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ABSTRACT

Background: Acute-on-chronic liver failure (ACLF) is associated with high short-term mortality of up to 40%. Albumin dialysis
is a therapeutic option that can be used to bridge patients with ACLF to liver transplantation or recovery.

Methods: This retrospective cohort study was conducted to determine the effectiveness and adverse effects of open albumin
dialysis (OPAL) by comparing the biochemical and clinical variables of model for end-stage liver disease (MELD)-matched ACLF
patients who received one of three treatments: OPAL plus standard medical treatment (SMT; 22 patients), Prometheus dialysis
fractionated plasma separation and adsorption (FPSA) plus SMT (41 patients), or hemodialysis plus SMT (24 patients) at the
University Hospital Essen.

Results: OPAL treatment significantly reduced liver function tests such as bilirubin (p =0.0001) and creatinine levels (p =0.049).
Therefore, OPAL therapy significantly reduced the MELD score (p=0.001) and the Chronic Liver Failure Consortium (CLIF-C)
ACLF (p=0.0005) score. In both extracorporeal liver support groups, the decrease in MELD score was significantly stronger
than that achieved with SMT (OPAL vs. SMT, p=0.002; Prometheus vs. SMT, p=0.0001; OPAL vs. Prometheus p=0.90). In
comparison to the SMT group, survival rates after 14 and 30 days were significantly higher in the Prometheus group (p=0.0008
and 0.03) and tended to be better in the OPAL group, although statistical significance was not reached (p=0.06 and p=0.11).
Conclusions: Our analysis revealed OPAL is an efficient method of albumin dialysis yielding a reduction of bilirubin and cre-
atinine levels and improving clinical scoring in ACLF patients. OPAL as well as Prometheus were associated with a stronger
reduction of relevant biochemical variables of liver function and amelioration in clinical scoring in comparison to SMT. However,
it should be considered that patients from the SMT group were older and experienced progressive ACLF with high mortality risks
compared to the patients from the OPAL and Prometheus groups. Thus, when interpreting the study results, several limitations
including small sample size and heterogeneity of the treatment groups due to the lack of randomization should be taken into
account.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is
properly cited.
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1 | Introduction

Acute-on-chronic liver failure (ACLF) is a life-threatening con-
dition characterized by acute deterioration of preexisting chronic
liver disease that consequently leads to the rapid development
of extrahepatic organ failure and is accompanied by high short-
term mortality rates [1]. The European Association for the Study
of the Liver (EASL) and the Chronic Liver Failure Consortium
(CLIF-C) provide their own definition of ACLF; this definition
considers multiorgan failure to be a hallmark of ACLF according
to the CLIF-C organ failure score (CLIF-C OF) [2, 3].

Currently, standard medical care is restricted to the treatment
of precipitating factors, as well as the treatment of organ fail-
ures [1, 4]. Liver transplant is a life-saving curative option [1, 3];
however, several extracorporeal liver support systems provide
the possibility of restoring impaired liver function and bridging
ACLF patients to liver transplant or liver recovery [5, 6]. The
Molecular Adsorbent Recirculating System (MARS) and frac-
tioned plasma separation and adsorption (FPSA; Prometheus
dialysis) are two well-studied liver support methods for ACLF
patients [6]. These two devices effectively remove the water-
soluble and albumin-bound toxins that accumulate in ACLF
patients as a result of compromised liver function, but they are
based on two different technical principles [6, 7]. The MARS
system uses an additional albumin circuit prior to high-flux he-
modialysis to eliminate both water-soluble and albumin-bound
toxins. The open albumin dialysis (OPAL) system is a further
development of MARS that is more efficient than MARS in
albumin-bound detoxification due to a surface-increased char-
coal absorber enabling a higher concentration gradient between
the blood and albumin dialysate [8, 9].

In contrast, the function of the Prometheus device combines
plasma separation, adsorption, and traditional high-flux hemo-
dialysis [10]. The patient's blood passes through a 250-kDalton
filter that separates the plasma and extracts the albumin fraction
that will be further detoxified in the secondary circuit by a neu-
tral resin adsorber and an anion-exchange adsorber [6, 10]. In
2021, the Prometheus system was withdrawn from the market
in Germany and is no longer available. However, Prometheus is
still used as a liver support device in other countries, especially
in Asia [11].

