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Review Article
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Backgrounds/Aims: Post-hepatectomy liver failure (PHLF) is a serious complication following liver resection, with limited
treatment options, and is associated with high mortality. There is a need to evaluate the role of systems that support
the function of the liver after PHLF. Aims: The aim of this study was to review the literature and summarize the role
of liver support systems (LSS) in the management of PHLF. Publications of interest were identified using systematically
designed searches. Following screening, data from the relevant publications was extracted, and pooled where possible.
Findings: Systematic review identified nine studies, which used either Plasma Exchange (PE) or Molecular Adsorbent
Recirculating System (MARS) as LSS after PHLF. Across all studies, the pooled 90-day mortality rate was 38% (95%
CI: 9-70%). However, there was substantial heterogeneity, likely since studies used a variety of definitions for PHLF,
and had different selection criteria for patient eligibility for LSS treatment. Conclusions: The current evidence is insufficient to recommend LSS for the routine management of severe PHLF, with the current literature consisting of
only a limited number of studies. There is a definite need for larger, multicenter, prospective studies, evaluating the
conventional and newer modalities of support systems, with a view to improve the outcomes in this group of patients.
(Ann Hepatobiliary Pancreat Surg 2021;25:171-178)
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INTRODUCTION

Treatment of high grade PHLF in the immediate postoperative period includes control and treatment of sepsis,

The reported incidence of post-hepatectomy liver fail1-5

ure (PHLF) is variable, ranging from 0.7 to 35%.

nutritional supplementation, and replacement of blood com-

The

ponents such as albumin, fibrinogen, and plasma. Additio-

overall 90-day mortality after hepatectomy remains at

nally, multi-organ support with hemodialysis to control

2,6-8

3-5%,

with PHLF being one of the major causes of

metabolic acidosis and prevent fluid overload, the use of

these mortalities. Whereas PHLF Grade A requires no

vasopressors to maintain an adequate perfusion pressure

changes in post-operative management, PHLF Grade B

in the face of vasoplegia, and ventilatory support in cases

and C require significant adjustments in management and

of respiratory failure or failure to protect the airway dur-

intensive care therapy, respectively. PHLF can cause mul-

ing encephalopathy are variably required, depending on

ti-system organ failure, and can result in the development

the severity of PHLF. The mortality rates associated with

of hepatic encephalopathy or renal failure.

the different grades of PHLF range from 0% at Grade A
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to 50% at Grade C.
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Liver support systems (LSS) are

reporting the mortality rates of patients who developed

extracorporeal systems that can act as bridging therapies

PHLF and were managed using any LSS were included.

while hepatic recovery is awaited. They are designed to

All studies published between January 1985 and March

replace some major functions of hepatocytes in an ex vivo

2020 were included. Studies assessing the use of LSS out-

9

side of the context of PHLF (i.e. medical causes of liver

Systems may be artificial, bio-artificial, or hybrid. Artificial

failure and post-liver transplantation) were excluded. Case

systems currently can only replace detoxification func-

reports, animal studies, and non-English language studies

tions of the liver, while bio-artificial systems are designed

were also excluded.

environment, thus permitting time for hepatic recovery.

to also support biosynthesis and a degree of physiological
regulation.

Ⓡ

Studies were identified from the Embase and MEDLINE

online databases. Embase was accessed via Ovid, and in-

One of the most popular and common LSS used in the

Ⓡ

cluded titles from January 1974 to March 2020. MEDLINE

clinical setting is the Molecular Adsorbent Recirculating

was also accessed via Ovid and the database included ti-

System (MARS). It allows the removal of hepatotoxins,

tles from 1946 to March 2020. In order to identify eligible

10,11

such as bilirubin, without affecting secretory functions.

publications, screening of titles along with their abstracts

The function of MARS is based on the concepts of dialy-

against the inclusion criteria was performed independently

sis, filtration, and adsorption, and constitutes three main

by two reviewers (KP and AL). Any failure to reach con-

components: the blood circuit, the albumin circuit, and the

sensus regarding study eligibility was resolved by dis-

low-flux dialysis circuit.

12,13

Another common LSS is

cussion with a third senior reviewer (BD). The specific

plasma exchange (PE), which is a form of extracorporeal

search terms used alongside the order of searches can be

liver support, and is used to either extract and detoxify

found in Supplementary Table 1.

the patient’s plasma, or replace it with fresh-frozen plasma.

