaxant if required44. Difficulties with 
this approach include the masking of neurological 
signs, hypotension and risk of hypoventilation if 
sufficient mandatory breaths are not provided. Small  
doses of short-acting agents that impact minimally  
on the circulation are preferred. Propofol is an eff-
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ective means of safely providing additional sedation in 
this context83, although hypotension associated with its 
use may require the co-administration of vasopressor 
therapy. While aiming to achieve a predefined 
cerebral perfusion pressure may be undesirable in the 
setting of ALF cerebral hyperaemia, it is reasonable 
to target a mean arterial blood pressure of more than  
60 mmHg in order to maintain adequate end-organ 
perfusion84.

Severe ALF does not substantially impact on the 
pharmacokinetics of propofol, and the relatively short 
duration of effect avoids clouding the neurological 
assessment after infusion has ceased. Propofol slows 
CMR, reduces neuronal excitation and may impart 
anti-inflammatory as well as antioxidant effects85. 
However, hypothermia may decrease propofol clear- 
ance and, in such patients, lower doses may be 
desirable. Thiopentone is another anaesthetic agent 
that has been used to manage severe intracranial 
hypertension. While it reduces CMR and blood-flow, 
prolonged infusion results in a lengthy duration of 
CNS depression, which may interfere with clinical 
assessment. Additionally, thiopentone can cause 
immune dysfunction and metabolic abnormalities 
that are undesirable in the critically ill. As such, 
thiopentone should be reserved only for circumstances 
where all other measures have failed.

Further hypothermia
Lowering core temperature to less than 33°C may 

provide additional reductions in cerebral oedema 

and intracranial pressure as a rescue therapy via  
the mechanisms outlined above75. Complications might  
include worsening coagulopathy, vulnerability to in-
fections86 and impaired hepatic regeneration87.

Non-steroidal anti-inflammatory drugs
Non-steroidal anti-inflammatory drugs cause cere-

bral vasoconstriction via a range of mechanisms 
involving inhibition of endothelial cyclooxygenase. 
Indomethacin is a potent cyclooxygenase inhibitor 
and may be effective in temporarily improving the 
hyperaemic cerebral circulation of ALF when other 
measures have failed88–90. The transient nature of  
the effect, as well as potential side-effects, mean 
that indomethacin should be reserved for situations  
where a life-saving transplant is imminent and it 
is necessary to treat very high ICP during the peri-
operative period.

Seizure management
Seizures are not a prominent feature of ALF-

associated neurological impairment, but should be 
considered in the event of deterioration or new evi-
dence of elevations in ICP. Clinical manifestations 
may be subtle and an electroencephalogram is 
necessary under such circumstances to diagnose or 
exclude the possibility with certainty40. In the event 
of focal neurological deficits or evidence of fitting, 
consideration for neuro-imaging via computed tomo-
graphy is appropriate to exclude the rare possibility  
of a spontaneous intracranial haemorrhage ass-
ociated with coagulopathy. 

Table 1 
Summary of quadruple-H interventions, therapeutic targets and mechanisms of benefit

Intervention Target Method Mechanism of benefit

Hyperventilation The lower of PaCo2=35 mmHg, 
or that achieved by patient prior 
to intubation

Adjust mechanical 
ventilation to 
achieve necessary 
minute ventilation

Reduction of cerebral hyperaemia and ICP

Haemodiafiltration Blood ammonia <60 μmol/l and 
neutral daily fluid balance

High-exchange 
continuous 
haemofiltration 
incorporating 
dialysis if required

Ammonia clearance
Assists cooling
Metabolic, fluid and electrolyte control

Hypernatraemia Serum sodium 148–152 mmol/l Continuous 
infusion of 
concentrated saline 
via CVC

Increase serum tonicity causing cerebral dehydration
Possible improvements in microcirculatory dynamics
Anti-inflammatory effects
Expansion of intravascular volume without significant 
overall positive fluid balance

Hypothermia Core temperature of 33–35°C Servo-controlled 
cooling blanket 
and RRT circuit

Reduced ammonia production
Reduced ammonia uptake in the CNS
Reduced CBF
Reduced CMR
Reduced neuro-excitation
Anti-inflammatory effects

ICP=intracranial pressure, CVC=central venous catheter, RRT=renal replacement therapy, CNS=central nervous system, CBF=cerebral 
blood flow, CMR=cerebral metabolic rate.
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In the event of fitting, anticonvulsant therapy 
(such as benzodiazepines, propofol or levetiracetam) 
should be administered. Sodium valproate should  
be avoided due to the risk of further elevating 
ammonia levels. No role has been established for 
prophylactic anticonvulsant therapy.