The current retrospective analysis was conducted to evaluate
the effectiveness of a new mode of albumin dialysis (OPAL) in
clearing the albumin-bound and water-soluble toxins, improv-
ing clinical prognosis scores, and reducing short-term mortality
rates among ACLF patients in comparison to the Prometheus
system and conventional hemodialysis.

2 | Materials and Methods
2.1 | Study Population

We performed a retrospective analysis of single-center data from
patients with the diagnosis of ACLF who were treated with one
of two extracorporeal liver support systems or conventional
hemodialysis. The OPAL group consisted of 22 ACLF patients
who were treated between December 2021 and October 2023.

The Prometheus group involved 41 ACLF patients who were
treated between December 2012 and January 2021. The SMT
group contained 24 ACLF patients who were treated between
June 2013 and November 2022 with intermittent hemodialysis
for hepatorenal syndrome. None of the included patients was
admitted to an ICU during treatment sessions. Hepatorenal
syndrome was diagnosed according to the established criteria of
the International Ascites Club [12]. Patients treated consistently
with the same extracorporeal liver support (ECLS) system were
included in the analysis. According to our local standard oper-
ating procedures, OPAL and Prometheus were preferentially
considered for patients with total bilirubin values higher than
10mg/dL. Because the Prometheus dialysis device was not avail-
able at our center after the middle of 2021, OPAL was the treat-
ment of choice thereafter. Patients without hyperbilirubinemia
but with acute kidney injury related to hepatorenal syndrome
underwent hemodialysis.

Clinical and biochemical covariates were manually collected
by retrospective review of electronic medical records. We deter-
mined the MELD score at baseline and after the end of treat-
ment for all patients retrospectively using the same pre-2016
MELD score calculator based on the MELD formula from the
model for end-stage liver disease described by Kamath et al. [13].
All patients provided written informed consent before the initi-
ation of any medical treatment. Ethical approval for this study
was obtained from the local Ethics Board (23-11405-BO).

2.2 | Treatment of ACLF

OPAL therapy was performed almost daily. The OPAL device
was attached to a standard hemodialysis machine, the FMC
MultiFiltrate (Fresenius Medical Care AG, Bad Homburg,
Germany), with a Maxicycler absorber (Albutec, Rostock,
Germany). The albumin circuit was primed with 500mL of a
20% human albumin solution. The OPAL device was built ac-
cording to the manufacturer's instructions. The average treat-
ment time was 360 min. Blood flow rates were set at between 100
and 150mL/min, and albumin flow rates were set at 250mL/
min.

Prometheus dialysis combines fractionated plasma separation
and adsorption (FPSA) with hemodialysis. The Prometheus
device (Fresenius Medical Care AG, Bad Homburg, Germany)
consists of two parts: a “standard” extracorporeal blood circuit
connected to a double-lumen dialysis catheter and a secondary
circuit containing fractionated plasma. Both circuits are inte-
grated into a modified hemodialysis unit (4008 H, Fresenius
Medical Care AG, Bad Homburg, Germany) and are separately
monitored by various hardware and software methods. A high-
flux hemodialyzer (F60S, Fresenius Medical Care AG, Bad
Homburg, Germany) is used to remove water-soluble substances.
The patient's blood (flow rate, 200 mL/min) enters the first ex-
tracorporeal circuit and passes through an albumin-permeable
filter (Albu-Flow, Fresenius Medical Care AG, Bad Homburg,
Germany). The filtered albumin-rich plasma then flows through
a secondary circuit (volume approximately 450 mL) at a flow rate
of 30mL/min. The albumin-rich plasma is purified from lipo-
philic albumin-bound toxins by flowing through two adsorbers:
direct adsorption of the albumin-bound toxins takes place in a
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neutral resin adsorber (Prometh 01), whereas negatively charged
toxins such as bilirubin are separated in an anion exchanger
(Prometh 02) that uses chloride as the counterion. The average
treatment time is 360 min.

Vascular access was obtained with a double-lumen hemodialysis
catheter placed in the jugular or femoral vein. Anticoagulation
was maintained by the application of regional citrate or by sys-
temic infusion of unfractionated heparin.

