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Posthepatectomy liver failure (PHLF) represents the single most important cause of postoperative mortality after major liver

resection, yet no effective treatment option is available. Extracorporeal liver support devices might be helpful, but systematic

studies are lacking. Accordingly, we aimed to assess the safety and feasibility of the Molecular Adsorbent Recirculating Sys-

tem (MARS) in patients with PHLF. Between December 2012 and May 2015, a total of 206 patients underwent major or

extended hepatectomy, and 10 consecutive patients with PHLF (according to the Balzan 50:50 criteria) were enrolled into

the study. MARS treatment was initiated on postoperative day 5-7, and five to seven consecutive treatment sessions were

completed for each patient. In total, 59 MARS cycles were implemented, and MARS was initiated and completed without

major complications in any patient. However, 1 patient developed an immense asymptomatic hyperbilirubinemia (without

encephalopathy), 1 had repeated clotting problems in the MARS filter, and 2 patients experienced access problems with the

central venous line. Otherwise, no adverse events were observed. In 9 patients, the bilirubin level and international normal-

ized ratio decreased significantly (P < 0.05) during MARS treatment. The 60- and 90-day mortality was 0% and 10%,

respectively. Among the 9 survivors, 4 still had liver dysfunction at 90 days postoperatively. Five patients were alive 1 year

postoperatively without any signs of liver dysfunction or disease recurrence. Conclusion: The use of MARS in PHLF is feasi-

ble and safe and improves liver function in patients with PHLF. In the present study, 60- and 90-day mortality rates were

unexpectedly low compared to a historical control group. The impact of MARS treatment on mortality in PHLF should be

further evaluated in a randomized controlled clinical trial. (Hepatology Communications 2018;2:445-454)

Introduction

P
artial hepatectomies for primary and secondary
malignant liver tumors are performed with low
mortality risk and good long-term results at

expert centers.(1,2) However, posthepatectomy liver
failure (PHLF) still represents the leading single cause

of postoperative morbidity and mortality.(3-5) Al-
though substantial advances have been made in all
stages of operative care, treatment of PHLF, once it
has occurred, remains limited to symptomatic treat-
ment.(6,7) Therefore, there is a need to evaluate new
treatment modalities in PHLF, such as extracorporeal
liver support devices.

Abbreviations: ACLF, acute on chronic liver failure; ALF, acute liver failure; BW, body weight; CT, computed tomography; ERCP, endoscopic ret-

rograde cholangiopancreatography; FLR, future liver remnant; ICU, intensive care unit; INR, international normalized ratio; IQR, interquartile

range; MARS, Molecular Adsorbent Recirculating System; MELD, Model for End-Stage Liver Disease; PHLF, posthepatectomy liver failure; POD,

postoperative day.
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In recent decades, several techniques have been
developed to support patients with both acute liver fail-
ure (ALF) and acute-on-chronic liver failure
(ACLF).(8) In this context, the Molecular Adsorbent
Recirculating System (MARS) has emerged as a prom-
ising tool due to its capacity to remove water-soluble
and albumin-bound toxins and to improve several clin-
ically relevant hemodynamic and biochemical parame-
ters in patients suffering from ALF or ACLF.(9-13)

Large, randomized, controlled trials did, however, fail
to demonstrate a statistically significant survival bene-
fit.(14,15) In the PHLF situation, only a few single-
center experiences have addressed the use of MARS as
a rescue treatment option,(16-20) and all of them suffer
from heterogeneous patient groups and a lack of stan-
dardized treatment protocols. Recently, we reported
our retrospective experience with MARS for PHLF at
two tertiary referral centers where we found a trend
toward improved 90-day and long-term survival in
patients who received several MARS treatments early
in the postoperative course.(21) Based on these observa-
tions, we designed a prospective phase I study to evalu-
ate the safety and feasibility together with the impact
on patient outcome of early MARS treatment in
patients with PHLF.

