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Acute liver failure (ALF) is a rare but important 
cause of critical illness that requires 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 oedema, 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 the intensive care unit (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 patients with ALF, 
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 patients with ALF.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 
(AKI) has also developed.

Given the above considerations, in patients 
with ALF treated in all Australian and New 
Zealand 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, before 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.

ABSTRACT

Objective: Hyperammonaemia contributes to complications in 
acute liver failure (ALF) and may be treated with continuous 
renal replacement therapy (CRRT), but current practice is 
poorly understood.
Design: We retrospectively analysed data for baseline characteristics, 
ammonia concentration, CRRT use, and outcomes in a cohort of 
Australian and New Zealand patients with ALF.
Setting: All liver transplant ICUs across Australia and New Zealand.
Participants: Sixty-two patients with ALF.
Main outcome measures: Impact of CRRT on hyperammonaemia 
and patient outcomes.
Results: We studied 62 patients with ALF. The median initial (first 
24  h) peak ammonia was 132  mmol/L (interquartile range [IQR], 
91–172), median creatinine was 165  mmol/L (IQR, 92–263) and 
median urea was 6.9 mmol/L (IQR, 3.1–12.0). Most patients (43/62, 
69%) received CRRT within a median of 6 hours (IQR, 2–12) of 
ICU admission. At CRRT commencement, three-quarters of such 
patients did not have Stage 3 acute kidney injury (AKI): ten patients 
(23%) had no KDIGO creatinine criteria for AKI, 12 (28%) only had 
Stage 1, and ten patients (23%) had Stage 2 AKI. Compared with 
non-CRRT patients, those treated with CRRT had higher ammonia 
concentrations (median, 141  mmol/L [IQR, 102–198] v 91  mmol/L 
[IQR, 54–115]; P = 0.02), but a nadir Day 1 pH of only 7.25 (standard 
deviation, 0.16). Prevention of extreme hyperammonaemia 
(>  140  mmol/L) after Day 1 was achieved in 36 of CRRT-treated 
patients (84%) and was associated with transplant-free survival 
(55% v 13%; P = 0.05).
Conclusion: In Australian and New Zealand patients with ALF, 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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Method

Study design

As previously described,24 we invited all six adult liver 
transplant ICUs across Australia and New Zealand to share 
de-identified clinical data relating to the last ten or more 
adult patients admitted with ALF (Acute Physiology and 
Chronic Health Evaluation [APACHE] III diagnostic code 
301.01) using a standardised collection tool. Austin Hospital 
Human Research Ethics Committee 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 
King’s College Criteria (KCC), the Kidney Disease: Improving 
Global Outcomes (KDIGO) criteria for 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, 6 hours, 12 hours and 24 
hours after admission, and then every day for one week. A 
sample size of 60 patients was considered sufficient on the 
basis of convenience and feasibility and as representative 
of about 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

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) and categorical variables 
as frequencies with percentages. Continuous data were 
compared using Mann–Whitney test. Categorical data 
were compared using c2 or Fisher exact test as appropriate. 
The Kruskal–Wallis test was used to compare more than 
two ordinal variables between groups. Longitudinal data 
were assessed for normality and log-transformed where 
appropriate. 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. Results are presented as mean (standard 
error) or as geometric mean (95% confidence interval 
[CI]) in accordance with the underlying distribution of 
the data. A two-sided P of 0.05 was used to indicate 
statistical significance.

Results

Patient characteristics, aetiology of acute liver failure 
and clinical outcomes

We studied 62 patients with ALF of whom 33 (53%) had 
paracetamol overdose-related ALF, with the remaining cases 
having ALF due to a variety of causes (online Appendix, 
supplementary table 1; available at cicm.org.au/Resources/
Publications/Journal).

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 the 
KCC for transplantation.

Use of continuous renal replacement therapy

The use of CRRT over the first week of ICU management 
is presented in Figure 1. Overall, a total of 43 patients 
with ALF (69%) received CRRT. Patients treated with CRRT 
had greater illness severity and more patients fulfilled the 
KCC. 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 (IQR, 2–12) and all except one 
patient started CRRT on the day of ICU admission. At CRRT 
initiation, ten patients did not meet KDIGO creatinine 
criteria for AKI, 12 met Stage 1, ten met Stage 2, and only 
11 (26%) patients met Stage 3 AKI criteria. The median 
duration of CRRT therapy was 60 hours (IQR, 33–129) and 
the most common modality was continuous venovenous 
haemodiafiltration (CVVHDF), which was used in 80% of 
patients treated with CRRT. 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 (online Appendix, supplementary 
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% of patients 
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 
(online Appendix, supplementary table 2).
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Table 1. Characteristics of patients with acute liver failure (ALF) treated with continuous renal replacement therapy 
(CRRT)

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), mean (SD) 38 ± 12 38 ± 13 38 ± 12 0.79