2.3 | Statistical Analysis

Categorical variables were expressed as numbers and percent-
ages. Continuous variables were presented in corresponding
figures and tables as medians with interquartile ranges. We
compared absolute numbers of categorical variables between
two groups with a two-tailed y? test. Assuming an abnormal dis-
tribution, differences in continuous variables between the three
liver support procedure groups were assessed with the Kruskal-
Wallis test. Dunn's test was used as a post hoc test for multiple
comparisons. For comparison of pretreatment and posttreat-
ment values, the Wilcoxon test was applied. Kaplan-Meier point
estimates of the survival probabilities were calculated on study
days 14 and 30. Differences were considered statistically signif-
icant at the level of p <0.05. Statistical analyses were performed
with GraphPad Prism version 6 (GraphPad Software Inc., La
Jolla, CA, USA) and IBM SPSS Statistics version 23 (IBM Corp.,
Armonk, NY, USA).

3 | Results

3.1 | Characteristics of Patients in
the OPAL Group

In all, 22 patients with ACLF were treated with the OPAL de-
vice between December 2021 and October 2023. The patients’
median age was 56years (33-68years), and most were men (73%)
(Table 1). The main reasons for the development of ACLF in this
group were continuous alcohol consumption (41%) and infections
(32%) (Table 1). Most of the patients were found to have Grade
2 ACLF (73%); 18%, Grade 1; and 9%, Grade 3 ACLF (Table 1).
Patients underwent a median of seven sessions of OPAL, with a
median treatment duration of 6 h (Table 2). Before the initiation
of therapy, the patients' median MELD score was 34, and their
median CLIF-C ACLF score was 49 points (Table 2). Tables 1
and 2 illustrate the patient characteristics of the OPAL cohort.

3.2 | Alterations in Laboratory Values and Clinical
Scores After OPAL Treatment

We assessed the changes in laboratory values 24 h after the first
OPAL session (Figure 1) and after the completion of OPAL treat-
ment (Figure 2). The first OPAL treatment session resulted in a
statistically significant reduction in total serum bilirubin, serum
creatinine, hemoglobin (p=0.0001) levels, platelet counts, alka-
line phosphatase (AP), gamma-glutamyltransferase (GGT) and
lactate dehydrogenase (LDH) (Figure 1). The complete OPAL
treatment led to a statistically significant reduction in serum

bilirubin and serum creatinine levels, transaminase activities,
partial thromboplastin time, platelet counts, and hemoglobin
values (Figure 2A).

Regarding risk stratification scores, we observed a significant
amelioration of the MELD and CLIF-C ACLF scores obtained
at the time of admission to the hospital and those obtained 24h
after the termination of OPAL therapy (Figure 2B).

3.3 | Changes in Laboratory Parameters Between
Patients Treated With OPAL and Those Treated
With Either Prometheus or SMT Plus Hemodialysis

As shown in Table 1, the comparison of the baseline charac-
teristics between OPAL and Prometheus patients revealed no
statistically significant differences between the two alternative
treatment groups. Nevertheless, we observed a trend toward a
higher number of ACLF cases occurring due to infection among
patients treated with Prometheus than among those treated
with OPAL (Table 1). On the other hand, the OPAL group
tended to include more ACLF cases related to other etiologies
besides the common reasons such as infection, bleeding, or al-
cohol abuse than the Prometheus group (Table 1). Regarding
Table 2, blood flow was significantly lower in the OPAL group
than in the Prometheus group, while baseline values of aspar-
tate transaminase were statistically significantly higher among
patients treated with OPAL than among patients treated with
Prometheus. However, pretreatment values of bilirubin were
comparable for both procedures (Table 2). However, comparing
the OPAL and SMT groups, we observed that hepatorenal syn-
drome, ACLF Grade 1, and infections as causes of ACLF were
more common in the SMT group (Table 1). Moreover, patients
in the SMT group were significantly older with a higher CLIF-C
ACLF score at hospital admission (Table 2). Pretreatment serum
bilirubin values were significantly lower in the SMT group
(Table 2). Table S1 shows a comparison of the baseline charac-
teristics of patients undergoing Prometheus dialysis and those
treated with SMT.

With respect to the ability to clear bilirubin, we detected a sig-
nificantly greater percentage reduction of bilirubin levels in the
OPAL and Prometheus treatment groups than in the SMT group
(Figure 3). The relative decrease in bilirubin concentrations
in the OPAL group ranged from 13% to 75% in comparison to
baseline values (Figure 3). Interestingly, OPAL therapy strongly
reduced hemoglobin levels (Figure 3), with similar relative re-
duction rates in AST, ALT, and LDH activities and in prothrom-
bin time, PTT, creatinine, urea-N, and platelet values for all
three procedures (Figure 3).