Patients and Methods

STUDY DESIGN

The study was designed as a prospective, single
institution, phase I safety and feasibility study. The
primary outcome was the safety and feasibility of early
MARS treatment in patients suffering from PHLF
according to the 50:50 criteria.(22) Secondary outcomes
were 60- and 90-day mortality as well as impact of
MARS treatment on liver regeneration (remnant vol-
ume) and function measured by liver-specific blood

samples (total and conjugated bilirubin, transaminases,
international normalized ratio [INR], C-reactive pro-
tein, creatinine, ammonia, and full blood cell count).
Long-term and disease-free survival were assessed for
12 months following surgery.

PATIENT SELECTION
AND STUDY INCLUSION

The study was conducted between December 1,
2012, and May 31, 2015, at Karolinska University
Hospital, Huddinge, Stockholm, a tertiary referral cen-
ter. Except for exclusions noted below, all patients
with PHLF according to the Balzan (50:50) criteria
after major/extended hepatectomy (removal of �4
Couinaud segments) were eligible for study enroll-
ment. The applied Balzan criteria for PHLF predict a
>50% 60-day mortality in the case of a total bilirubin
>50 lmol/L and a Quick value <50% (equivalent to
INR >1.5) on postoperative day (POD) 5. Only
patients with primary PHLF (caused by a too small
liver remnant or by damage to the liver remnant prior
to or during surgery due to, e.g., chemotherapy or
bleeding) were eligible for inclusion.
Exclusion criteria were age >80 years, uncontrolled

bleeding or sepsis, any relevant and untreated surgical
complication (such as mechanical bile duct obstruction,
clotting of the hepatic artery, or portal vein thrombo-
sis), and platelet count of <20 3 109/L. Patients with
secondary PHLF (caused by any postoperative compli-
cation leading to PHLF later than POD 5) were not
included in the study. Patients at risk were screened
postoperatively and offered participation in the study
when the inclusion criteria were fulfilled on POD 5 in
the absence of exclusion criteria. Informed consent was
obtained either from the patients or, in case of inabil-
ity, from the closest relatives or legal representative. In
order to validate the inclusion criteria, a historical
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control group was analyzed between January 1, 2010,
and November 30, 2012, consisting of all patients who
underwent major or extended hepatectomy at Karolin-
ska University Hospital, Huddinge. The study was
reviewed and approved by the regional ethical board,
Stockholm (DNr 2010/1872-31/2; DNr 2013/149-
31/2) and was registered at ClinicalTrials.gov (NCT03
011424) and performed according to the Helsinki
Declaration.

MARS AND INTENSIVE CARE
UNIT TREATMENT

MARS treatment was performed using a double
lumen catheter inserted into the internal jugular or femo-
ral vein. A standard continuous renal replacement therapy
(MultiFiltrate; Fresenius Medical Care AG, Bad Hom-
burg, Germany) system was used to run the MARS
monitor (Baxter, Lund, Sweden). The blood flow on the
MultiFiltrate machine was adjusted to 90-150 mL/
minute, and the albumin flow on the MARS monitor
was set to 150 mL/minute. Dialysate and replacement
fluid flow was set to receive a renal dialysis dose of 35
mL/kg/hour. Anticoagulation was achieved by local anti-
coagulation of the MARS circuit with citrate as
described.(23) Every session was planned to last between 6
and 12 hours. Intensive care unit (ICU) treatment was
standardized prior to study onset and performed in accor-
dance with the guidelines for treatment of acute liver fail-
ure, including renal hemodialysis (continuous veno-
venous hemofiltration) along with MARS treatment,
mechanical ventilation, drainage of fluid collections,
directed treatment with antibiotics and antifungals, and
parenteral nutrition if needed, as reviewed elsewhere.(24)

EVALUATION OF THE SAFETY,
FEASIBILITY, AND EFFICACY
OF MARS TREATMENT

Prior to the index MARS session, blood samples
were obtained and radiology was performed if appro-
priate to exclude significant surgery-related complica-
tions. The Model for End-Stage Liver Disease
(MELD) score was calculated before the first and after
the last MARS treatment. Encephalopathy was graded
according to the West Haven criteria(25) and repeated
after each MARS treatment. Blood samples were
obtained before and after every MARS session and
during the clinical follow-up as clinically indicated.
Blood pressure, heart rate, and oxygen saturation were
monitored continuously at the ICU.