Advanced blood purification and other therapies
A number of technologies have been developed 

for the purpose of cleansing the blood of toxic 
substances, which accumulate in severe liver failure 
with multiple organ dysfunction. These therapies 
utilise veno-venous extracorporeal circuits to apply 
various combinations of dialysis, haemofiltration and 
adsorption to the bloodstream in order to remove 
toxic metabolites and inflammatory mediators.

Coupled Plasma Filtration Adsorption diverts a 
modest proportion of plasma from the main blood 
circuit and passes it across a resin adsorbent before 
directing it back to rejoin the whole blood and 
directing it through a conventional haemofilter91,92.

The Molecular Adsorbent Recirculation System 
uses diffusive techniques in two stages—first, dialys-
ing blood against an albumin-rich intermediate fluid, 
which is then secondarily diafiltered and run through 
a charcoal haemoperfusion and resin adsorbent 
cartridge93.

Case series and small studies have demonstrated 
effective clearance of several purported metabolic 
toxins from the blood91,94. Haemodynamic and 
metabolic benefits have also been described95–97, 
although evidence of compelling clinical benefits 
is less clear98. Given that neuroprotection may be 
achievable via conventional CRRT, advanced blood 
purification therapies such as Coupled Plasma 
Filtration Adsorption and the Molecular Adsorbent 
Recirculation System are perhaps best reserved as 
rescue therapies for refractory intracranial hyper- 
tension, or for advanced states of shock99,100. Vaso-
dilatory shock associated with the severe systemic 
inflammatory response of ALF may improve through 
clearance of toxins and various mediators from 
the circulation. Further research in the form of  
randomised controlled trials is required to clarify the 
role of such strategies.

Plasma exchange has also been shown to provide 
some benefit in preliminary studies101, but remains 
an experimental therapy in the context of acute liver 
failure.

L-ornithine-L-aspartate and L-ornithine pheny-
lacetate administration have been studied as 
an alternate means of reducing blood ammonia 
concentrations on the basis of promising preliminary 
animal and clinical studies102,103. By providing crucial 

urea cycle substrate, ammonia metabolism is accel-
erated. Further evaluation is required to ascertain 
their therapeutic potential and safety profile.

Other important aspects of care
As with any critical illness, the clinical problems 

of severe ALF result from the complex interplay of 
parallel pathophysiological processes affecting a  
range of organ systems. With advanced and inter-
dependent multiple organ failure, a co-ordinated 
approach to management ensures that all the impor-
tant issues are addressed in an appropriately priorit-
ised manner. In addition to the approaches already 
detailed, close attention must be paid to ensuring 
that metabolic, haematological, cardiovascular and 
respiratory aspects of care are addressed.

Close monitoring of clotting parameters is necessary; 
however, serious bleeding is rare and measure- 
ments of the International Normalized Ratio, while 
often abnormal, do not necessarily reliably predict 
bleeding tendency. It may be that many patients with 
acute liver failure are actually hypercoagulable104–106, 
despite routine test results suggesting otherwise, and 
a balanced approach to clotting factor administration  
is advisable in order to avoid thrombotic complications.

Serious infection is a common cause of death and 
complications, so the early empirical initiation of 
appropriately broad-spectrum antimicrobials (anti-
fungal agents as well as antibiotics) is recommended 
along with a comprehensive microbiological eval-
uation6.

CoNCLuSIoNS
Severe cerebral oedema with resultant intracranial 

hypertension is a common cause of death in ALF. 
The combination of hyperventilation, haemodia-
filtration, hypernatraemia and hypothermia 
(quadruple-H therapy) addresses a range of 
pathophysiological processes which underlie the 
development of cerebral oedema (Table 1), and 
it is likely that maximal benefit will be obtained  
when initiated at the time high-grade encephalo- 
pathy first develops. Whereas the use of single 
therapies may have some effect, the use of all four 
treatments simultaneously may be required to 
achieve a clinically significant impact on the attenu-
ation of cerebral oedema. All are within the scope 
of experienced intensive care units to provide,  
as they are relatively simple to administer and involve 
minimal additional expense beyond that incurred 
through routine care. Prospective studies to evaluate 
the impact of quadruple-H therapy on outcome  
are warranted.
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