Furthermore, the first treatment session with the OPAL device
resulted in significant augmentation of the systolic and diastolic
blood pressure after treatment, suggesting positive effects of
OPAL on stabilization of the hemodynamic situation in patients
with ACLF (Table 4). Systolic and diastolic blood pressures did
not significantly change under Prometheus and hemodialysis
(Table 4). However, Prometheus was administered at the high-
est blood flow rate of 200mL/min, whereas OPAL therapy was
administered at the relatively lowest blood flow of 150 mL/min
(Table 4).
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TABLE 2 | Comparison of the continuous clinical and laboratory values of 22 ACLF patients treated with OPAL, 41 treated with Prometheus for
liver support, and 24 with SMT plus hemodialysis. All values are given as medians with interquartile ranges.

OPAL n=17 Prometheus n=41 SMT n=24 p value
Age, years 56 (41-61) 46 (40-61) 60 (50-69) 0.01
OPAL vs. Prometheus ns
OPAL vs. SMT ns
Prometheus vs. SMT 0.01
MELD score before therapy 34 (37-31) 33(29-37) 32 (25-37) 0.43
CLIF-C ACLF score before therapy 49 (47-55) 47 (41-51) 50 (47-57) 0.02
OPAL vs. Prometheus ns
OPAL vs. SMT ns
Prometheus vs. SMT 0.04
Number of therapy sessions 7 (3-9) 7 (5-11) 8 (3-11) 0.74
Blood flow (mL/min) 150 (100-150) 200 (200-200) 180 (150-250) 0.0001
OPAL vs. Prometheus 0.0001
OPAL vs. SMT 0.0001
Prometheus vs. SMT ns
Bilirubin (mg/dL) 29.2 (22.3-34.8) 29 (23.4-33.8) 7.2 (2.0-20.2) 0.0001
OPAL vs. Prometheus ns
OPAL vs. SMT 0.0001
Prometheus vs. SMT 0.0001
ALT (U/L) 62 (32-124) 57 (38-104 42 (24-165) 0.58
AST (U/L) 169 (109-234) 109 (66-162) 77 (26-197) 0.005
OPAL vs. Prometheus 0.04
OPAL vs. SMT 0.005
Prometheus vs. SMT ns
AP (U/L) 185 (144-250) 173 (118-277) 127 (100-215) 0.11
GGT (U/L) 225 (104-465) 117 (69-237) 123 (59-203) 0.06
LDH (U/L) 272 (200-423) 245 (199-315) 283 (212-467) 0.3
Creatinine (mg/dL) 2.1 (1.7-3.6) 2.1(1.3-3.6) 5(3.4-6.3) 0.0001
OPAL vs. Prometheus ns
OPAL vs. SMT 0.003
Prometheus vs. SMT 0.0002
Urea-N (mg/dL) 47.6 (27.7-86.5) 42.9 (27.0-69.8) 93 (60.4-142.5) 0.002
OPAL vs. Prometheus ns
OPAL vs. SMT 0.01
Prometheus vs. SMT 0.003
Albumin (mg/dL) 3.2(2.8-3.7) 3.2(3.0-3.3) 3.1(2.5-3.3) 0.41
Hemoglobin (g/dL) 9.1 (8.2-27.7) 8.9 (7.7-10.4) 8.4 (7.5-10.4) 0.57
Thrombocytes (/nL) 113 (66-256) 103 (72-153) 97 (52-141) 0.47
(Continues)
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TABLE 2 | (Continued)
OPAL n=17 Prometheus n=41 SMT n=24 p value
Prothrombin time (%) 42 (30-52) 43 (35-53) 44 (33-56) 0.56
PTT (sec) 40 (33-49) 40 (33-56) 43 (34-53) 0.68
Duration of hospitalization 20 (12-26) 29 (19-37) 15 (7-36) 0.051
MELD score after therapy 31 (26-33) 27 (24-34) 35(25-39) 0.03
OPAL vs. Prometheus ns
OPAL vs. SMT ns
Prometheus vs. SMT 0.03
CLIF-C ACLF score after therapy 47 (43-50) 44 (0-49) 49 (44-58) 0.007
OPAL vs. Prometheus ns
OPAL vs. SMT ns
Prometheus vs. SMT 0.007

Abbreviations: ACLF, Acute-on-chronic liver failure; ALT, alanine transaminase; AST, aspartate transaminase; AP, alkaline phosphatase; CLIF-C, Chronic Liver
Failure Consortium; GGT, gamma-glutamyltransferase; LDH, lactate dehydrogenase; MELD, Model for End-Stage Liver Disease; ns, not significant; PTT, partial

thromboplastin time; SMT, standard medical treatment.