Female 36 (58%) 11 (58%) 25 (58%) 0.99

Contraindications to ELT 17 (27%) 6 (32%) 11 (26%) 0.63

Paracetamol overdose aetiology 33 (53%) 10 (53%) 23 (53%) 0.95

Non-paracetamol overdose aetiology 29 (47%) 9 (47%) 20 (47%) 0.95

Time from first presentation to ICU at ELT hospital 
(hours), median (IQR)

25 (8–49) 22 (9–47) 25 (6–57) 0.89

APACHE III score, mean (SD) 82 ± 36 54 ± 22 95 ± 35 < 0.001

KCC fulfilment 37 (60%) 6 (32%) 31 (72%) 0.003

KDIGO stage at time of commencing CRRT (creatinine 
criteria)

No AKI 19 (31%) 9 (47%) 10 (23%)

0.06
Stage 1 17 (27%) 5 (26%) 12 (28%)

Stage 2 12 (19%) 2 (11%) 10 (23%)

Stage 3 14 (23%) 3 (16%) 11 (26%)

Biochemical and clinical data over the first 24 hours in 
ICU

     

Maximal temperature (degrees Celsius), mean (SD) 36.9 ± 0.7 36.9 ± 0.45 36.9 ± 0.8 0.73

Nadir pH, mean (SD) 7.29 ± 0.16 7.39 ± 0.07 7.25 ± 0.16 0.001

Peak arterial CO2 (mmHg), mean (SD) 37 ± 8 36 ± 5 37 ± 9 0.77

Peak sodium (mmol/L), mean (SD) 142 ± 6 143 ± 4 141 ± 7 0.43

Peak lactate (mmol/L), median (IQR) 7.1 (4.1–11.6) 3.9 (2.7–8.8) 8.3 (4.2–12.5) 0.02

Peak ALT (IU), mean (SD) 5210 ± 3206 6246 ± 4054 4745 ± 2676 0.09

Peak GGT (IU), median (IQR) 106 (68–205) 136 (82–211) 97 (67–180) 0.39

Peak ALP (IU), median (IQR) 139 (108–184) 121 (98–148) 148 (108–200) 0.04

Peak bilirubin (mmol/L), median (IQR) 95 (67–187) 80 (60–148) 108 (67–223) 0.40

Peak creatinine (mmol/L), median (IQR) 165 (92–263) 75 (65–148) 208 (133–311) 0.001

Peak urea (mmol/L), median (IQR) 6.9 (3.1–12.0) 7.0 (3.1–10.8) 6.8 (3.0–13.5) 0.50

Peak INR, mean (SD) 6.3 ± 3.1 5.4 ± 2.3 6.7 ± 3.4 0.13

Peak aPTT (seconds), median (IQR) 63 (44–77) 46 (38–57) 72 (51–86) < 0.001

Nadir fibrinogen (g/L), median (IQR) 1.1 (0.8–1.6) 1.5 (1.1–2.0) 1.0 (0.8–1.3) 0.01

Nadir platelets ( 109/L), median (IQR) 83 (41–122) 106 (73–159) 77 (38–120) 0.07

Nadir haemoglobin (g/L), median (IQR) 102 (80–118) 111 (96–124) 87 (78–111) 0.01

Peak ammonia (mmol/L), median (IQR) 132 (91–172) 91 (54–115) 141 (102–198) 0.02

24-Hour net fluid balance from ICU admission 
(mL), median (IQR)

4178 (1755–7130) 3867 (222–5079) 4993 (2416–7737) 0.06

AKI = acute kidney injury; ALP = alkaline phosphatase; ALT = alanine aminotransferase; APACHE = Acute Physiology and Chronic Health Evaluation; 
aPTT = activated partial thromboplastin time; CO2 = carbon dioxide; ELT = emergency liver transplant; GGT = γ-glutamyl transferase; ICU = intensive care 
unit; INR = international normalised ratio; IQR = interquartile range; KCC = King’s College Criteria; KDIGO = Kidney Disease: Improving Global Outcomes; 
SD = standard deviation. * Differences between CRRT and non-CRRT groups.
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Safety of early continuous renal replacement therapy

Haemostatic parameters at the time of catheter insertion 
are summarised in the online Appendix (supplementary 
table 3). Patients commencing CRRT had a more prolonged 
activated partial thromboplastin time and slightly worse 
anaemia, and fresh frozen plasma was used to a greater 
extent on the day of vascular access insertion compared 
with non-CRRT patients (median, 2 units [IQR, 0–4.8] v 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 continuous 
renal replacement therapy in acute liver failure