The review protocol followed the Patient, Intervention,

PE removes large-molecular-weight substances from the

Comparison, Outcome (PICO) framework.16 Patients who

plasma. It is usually carried out using an automated blood

underwent a hepatectomy procedure and subsequently de-

cell separator, to ensure fluid balance and maintain a nor-

veloped PHLF formed the population of interest. The use

mal plasma volume. Typically, 30-40 ml/kg of plasma (1–

of a LSS following the development of PHLF was the in-

1.5 plasma volumes) are removed at each cycle through

tervention of interest. The primary outcome was the

a femoral or jugular line, and replaced with isotonic 4.5

90-day mortality rate following support system therapy.

or 5.0% human albumin solution. A one plasma volume
exchange removes approximately 66% of an intravascular
constituent, increasing to approximately 85% for a two
plasma volume exchange.14,15
The aim of this study was to perform a systematic review of the literature, to assess the role of LSS in the

PHLF Definition
All patients under consideration for LSS had been diagnosed with PHLF. However, no limits on the definition
of PHLF used, or the eligibility criteria for LSS treatment
were applied as part of the literature review.

management of PHLF.

METHODS
Systematic searches through Embase and MEDLINEⓇ
databases using the previously specified search strategy
and terms were undertaken. Following the searches, the
abstracts were extracted from Embase and MEDLINEⓇ,
and pooled into EndNote.

Inclusion and Exclusion Criteria for the review
Randomised controlled trials and observational studies

Quality Assessment of Studies
Full text articles were assessed for risk of bias and
quality. The Risk of Bias in Non-Randomized Studies Of
Interventions (ROBINS-I) tool was utilized. The overall
judgment of the risk of bias was recorded using a spreadsheet in Excel (MicrosoftⓇ, Redmond, Washington, United
States) along with additional notes and comments (Supplementary Table 2).
Statistical Methods
Due to the small sample sizes, the primary analysis in-
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cluded all studies, regardless the type of LSS used, with

abstracts often provided little information on patient dem-

subgroup analyses also being performed to assess these

ographics and specific analysis. PHLF was rarely the main

separately. In order to pool the 90-day mortality rates

focus of the studies, with some of the authors only report-

across studies, the data were first transformed using the

ing this cohort as a subgroup. The definition of PHLF ap-

approach described by JJ Miller.

17

The resulting values

plied by the authors differed between the studies (Table

were then entered into a random-effects meta-analysis

1). There were no uniform criteria that were reported for

model with inverse-variance weighting. The pooled mor-

considering patients for LSS therapy.

tality rates were then reported along with the associated
2

95% confidence intervals (CIs) and heterogeneity (I )
statistics.

RESULTS
Search Criteria
A flow diagram for the systematic searches and reasons
for exclusions is shown in Fig. 1. Data from nine studies
were included in the review, of which five reported the
use of MARS and four reported the use of PE;18-26 no other LSS were reported.

Patient characteristics
The nine studies included a total of N=54 patients
(range: 2-13), of which N=34 and N=20 were from studies
of MARS and PE, respectively. Further details of the
study cohorts are reported in Table 2, although several
studies did not report data for some of the relevant
variables. Across the included studies, the majority of patients were male (25/33 reported patients) and were relatively young (median age among the reported studies:
54-69 years). A total of 26 patients underwent a major
hepatectomy (right: 15; extended right: 9; left: 2). Partial
hepatectomy was performed in 8 patients.

Study characteristics
No randomized control trials were found. The available

Fig. 1. Flow diagram summarising steps of screening alongside number of studies and
reasons for exclusion.

174 Ann Hepatobiliary Pancreat Surg Vol. 25, No. 2, May 2021

www.ahbps.org

Table 1. Reported criteria for PHLF diagnosis and to consider LSS
Study

PHLF definition

Criteria to consider LSS

MARS
18
Chiu et al. (2006) Liver failure within 4 weeks after operation

Gilg et al. (2018)19 Balzan (50:50) criteria
20

NR

21

Acute hepatic failure after major hepatectomy
Liver failure following liver resection,
with an increasing
plasma bilirubin concentration ＞250 mol/L

Rusu et al. (2009)

Saliba et al. (2013)
van de Kerkhove
et al. (2003)22

PE
Asanuma
23
et al. (2003)
24
Lee et al. (2017)
Usami et al.
25
(1989)

Yonekawa et al.
26
(2005)

Postoperative liver failure due to hepatectomy

Features of liver failure, including
hyperbilirubinemia of total bilirubin greater
than 350 mmol/L, or hepatic encephalopathy of
grade 2 or above. Patients with
PHLF were started considerably earlier,
given their rapid course of deterioration.
Patients with multiorgan failure in
which liver transplantation was not possible
were not considered for MARS
PHLF according to the Balzan (50:50) criteria
after major/extended hepatectomy
(removal of 4 Couinaud segments)
Rapidly progressive hepatic failure with
serum bilirubin level ≥10 mg/dl
post-hepatectomy
NR
PHLF following extensive partial liver resection
for liver or biliary malignancies’