3.4 | Effect of OPAL, Prometheus, and SMT on
Mortality and Clinical Scoring

The relative decline in the MELD score was significantly greater
in the OPAL and Prometheus groups than in the SMT group
(Figure 4A). Comparison of OPAL with Prometheus dialysis
found that the two devices had achieved similar MELD score
reductions at the end of therapy (Figure 4A). We found a differ-
ence in the relative reduction of the CLIF-C ACLF score only
between the Prometheus dialysis group and the SMT group
(Figure 4B). As expected, the highest posttreatment MELD and
CLIF-C ACLF scores were seen for the SMT group (Table 2).

Prometheus yielded significantly lower short-term mortality
rates (deaths occurring within the first 14 days after the end of
therapy, Figure 4C) and 30-day mortality rates (Figure 4D) for
ACLF patients than did SMT. Patients treated with OPAL also
tended to have better survival rates than did those receiving
SMT (14-day mortality OPAL vs. SMT p =0.06; 30-day mortality
OPAL vs. SMT p=0.11; Figure 4C,D). The survival rates did not
differ significantly between the OPAL and Prometheus groups
(Figure 4C,D). The 14-day and 30-day survival rates of ACLF
patients treated with OPAL or Prometheus dialysis continued to
be better than those of patients treated with SMT even after pa-
tients who had no evidence of renal impairment were excluded
from the OPAL and Prometheus groups (Figure S1).

Differentiating between patients with ACLF Grade 1 and 2 for
each procedure group showed that the 14-day mortality rate
was not related to the ACLF grade (Figure S2A), but patients
with ACLF Grade 2 who were treated with Prometheus dialysis
tended to have higher 30-day mortality rates than patients with
ACLF Grade 1 (p=0.09; Figure S2B).

The frequency of bleeding events, predominately gastrointesti-
nal bleeding or bleeding from the puncture site of the dialysis
catheter, during extracorporeal treatment was similar for all

three treatment options. The infection rate was also comparable
between the three therapy approaches.

3.5 | Course of Kidney and Liver Function After
Treatment With OPAL and Prometheus Versus SMT

Considering the development of kidney function after the com-
pletion of ECLS therapies or SMT, we observed that ACLF
patients who underwent SMT required continuation of renal
replacement significantly more frequently than those who were
previously treated with OPAL [10/22 (46%) vs. 21/24 (88%),
p=0.002; Table 3]. No differences were seen between the OPAL
and Prometheus devices (Table 3). Separate analysis of ACLF pa-
tients who survived longer than 30 days after the end of ECLS or
SMT indicated that the number of ACLF patients who developed
a new onset chronic end-stage kidney disease requiring dialy-
sis (CKDG5D) was significantly higher in the SMT group than
in the OPAL group [6/10 (60%) vs. 1/13 (8%), p=0.007, Table 3].
Comparison between the OPAL and Prometheus groups also
revealed a trend toward more CKDG5D cases among survivors
treated with Prometheus than among survivors treated with
OPAL [7/22 (26%) vs. 1/13 (8%), p=0.007, Table 3]. The highest
rate of development of renal function impairment according to
chronic kidney disease grades 3-5 in survivors was detected in
the SMT group (70%), followed by Prometheus (64%) and OPAL
(46%) (Table 3).

All ACLF patients who were treated with both ECLS devices
and SMT including hemodialysis were on the normal ward
and did not need intensive care unit management during
treatment. In order to assess hemodynamic stability after the
application of ECLS devices versus SMT including hemodi-
alysis, we analyzed the occurrence of transfer to the inten-
sive care unit after the end of ECLS or SMT. As illustrated in
Table 3, we observed no significant differences between the
three treatment groups.
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FIGURE1 | Changes in biochemical variables of 22 ACLF patients after the first session of treatment with OPAL. ACLF, Acute-on-chronic liver

failure; ALT, alanine transaminase; AST, aspartate transaminase; AP, Alkaline phosphatase; GGT, gamma-glutamyltransferase; LCH, lactate dehy-

drogenase; PTT, partial thromboplastin time.