Peak creatinine (but not peak urea) concentration was 
higher in CRRT patients (Table 1), and seven patients 
(16%) 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 7 days of ICU management, the mean peak Day 
1 ammonia was reduced from 155 mmol/L (95% CI, 103–
234) to 71  mmol/L (95% CI, 45–112) with CRRT; while 
in non-treated patients, the change over this period was 

from 83 mmol/L (95% CI, 40–171) 
to 72  mmol/L (95% CI, 21–246) 
(Figure 2). In addition, 14 of the 
62 patients with ALF had a peak 
ammonia concentration greater 
than 140  mmol/L during the first 
24 hours. However, these levels 
were rapidly reduced over a 
single day in 12 patients (92%). 
Moreover, among these severely 
hyperammonaemic patients, eight 
(57%) had a pH greater than 
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  mmol/L was achieved 
in 36 CRRT patients (84%). Eight 
patients in total had a documented 
ammonia concentration greater 

than 140 mmol/L at least once after the first day and only 
one of them achieved ELT-free survival. This compares with 
ELT-free survival in 30 of the 54 patients without episodes 
of extreme hyperammonaemia after Day 1 (P = 0.05). Other 
key biochemical and fluid balance data are summarised 
in the online Appendix (supplementary figures 2–6 and 
supplementary table 5).

Outcomes on the basis of continuous renal 
replacement therapy

Clinical outcomes are summarised in the online Appendix 
(supplementary table 4). Patients treated with CRRT had 
a longer ICU length of stay than non-CRRT patients, but 
hospital length of stay was not significantly different 
between the two groups. Use 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 patients with ALF treated in Australian and New 
Zealand 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 greater 
than 7.3 in most patients with extreme hyperammonaemia. 
Such CRRT-based treatment strategy was associated with 

Figure 1. Use of continuous renal replacement therapy (CRRT) in patients with 
acute liver failure over the first week in the intensive care unit (ICU)
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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.

Relationship to previous studies

CRRT was used in a high proportion of Australian and New 
Zealand patients with ALF. Compared with previous studies, 
such Australian and New Zealand patients had higher 
illness severity at the time of admission to ICU, with a lower 
pH, higher international normalised ratio, 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 patients with ALF, Australian 

and New Zealand clinicians 
initiated therapy in the absence 
of conventional creatinine-
based indications and, in most 
patients, before KDIGO AKI 
Stage 2 or the onset of even 
moderate acidaemia. Australian 
and New Zealand clinicians 
appear to use CRRT to target 
high ammonia levels because 
of their potential to contribute 
to cerebral oedema.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, 
while hypofibrinogenaemia and 
thrombocytopenia are associated 
with both and are also markers of 
illness severity.36,37

Implications of study findings

Our findings suggest that in patients with ALF, Australian 
and New Zealand 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 rapid reductions of such 
severe hyperammonaemia to safer levels, which become 
similar to those of less severely ill patients with ALF.

Strengths and limitations

Our study has several strengths. All liver transplant ICUs 
in Australia and New Zealand 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, but it includes patients 

Figure 2. Changes in ammonia concentrations over time on the basis of continu-
ous renal replacement therapy (CRRT) status*

ICU = intensive care unit. * P = 0.09 (overall difference between CRRT- and non-CRRT-treated patients). 
Geometric mean of log-transformed data. Error bars represent 95% CI — for visual clarity, only plus or 
minus direction is shown for upper and lower lines respectively.
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with ALF from every transplant unit in Australia and New 
Zealand and is the second largest case series worldwide of 
such patients in 40 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 (eg, ammonia) clearance is readily 
achieved with any of the commonly used CRRT techniques. 
In addition, hourly treatment intensity may not be a strong 
determinant of reductions in ammonia.23 Our data did 
not include intracranial pressure monitoring results, so we 
cannot correlate the control of hyperammonaemia with 
the control of intracranial pressure. However, it is well 
established that severe elevations in ammonia are strongly 
associated with neurological complications,3 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 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. Moreover, all submitted data are numerical, 
electronically recorded, not amenable to interpretation 
bias, and were carefully evaluated before analysis. Finally, 
given the retrospective design of our study, we cannot 
prove that hyperammonaemia was the dominant trigger 
of CRRT initiation. We did not collect information on the 
clinical reasons for commencing CRRT and acknowledge 
that initiation of treatment may be driven by multiple 
considerations (eg, acid–base control, hyperlactataemia, 
temperature control, tonicity control, volume control, solute 
control). However, the observation that severe AKI and 
severe acidaemia were absent in the majority of patients 
with hyperammonaemia 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 Australia and 
New Zealand, 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 was associated 
with rapid improvements in hyperammonaemia to safer 
levels, which became similar to those observed in less severely 
ill non-CRRT treated patients with ALF. 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 
in ALF. Future research is required to determine the optimal 
approach to timing, treatment intensity, duration and 
technical aspects, such as use of anticoagulants, for CRRT 
in patients with ALF. Our findings and those of future 
research should inform the development of evidence-based 
management guidelines to assist the care of these highly 
complex patients.
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