NR

NR

Hyperbilirubinemia (＞10 mg/dl) with
early graft dysfunction
Liver failure after hepatectomy=
Hepatic encephalopathy, increased serum
‘Primary’ liver dysfunction=
Bilirubin to ＞10 mg/dl or intrahepatic
hepatic encephalopathy, increased serum Bili levels cholestasis resistant to drug therapy
to ＞10 mg/dl/intrahepatic cholestasis resistant
to drug therapy
Acute severe liver dysfunction,
NR
with a total serum bilirubin level ＞5mg/dl and
an ensuing grade 2 or higher coma that
developed within 1 month after surgery

NR, not reported

Treatment details
Details on the number of cycles of treatment were
available for all studies (Table 2). The mean number of
treatment cycles ranged from 1.0 to 5.8 in the MARS
studies and 5.0 to 28.5 for PE studies. The details on the
type of dialyzate used were generally poorly reported and
varied between studies.
Mortality rates
The 90-day mortality rates for the included studies are
reported in Table 2. Saliba et al.21 reported a 6-month,
rather than 90-day mortality rate (92%), and so was excluded from subsequent analysis. Pooling data from the
remaining studies (Fig. 2), returned a 90-day mortality
rate of 38% (95% CI: 9-70%). However, considerable het-

erogeneity was detected, with an I2 statistic of 68% and
this, along with the small sample size, resulted in the wide
confidence interval. Subgroup analysis by the type of LSS
returned pooled 90-day mortality rates of 49% and 30%
for MARS and PE, respectively.

DISCUSSION
Beyond supportive treatments for the loss of homeostasis that occurs during severe PHLF, treatment options
are limited, exemplified by the lack of specific liver support technologies. Furthermore, the commonest indications
for liver resection are primary and secondary liver cancer,
precluding these patients from liver transplantation in the
event of PHLF. The reported mortality for medically man-
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Table 2. Patient characteristics and treatment details
Number
Age
Gender
of
(years) (% male)
patients

Study
MARS
18
Chiu et al. (2006)

4

64.0

4 (100%)

Gilg et al. (2018)19

10

69.5

6 (60%)

20

2

54.0

1 (50%)

21

13
5

NR
60.0

NR
4 (80%)

2

65.0

2 (100%)

3

67.0

2 (67%)

8
7

56.5
63.0

NR
6 (86%)

Rusu et al. (2009)

Saliba et al. (2013)
van de Kerkhove
et al. (2003)22

PE
Asanuma
23
et al. (2003)
Lee et al. (2017)24
25

Usami et al. (1989)
Yonekawa
26
et al. (2005)

Number of
cycles

Indication

HCC–3
CC–1
HCC–1
LM–5
CC–4
HCC–1
LM–1

(75%)
(25%)
(10%)
(50%)
(40%)
(50%)
(50%)

2.50.5
5.81.0

Mean=1.0

NR
HCC–1 (20%)
LM–3 (60%)
CC–1 (20%)
HCC–1
LM–1
HCC–1
CC–2
HCC–8
HCC–4
LM–1
PHCC–2

3.51.9
5.22.5

(50%)
(50%)
(33%)
(67%)
(100%)
(57%)
(14%)
(29%)

Mean=9.0
5.32.5

Dialysate

90-day
mortality

600 ml of
20% human albumin
Renal dialysis dose of
35 ml/kg/hour

4 (100%)

Dialysate with
a bicarbonate-based
buffer system
NR
NR

0 (0%)

5% albumin solution plus
FFP or FFP alone
FFP alone

28.538.6 NR
5.04.0 5% albumin solution plus
FFP or FFP alone

1 (10%)

92%*
4 (80%)

0 (0%)
0 (0%)
5 (63%)
3 (43%)

Ages reported as medians, Numbers of cycles reported as meanSD, unless stated otherwise. Percentages are calculated manually,
based on the numbers reported in the studies
*Six month mortality rate
FFP, fresh frozen plasma; HCC, hepatocellular carcinoma; LM, liver metastases; PHCC, perihilar cholangiocarcinoma; NR, not
reported

aged severe PHLF is as high as 30-50%. LSS, such as
MARS and PE therapy, in theory, appear to be a bridging
option while the remnant liver regenerates in volume and
recovers its excretory and synthetic functions. Given the
high mortality of medically managed severe PHLF, we
undertook a systematic review of studies looking at PHLF
outcomes after treatment with extracorporeal LSS.
Several factors, such as inadequate liver volume and/or
liver function, sepsis, portal vein thrombosis, hepatic artery thrombosis, and small for portal flow syndromes can
result in severe PHLF. Remnant liver function is more
routinely assessed compared to remnant liver volume at
most high volume centers, to identify patients at risk of
PHLF pre-operatively. Sepsis, when encountered, is treated with broad-spectrum intravenous antibiotics and drainage of infected intra-abdominal collections. Patients with
Fig. 2. Pooled analysis of 90-day mortality rates.

vascular insult are managed with interventional radiology
or surgical options, where appropriate. In the absence of
the above causes, a pathophysiology similar to that of
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SFSS or small for flow

is believed to play a part.
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prove some of the clinical outcomes in acute liver failure
37,38

Increased blood flow through the available portal vessels

cases.

causes increased pressure and an increased stress on the

vealed an overall 90-day mortality rate of 38%. When

vascular endothelium.