Severe hepatic encephalopathy appeared in a few patients among
the three treatment groups. Among ACLF patients treated with
OPAL, hepatic encephalopathy grades 2-3 at the start of OPAL
treatment was present in three patients, of whom only one pa-
tient recovered after the completion of OPAL. Similarly, only
three patients in the SMT group experienced hepatic encepha-
lopathy grades 2-3 at the beginning, and hepatic encephalopa-
thy symptoms resolved in one patient. In the Prometheus group,
hepatic encephalopathy grades 2-3 was observed in seven pa-
tients at baseline and disappeared after the end of treatment in
three patients.

In order to evaluate the further development of liver function
after the end of corresponding treatment, we took into ac-
count MELD score and international normalized ratio (INR)
values obtained 3days after the end of treatment (Table 3).
MELD scores determined in the SMT group and Prometheus
group were significantly lower compared to the OPAL group
(Table 3). The percentage reduction of the MELD score on
Day 3 after the end of treatment in relation to the baseline

MELD score was significantly higher in the Prometheus
group than in the OPAL group (Table 3). INR values quan-
tified 3 days after the completion of treatment were lower in
the Prometheus group and SMT group in comparison to the
OPAL group (Table 3). However, we suppose that the results
achieved for the SMT group are strongly influenced by selec-
tion bias because most ACLF patients in this group needed
continuation of hemodialysis; accordingly, MELD score and
INR were assessed only in a minority of patients who recov-
ered from hepatorenal syndrome and in whom SMT including
hemodialysis was terminated.

3.6 | The Degree of Relative Reduction in Serum
Bilirubin Levels After OPAL or Prometheus Predicts
Mortality Rates and Clinical Scoring

Furthermore, we observed that ACLF patients who died after
treatment with Prometheus exhibited a statistically signifi-
cant lower relative decrease in bilirubin levels than those who
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FIGURE 2 | Changes in biochemical parameters (A) and clinical scoring (B) of 22 ACLF patients 24hours after the end of treatment with OPAL.
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Failure Consortium; GGT, gamma-glutamyltransferase; LDH, lactate dehydrogenase; MELD, model for end-stage liver disease; PTT, partial throm-

boplastin time.

survived (Figure 5A). In the case of those ACLF patients in whom
OPAL was applied, there was a clear trend toward higher relative
reduction of bilirubin due to OPAL among survivors compared
to nonsurvivors, which did not reach statistical significance
(Figure 5A). Next, for both OPAL and Prometheus procedures, we
defined two groups with a treatment-related percentage reduction

of total serum bilirubin either above or below the median biliru-
bin reduction rate. Figure 5 demonstrates that the 14-day and 30-
day mortality rates of ACLF patients treated with either OPAL
(Figure 5B) or Prometheus (Figure 5C) were lower for patients
with a bilirubin decrease above the median reduction rate than
for patients with a bilirubin decrease below the median.
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FIGURE3 |

Relative percentage changes in laboratory values of ACLF patients 24 h after the end of treatment with OPAL (22 patients), Prometheus

(41 patients), or SMT plus hemodialysis (24 patients). ACLF, Acute-on-chronic liver failure; ALT, alanine transaminase; AST, aspartate transami-
nase; AP, alkaline phosphatase; GGT, gamma-glutamyltransferase; LDH, lactate dehydrogenase; PTT, partial thromboplastin time; and SMT, stan-

dard medical treatment.

Both OPAL and the Prometheus device were associated with
a trend toward a greater relative reduction of the MELD score
at the end of treatment for the patients with a relative bilirubin
decrease above the median as cut-off (for OPAL 6.3% vs. 13.8%
p=0.07; for Prometheus 8.8% vs. 17.7% p=0.051; Figure 5D).
We did not find any relative reduction in the CLIF-C ACLF
score after either of these therapies (Figure 5D). Strikingly, the
OPAL procedure had a statistically significant effect on the
MELD score only among those ACLF patients with a strong rel-
ative bilirubin reduction above the cut-off (Figure 5E).