Clinical evaluation, including documentation of
adverse events, was performed before and after each
MARS session. Adverse events were considered severe
in the event that clinically significant complications
occurred (the adverse event changed patient manage-
ment, the patient required additional hospital care, the
patient become permanently disabled, or the adverse
event was considered to be life threatening). We
assessed the following as primary safety outcomes of
MARS treatment:

1. Bleeding complication and the need for blood
transfusions.

2. Platelet count (termination of MARS or transfu-
sion below 20 3 109/L).

3. Severe electrolyte or acid-base derangements deemed
secondary to local citrate anticoagulation of the
MARS circuit resulting in early termination of
MARS treatment.

Surgery-related complications were classified accord-
ing to the Clavien-Dindo classification.(26) Feasibility
was mainly assessed by the number of screened patients
eligible for study inclusion compared to the number
finally included and treated according to the study pro-
tocol. We also assessed the number of patients not com-
pleting the planned treatment due to reasons other than
safety reasons (logistical or technical reasons).

VOLUMETRIC ASSESSMENT

All patients underwent preoperative evaluation using
four-phase contrast-enhanced computed tomography
(CT) or liver-specific magnetic resonance imaging.
Future liver remnant (FLR) to body weight (BW) ratio
and standardized FLR were calculated based on these
investigations according to described formulas.(27) CT
was performed postoperatively based on clinical indica-
tions. All but 1 (patient number 1) patient underwent at
least one CT scan between POD 5 and POD 49. Liver
volumes before and after operation were calculated using
the software Volume Viewer (Voxtool 11) for AW Vol-
ume Share 5 implemented on an AW Workstation (GE
Healthcare, Fairfield, CT) as described elsewhere.(28)

DATA AND STATISTICAL
ANALYSIS

Patient data were collected prospectively from the
time point of inclusion (POD 5). Complementary data
before POD 5 were collected retrospectively from the
individual in-hospital patient files. Categorical data
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were expressed as frequencies with percentages, and
continuous variables were represented as medians with
interquartile range (IQR). The Wilcoxon signed rank
test was performed to assess paired nonparametric data
(blood samples and MELD score), and the signifi-
cance level was set at P < 0.05. One patient (patient
number 8) was considered to be an outlier and was
excluded from statistical analysis. Statistical analysis
was performed using SPSS software version 24.0.0.0.

Results
During the study period, from December 1, 2012,

to May 31, 2015, 206 patients underwent major/
extended hepatectomy at Karolinska University Hospi-
tal. Patients at risk (already fulfilling the 50:50 criteria
or still increasing bilirubin and INR) were screened on
POD 3 and 4. Fourteen patients fulfilled the inclusion
criteria on POD 5. Two patients could not be included
due to a lack of resources at the local ICU; 1 was
unable to give informed consent due to language prob-
lems and 1 patient underwent multivisceral resection
and was excluded due to uncontrolled sepsis. The
remaining 10 patients (6 male patients, 4 female
patients) with a median age of 69 years (range 49-77)
were included and treated according to the protocol
(Fig. 1). These 10 patients were able to start MARS
treatment within 7 days from surgery and thereby met
the primary feasibility outcome. MARS treatment had
to be interrupted in 2 patients (for 2 and 3 days) due to
logistical reasons at the ICU. According to the treat-
ment protocol, the interruption was not a protocol vio-
lation and did not influence feasibility. All patients
received a minimum of five completed MARS sessions
within 8 days from treatment onset. In 1 patient, clot-
ting of the MARS filter occurred once and treatment
had to be restarted with a new filter.
The indications for hepatectomy were colorectal

cancer liver metastases (5 patients), perihilar cholan-
giocarcinoma (4 patients), and hepatocellular cancer
(1 patient). The demographic data are detailed in
Table 1. Preoperative volumetric analysis of the FLR
revealed a mean FLR/BW ratio of 0.55 (IQR, 0.25)
and a mean standardized FLR of 26.1% (IQR,
11.3%). Two patients underwent preoperative portal
venous embolization and increased their FLR by 28%
and 24%. Although the postoperative assessment of
the FLR was obtained at various time points, we
observed a substantial increase in liver volume over the

first 25 postoperative days. Additional data regarding
volumetric measurements are shown in Table 2.
Two patients experienced severe postoperative com-