29

The pooled mortality rates from this review re-

Such a pathological stress on the

split by LSS, MARS and PE were associated with mortal-

vessel wall leads to disruption of cellular processes in the

ity rates of 49% and 29%, respectively. According to the

liver instead of regeneration, driving hepatocyte apoptosis

Balzan definition, PHLF was associated with a mortality

by stimulating Kupffer cells to hypersecrete prostagland-

rate of 59%.

ins and tumor necrosis factors, which further disrupt hep-

with the 90-day mortality rates by both modalities being

atic microcirculation.

less than those suggested by the Balzan criteria, which

39

The results of this review show promise,

In most patients developing PHLF, the underlying im-

may suggest some benefit in the use of LSS as a treatment

munological changes are also considered contributory for

option for PHLF, however, with a caveat that the Balzan

30

the impaired hepatic regenerative properties.

Epidermal

definition is not used for PHLF in all the studies. Similar
40

Growth Factor, Transforming Growth Factor , and hep-

results are reported by Gilg et al.

atocyte growth factor, Interleukin-6 (IL-6) are all shown

uated only MARS as a treatment option for PHLF.

to have a significant role in hepatic regeneration following
31-34

hepatectomy and after acute liver injury.

in a review that eval-

However, the current study has several limitations. The

In contrast,

primary limitation was the small sample size of con-

cytokines are demonstrated to have a role in hepatic injury

stituent studies, partly explained by the hesitation to offer

30

and chro-

the existing LSS options. This, coupled with the consid-

nically elevated IL-6 levels are associated with inhibition

erable heterogeneity in the mortality rates between stud-

during sepsis and ischemia-reperfusion injury,
34

Overall, the role of

ies, meant that the confidence intervals around the esti-

growth factors and cytokines in the regulation of liver re-

mated mortality rates were very wide, approximately30

generation is multifaceted, and is less understood. Future

percentage points in terms of the overall pooled rate. We

well-planned trials with newer cytokine modulators such

were also unable to adequately compare MARS and PE

as Cytosorb may allow further investigation of the role

to each other, or to a control group that did not receive

of cytokines, and to assess if such systems have a role

extra-corporeal liver support, to identify the relative bene-

in the management of PHLF.

fits of these systems. Another potential cause of this wide

of liver regeneration after injury.

The common clinical manifestations of severe PHLF

confidence interval, and a limitation in itself, was the lack

are: hyperbilirubinemia, metabolic acidosis and elevated

of a uniform PHLF definition, with all of the included

lactate levels, raised ammonia levels, hepatic encephalop-

studies using different criteria to define the condition.

athy, and coagulopathy. LSS are used to manage these de-

Such a limitation is unavoidable with the varying defi-

ranged clinical and biochemical parameters. MARS and

nitions that have evolved over the years. Despite these

PE can be used to temporarily replace some of the most

limitations, the current review assessed the quality and

crucial functions (detoxification, synthesis, heat regu-

shortcomings of the current literature, and will help in

35

lation).

These systems are able to remove hepatotoxins

from the blood, a feat that cannot be fully achieved by
36

simple hemofiltration or dialysis of the blood.

identifying the areas for future research in the management of PHLF.

This is

In conclusion, although there is currently insufficient

since some of the hepatotoxins exist in protein-bound

evidence to recommend LSS for the routine treatment of

form and are lipophilic (e.g., bilirubin), and cannot be

PHLF patients, the lack of evidence highlights a consid-

simply filtered out of the bloodstream. Moreover, tradi-

erable clinical knowledge gap, rather than proof that LSS

tional hemofiltration methods do not have selectivity for

should be disregarded in PHLF. We highlight that this gap

removal of toxic products.

is accompanied by a need for well-defined patient cohorts

However, we find here that the benefit of existing LSS

with PHLF to be considered for enrollment in to larger,

seems modest, although use of these systems is not

multicenter, prospective studies to accurately evaluate the

routine. PE and MARS have not been shown to sig-

use of existing and newer LSS. Although our study found

nificantly improve the mortality rates, but have helped im-

that MARS and PE systems had outcomes reported in
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PHLF, the roles of other systems, including bio-artificial
systems and cytokine modulators (e.g. Cytosorb) may also
warrant investigation in the context of PHLF.
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