4 | Discussion

The present study was aimed at investigating the feasibility of
OPAL therapy for ACLF patients and also at comparing the
effect of OPAL with that of other ECLS and SMT on clinical
scoring and overall mortality. With regard to the detoxifica-
tion performance, ECLS, Prometheus, and OPAL allowed an
efficient removal of bilirubin superior to hemodialysis and a
creatinine removal that was comparable with the performance
of hemodialysis. The most experience was gained with the

1005



A B p=0.004

— 100+ p=0.0001 € 400- o
2 ®
o 80 S 80-
o
[¥] w
g 60 o 60
a *kkk <
] _ )
40 T 40
= [— w
o ** -
o 20 O 20
3 N
S s ol 7amm __
[ - Q -
g 0 @ 0
a e
20— — T — 71— g 20— —T1— 71—
& (=] ) S
Ul >
& & 9 & & &
& &
<t ¢
- OPAL
100 --t-- Prometheus
—— SMT
3 80+
©
2
g
»n 60
%* %%k
40— 1 00008 p=006
0 5 10
days

*— OPAL
100 --t-- Prometheus
et WT
Y,
§ | I Il---i--.
E [ =Y i,
2 Y
2 [ S—
3 1
7] i Y
[ -
s *:|p:0.03
T T T 1
10 20 30 40
days

FIGURE 4 | Effect of treatment with various liver support procedures on clinical scoring and overall mortality rates of ACLF patients. (A-B)
Relative percentage changes in MELD (A) and CLIF-C ACLF (B) scores 24h after the end of ACLF treatment with either OPAL, Prometheus, or
SMT plus hemodialysis. (C) Short-term 14-day mortality rates of ACLF patients receiving OPAL (22 patients), Prometheus (41 patients), or SMT plus
hemodialysis (24 patients). (D) 30-day mortality rates of ACLF patients treated with OPAL, Prometheus, or SMT plus hemodialysis. ACLF, Acute-

on-chronic liver failure; CLIF-C, Chronic Liver Failure Consortium; MELD

predecessor of the OPAL, MARS, showing a sufficient purifica-
tion of bilirubin in ACLF [5, 7, 14, 15]. Krisper et al. conducted
a cross-over study comparing MARS and Prometheus and iden-
tified a better performance for Prometheus in the removal of
conjugated and unconjugated bilirubin [16]. Other studies re-
ported that MARS was able to effectively reduce creatinine in
the blood of ACLF patients [5, 7, 14, 15], whereas Prometheus
was shown not to modify creatinine levels in some studies
[16-19]. In contrast to the above-mentioned observations, our
study revealed that Prometheus and OPAL both exhibited sim-
ilar abilities in the elimination of creatinine that were compa-
rable with the performance of classical hemodialysis included
in the SMT in our studied patient cohorts. Sommerfeld and col-
leagues conducted a retrospective single-center study at Jena
University Hospital and compared four different ECLS devices
including MARS, OPAL, advanced organ support (ADVOS),
and single-pass albumin dialysis in 96 critically ill intensive
care unit patients with ALF, ACLF, or liver transplant failure
induced acute liver dysfunction [7]. In this study, several pa-
tients were treated with different ECLS systems on different
days between 2015 and 2021 [7]. Analysis of available sessions
performed with the four ECLS devices revealed similar biliru-
bin elimination rates for all four ECLS modes, whereas removal
of ammonia was significantly better using OPAL and ADVOS

, Model for End-Stage Liver Disease; SMT, standard medical treatment.

[7]. Clearance of creatinine and urea after 64 sessions of OPAL
was comparable with clearance rates achieved after 167 cycles
of ADVOS and 54 cycles of MARS [7]. The percental bilirubin
elimination rate of 16% yielded after repeated sessions of OPAL
was lower than in our study, while the elimination rates of cre-
atinine and urea obtained after 64 OPAL sessions were in line
with our results [7]. No significant differences in in-hospital
mortality rates and clinical scores obtained at the end of ECLS
such as MELD, APACHE II, SOFA, and SAPS II were detected
when comparing the four ECLS devices [7]. Another prospec-
tive multicenter study by Stange et al. investigated the feasi-
bility of ECLS with OPAL in ACLF patients in comparison to
MARS [20]. Overall, 30 ACLF patients were randomly treated
with OPAL and MARS in a cross-over design [20]. Reduction
of bile acids and improvement of albumin binding capacity to
bile acids were higher after OPAL than after MARS application
[20]. In contrast to our research work, the authors did not re-
port any data on the improvement of clinical scores or survival
in the study [20].