plications (Clavien-Dindo �3b); 1 patient required re-
operation for hemorrhage and 1 required endoscopic
retrograde cholangiopancreatography (ERCP) for
common bile duct stenting. Further details regarding
histopathology and intra-operative/postoperative com-
plications are shown in Table 3. Following the opera-
tion, all patients were transferred to our Intermediate
Care Unit, and none of the included patients were ini-
tially in need of treatment at the ICU. On POD 5, the
median bilirubin was 98 lmol/L (IQR, 65) and the
median INR was 1.8 (IQR, 0.43). In total, 59 consec-
utive MARS sessions were completed. Every treatment
cycle comprised a minimum of three consecutive
MARS sessions (12 sessions in total). Details regard-
ing MARS and ICU treatments are presented in
Table 4.
We observed no major complications or mortality

related to the MARS treatment with respect to safety.
According to the main safety outcome measures,
MARS was safe in all patients as there was no bleed-
ing, no need to transfuse blood products, and no severe
derangement of electrolytes or acid-base balance dur-
ing MARS treatment. Two patients had problems

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

FIG. 1. Study flow chart.

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
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TABLE 1. PATIENT CHARACTERISTICS OF THE STUDY POPULATION

Diabetes CVD Smoker Cx

Patient Age Sex BMI
0 5 no;
1 5 yes

0 5 no;
1 5 yes

0 5 no;
1 5 yes Indikation

0 5 no;
1 5 yes Surgery

1 71 m 24 0 0 0 CCC 0 Extended right hepatectomy
2 75 f 31 0 0 1 CRLM 1 Extended right hepatectomy
3 65 f 21 1 0 0 CCC 0 Extended right hepatectomy
4 68 m 23 0 1 0 CCC 0 Extended right hepatectomy
5 66 f 23 1 1 0 CCC 0 Extended right hepatectomy
6 77 f 20 0 0 0 CRLM 1 Right hepatectomy 1 seg 1
7 72 m 25 0 1 0 HCC 0 Extended right hepatectomy
8 57 m 31 0 0 0 CRLM 1 Right hepatectomy 1 local seg 4
9 72 m 29 0 0 0 CRLM 0 Right hepatectomy 1 local seg 4
10 49 m 26 0 0 0 CRLM 1 Extended right hepatectomy
median (IQR) 69,5 (10) 24,5 (7)

Abbreviations: BMI, body mass index; CCC, cholangiocarcinoma; CVD, cardio-vascular disease; CRLM, colorectal liver metastasis;
CVD, cardiovascular disease; Cx, neoadjuvant chemotherapy; f, female; HCC, hepatocellular carcinoma; m, male; PVE, portalvein
embolisation; seg, liver segment.

TABLE 2. VOLUMETRIC MEASUREMENTS

FLR sFLR
Liver

dysfunction** TELV Specimen Postop
Increase
postop

Patient
FLR

segments
preop
mL

FLR/BW
preop

preop
%

0 5 no;
1 5 yes

pre op
(calculated)

weight
grams

Postop
CT

volume
mL

volume
mL/day

1 1-3 140 0.22 10.2 0 1371 1117 POD 94 730 6.3
2 1-3 480 0.58 28.8 0 1665 1305 POD 23 897 18.1
3 1-3 190 0.33 14.9 0 1271 766 POD 25 804 24.6
4 2-3 250/320* 0.45 20.4 1 1568 950 POD 12 803 40.3
5 1-3 290/360* 0.62 28.8 1 1248 1295 POD 49 945 119
6 2-4 295 0.58 26.5 0 1114 726 POD 5 488 38.6
7 2-3 840 0.88 41.4 0 2028 1983 POD 5 1388 109.6
8 1-4 510 0.52 25.7 1 1983 1000 POD 24 1525 42.3
9 1-4 370 0.38 18.4 1 2011 1049 POD 15 910 36
10 1-3 535 0.61 28.3 1 1893 1320 POD 23 1084 23.9

*pre/post portal venous embolization; ** persistent liver dysfunction on POD 90
Abbreviations: BW, body weight; CT, computed tomography; FLR, future liver remnant; preop, preoperatively; postop, postopera-
tively; sFLR, standardized future liver remnant; TELV, total estimated liver volume.

TABLE 3. HISTOPATHOLOGY AND COMPLICATIONS

Inflammation Fibrosis Steatosis Specimen weight
Patient Pathology grade grade grade grams Complication intra-/postoperatively

1 GBC, T3 N1 R1 1 2 2 1117 Postop bleeding, re-op POD 4
2 CRLM, focal R1 0 2 3 1305 HE
3 IG4 cholangitis 0 2 0 766 Bile leakage, conservative treatment, HE
4 CCC, T2b N2 R1 1 1 1 950 Ascites, sepsis
5 GBC, T3 N0 R1 1 3 0 1295 HE
6 CRLM, focal R1 0 1 2 726 HE, systemic infection
7 HCC, T3b V1 R0 1 2 2 1983 HE, bile leakage, conservative treatment
8 CRLM, focal R1 1 2 2 1000 Intra-op injury of the left bileduct, ERCP, Stent
9 CRLM, focal R1 0 1 2 1049 None
10 CRLM, focal R1 0 1 1 1320 Intraop bleeding, ascites

Pathology grading according to the latest tumor related TNM classification (T=size of primary tumor, N=lymph nodes, R=resection
margins, V=invasion into vein).
Abbreviations: CCC, cholangiocarcinoma; CRCm, colo-rectal liver metastasis; CRLM, colorectal liver metastasis; ERCP, endoscopic
retrograde cholangio-pancreatography; GBC, gallbladder cancer; HCC, hepatocellular carcinoma; HE, hepatic encephalopathy (West-
haven grade 2 or higher); IG4, Immunoglobulin G4-related cholangitis.
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with low flow in the central venous line. The central
line was replaced 3 times in these 2 patients without
procedure-related complications. One patient (patient
number 8) had a marked increase in both total and
conjugated bilirubin (peak total bilirubin about 1,000
lmol/L). INR increased as well (range between 2 and
3) without any other signs of severe liver failure. Dur-
ing hepatectomy, this patient suffered from a minimal
injury to the left bile duct and was treated with ERCP
and stent insertion intra-operatively. By repeated post-
operative investigations, both with radiology (CT,
magnetic resonance, and magnetic resonance cholan-
giopancreatography) and ERCP, any mechanical
obstruction of the bile ducts could be excluded.
Despite comprehensive discussions about the patient
with expert hepatologists, the reason behind this
hyperbilirubinemia remained unclear.
Considering patient number 8 as a statistical outlier,

bilirubin and INR decreased significantly under
MARS treatment (bilirubin P 5 0.042; INR P 5

0.023) when comparing values before the first and after
the last treatment. Changes in creatinine, C-reactive
protein, ammonia, and platelets were not significant
(Fig. 2). The median MELD score was 21 (IQR, 5)
before MARS and 19 (IQR, 7) after MARS, and the
difference was not significant. In 4 patients, hepatic
encephalopathy was observed at ICU admittance
(Westhaven grade II or higher). Initially, 1 patient
required mechanical ventilation due to encephalopathy
and respiratory failure but recovered after 3 days of
MARS treatment. In the other 3 patients, MARS
treatment led to clinical improvement after the first
two treatment cycles and parenteral nutrition and

mechanical ventilation could be avoided in all 3. In the
study population, 60-day mortality was 0% and 90-day
mortality was 1/10 (10%). Five patients were alive 1
year after surgery without any signs of liver dysfunction
or disease recurrence. The remaining 4 patients died
between POD 130 and 348; all had advanced disease
recurrence (perihilar cholangiocarcinoma in 1 patient
and colorectal liver metastasis in 3 patients), and 3
patients had chronic liver dysfunction. Details of
patient outcome are shown in Table 5.
In order to validate the 50:50 criteria, we analyzed a

historical cohort in our own institution. Between Janu-
ary 2010 and November 2012, 248 patients underwent
major or extended hepatectomy. In total, 11 patients
(4.4%) met the 50:50 criteria. Both the 60- and 90-day
mortality rates were 64% (7/11) and thereby in line
with the original work of Balzan et al.(22)

Discussion
PHLF continues to be a major threat for patient

survival after extended hepatectomy as there is no spe-
cific treatment available.(29) The present study demon-
strates that it is safe and feasible to use MARS for
patients with PHLF. In the study population, 60- and
90-day mortality were low compared to the expected
mortality according to the 50:50 criteria (>50%); in
addition, 50% of all included patients experienced a
disease-free 1-year survival.
MARS appeared safe and feasible, and we observed

no major complications. Problems with the central
venous access were not related to PHLF. In addition,
clotting of the MARS filter using local citrate

TABLE 4. ICU AND MARS TREATMENT

MELD MELD MARS CRRT/

Patient SAPS Score
before
MARS

after
MARS MARS start MARS end

MARS
sessions

pause
days

renal
failure

Mechanical
ventilation

1 80 18 22 POD 7 POD 14 7 (413) 2 1 0
2 67 23 18 POD 6 POD 12 5 0 0 0
3 72 19 12 POD 5 POD 12 5 0 0 0
4 60 22 24 POD 7 POD 17 7 (314) 3 0 0
5 67 21 20 POD 6 POD 13 7 0 1 0
6 72 20 14 POD 6 POD 11 5 0 0 0
7 91 20 13 POD 5 POD 10 5 0 0 3 days
8 61 24 31 POD 7 POD 13 7 0 1 0
9 61 19 17 POD 6 POD 10 5 0 0 0
10 68 21 16 POD 7 POD 12 5 0 0 0
median (IQR) 67,5 (13) 21 (5) 19 (9)

Abbreviations: CRRT, continuous renal replacement therapy; MELD, model for end-stage liver disease; POD, post-operative day;
SAPS, simplified acute physiology score.
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anticoagulation of the MARS circuit occurred only
once out of all patients as described,(23) and we
observed no systemic bleeding or clotting complica-
tions. However, 1 patient developed a rapid and mas-
sive increase in serum bilirubin without any other
clinical signs of liver failure (e.g., encephalopathy).
Each MARS session resulted in a transient decrease in
bilirubin, but this did not prevent a progressive overall
increase in bilirubin. A paradoxical increase in bilirubin

during MARS treatment has not been described, and
the mechanisms in this patient remain obscure.
We identified no major safety issues but did observe

some problems regarding feasibility. MARS treatment
requires the transfer of patients to the ICU in our hos-
pital. As ICU resources are limited, our patients, who
would otherwise not have been in need of ICU treat-
ment, competed with other more diseased patients in
need of ICU. MARS was therefore interrupted for 2

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

FIG. 2. Blood samples before/
after MARS treatment. Abbre-
viation: n.s., not significant.

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
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and 3 days in 2 patients. Nevertheless, all patients fol-
lowed the treatment protocol, and just one out of 59
treatment sessions had to be restarted due to problems
with the MARS filter. In conclusion, feasibility was
good once MARS was initiated.
Extracorporeal liver support has attracted much

interest over the past 2 decades as a treatment for acute
liver diseases. Despite potentially positive effects on
clinical and laboratory parameters, no study has been
able to demonstrate a significant survival benefit in
ALF(15) or ACLF patients.(14) A systematic evaluation
of MARS has not been undertaken with respect to
PHLF. Previous reports consist of small case series
with heterogeneous patient cohorts, and all lack stan-
dardized treatment protocols.(16-19) To our knowledge,
the present study is the first prospective study that sys-
tematically investigates the safety and feasibility of
MARS for PHLF.
Today, liver regeneration after partial hepatectomy

is well understood.(30) Risk factors for PHLF are
patient-related factors, such as age and comorbidities;
liver-related factors, such as the quality of liver tissue
and, most importantly, the extent of liver resection as a
liver remnant that is too small unavoidably leads
to PHLF.(6) The pathophysiology is different in
PHLF (31) compared to ALF (32) or ACLF.(33) How-
ever, the argument for using MARS in PHLF is that
early support of liver function should result in an
enhanced regeneration of an otherwise insufficient liver
remnant. Several MARS effects might contribute to
achieve this goal. First, albumin serves as an important
scavenger for reactive oxygen species released from

inflammatory cells.(34) Oxidative stress was found to
severely impair liver regeneration after partial hepatec-
tomy in mice due to a reduction in insulin/ insulin-like
growth factor 1 signaling.(35) Thus, detoxification of
the circulating albumin might contribute to a reduction
in oxidative stress and thereby improve liver regenera-
tion. Second, growth factors are crucial for liver regen-
eration after hepatectomy,(30) and MARS might
contribute to improved regeneration through an
increase in plasma hepatocyte growth factor as found
by Donati et al.(10) in selected patients with ALF and
ACLF. Third, portal hypertension has been described
as a major risk factor for the development of
PHLF,(36) and MARS treatment has been shown to
reduce portal pressure in ACLF patients.(9) However,
all these potentially beneficial effects need further
investigation in PHLF.
The small-for-size syndrome represents a major risk

factor for the development of PHLF.(37) The majority
of our patients had an FLR/BW ratio that allowed for
safe hepatectomy according to recent recommenda-
tions.(27,38) However, 3 patients had a low FLR/BW
ratio (<0.4) but initially showed a good response to
MARS treatment with improvement of liver function.
Two of these patients recovered entirely, and 1 had
impaired liver function beyond POD 90. Radiology
after MARS treatment was not performed primarily to
assess liver volume but was performed based on clinical
indications. Therefore, investigations were not carried
out at standardized time points, making it difficult to
draw concise conclusions about FLR volume increase.
However, in all patients who underwent CT in the

TABLE 5. PATIENT OUTCOME AND SURVIVAL

Hospital
stay/days Bilirubin

60-day
mortality

90-day
mortality

Liver
dysfunction**

Patient
(until 1.

demission)
POD 90

mikromol/L INR POD 90
0 5 no;
1 5 yes

0 5 no;
1 5 yes

0 5 no;
1 5 yes

1 35 18 1.3 0 0 0
2 46 18 1 0 0 0
3 35 37 1.3 0 0 0
4 128 427 1.4 0 0 1
5 90 619 2.5 0 1 1
6 20 n.a. n.a. 0 0 0
7 39 353 1.2 0 0 1
8 46 380 1.8 0 0 1
9 24 38* 1.4* 0 0 1
10 30 24 1.5 0 0 0
median (IQR) 37 (29) 195 (396) 1,4 (1,0)

*on POD 144; †liver dysfunction on POD 90. *5 on POD 144; **5 liver dysfunction on POD 90
Abbreviations: n.a., not available; POD, post operative day; until 1. demission, until 1. demission from hospital after index operation.
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early post-MARS phase, we were able to detect a sub-
stantial increase in liver volume, albeit with huge inter-
individual differences. Based on the volumetric
findings, we were not able to distinguish between the
patients who recovered and those with persistent liver
dysfunction on POD 90. These findings illustrate the
need for better understanding of the function/volume
correlation in liver regeneration as well as the need for
better tools to accurately predict PHLF.
Earlier reports of patients with other forms of liver

failure suggest that at least three consecutive MARS
sessions are needed to achieve optimal treatment out-
comes.(15,39,40) In the present study, we strived to avoid
“under treatment” of patients and prescheduled five to
seven MARS sessions for each patient. The number of
treatment sessions needed to achieve a sufficient regen-
eration and function of the liver remnant needs to be
established in future studies. Because liver regeneration
starts immediately after completion of the hepatec-
tomy,(30) MARS treatment should possibly start even
earlier than POD 5. To date, there are no other pre-
dictive tools with good reliability available to delineate
those at high risk of developing PHLF earlier than
POD 5. Thus, the 50:50 criteria currently represent
the best available tool to indicate potentially lethal liver
failure.
In our department, MARS treatment required

patient care at the ICU, but most of the enrolled
patients would otherwise not have met the criteria for
treatment at the ICU. The higher level of care exp-
erienced by these patients at an ICU might have an
overall beneficial effect on patient survival and thus
represents a possible bias in the mortality assessment.
In conclusion, the use of MARS in PHLF is feasible

and safe. In this study, the 60- and 90-day mortality
rates were much lower than expected. However, 5
patients did not regain normal liver function on POD
90. Thus, the final role of MARS in PHLF should be
clarified in a randomized controlled clinical trial.
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