We saw beneficial effects of the first session of OPAL on hemody-
namics with a significant increase in systolic and diastolic blood
pressure in ACLF patients, while the first single session of ECLS
with Prometheus did not impact blood pressure levels in ACLF
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Alterations in systolic and diastolic blood pressure and the need for pharmaceutical measures for circulatory support during the first session of OPAL versus Prometheus dialysis versus SMT

TABLE 4

plus hemodialysis.

Use of
intravenous

Use of human

Median
diastolic blood

Median
diastolic blood

Median
systolic blood

Median
systolic blood

Use of
terlipressin

albumin

volume
therapy during

during
treatment,

pressure
posttreatment

pressure
pretreatment

pressure
posttreatment

pressure
pretreatment

during
treatment, n (%)

p
value

treatment, n (%)

value n (%)

(IQR)

70 (60-78)

(IQR)

62 (58-71)

(IQR)

118 (107-140)

(IQR)

108 (101-116)

0(0)
18 (44)

4(18)
3(7)

209
12)

0.02

0.0002

=22

OPAL, n

0.66

62 (54-67)

61 (55-69)

0.26

113 (100-127) 113 (93-123)

Prometheus,

41

5(21) 0(0)

0.29 7(29)

56 (51-65)

57 (50-70)

0.32

96 (93-125)

108 (94-131)

=24

SMT, n

Abbreviations: IQR, Interquartile range; OPAL, open albumin dialysis; SMT, standard medical treatment.

patients in our study. These observations are in concordance
with prospective data presented by Dethloff et al. demonstrat-
ing that a single 6-h application of MARS was associated with
a relevant elevation in arterial blood pressure in eight patients
having decompensation of liver cirrhosis, whereas 6-h treatment
with Prometheus did not influence blood pressure in the other
eight patients [21]. In contrast to our study, blood pressure was
assessed with a Swan-Ganz catheter [21]. A former randomized
controlled study by Iarustovskii et al. also supports our findings
on the improvement of hemodynamics upon albumin dialysis
[22]. Amelioration of hemodynamic instability with an increase
in mean arterial blood pressure was significantly greater in nine
patients who were assigned to the MARS group and treated with
one to two sessions of MARS compared to 17 patients who re-
ceived up to 14cycles of Prometheus [22]. However, the study
population of our study substantially differed from the patients
enrolled in the study of Iarustovskii et al., including elderly ALF
patients who underwent cardiac surgery [22].

In the current study, ACLF patients treated with Prometheus
dialysis experienced better 14-day and 30-day survival rates
than did patients in the SMT group. Our data on Prometheus
contradict the results presented by Kribben et al.; their study
found no differences in survival rates between ACLF patients
treated with Prometheus and those treated with SMT [23],
which is in line with several other research groups [5, 6, 14].
Some subgroup analyses showed that Prometheus had favor-
able effects on the survival of ACLF patients with severe dis-
ease referred to as MELD scores higher than 30 points [23]. In
our study, the Prometheus group exhibited significantly lower
CLIF-C ACLF scores at baseline and was significantly younger
than the patients treated with SMT; these characteristics may
have contributed to the fact that Prometheus was superior to
SMT with regard to 14-day and 30-day survival rates. Although
Prometheus has disappeared from the European market, it is
still available and widely used in other countries of the world,
like in Asian countries [11]. Thus, results on Prometheus pro-
vided by our study might be of great relevance for users in sev-
eral other countries outside of Europe.

Meanwhile, patients in the OPAL group exhibited a trend to-
ward better 14-day and 30-day survival rates than did patients
in the SMT group, but the difference did not reach statistical
significance. This lack of a significant effect may be partly ex-
plained by the fact that patients in the OPAL group (Table 1) ex-
hibited higher ACLF grades than did patients in the SMT group,
among whom ACLF Grade 1 predominated, even though base-
line CLIF-C ACLF and MELD scores did not differ between the
two groups (Table 2).

The occurrence of acute kidney failure among ACLF patients
is mainly due to hepatorenal syndrome, which is well known
to aggravate the prognosis of ACLF and to be associated with
poor overall survival rates [24]. Nonetheless, the results of our
survival analysis including only patients with hepatorenal syn-
drome in the OPAL and Prometheus groups were similar to
those obtained in a previous analysis that took into account all
ACLF patients regardless of the appearance of kidney injury.

In general, the results obtained from previous clinical studies on
the association of artificial liver support systems with mortality
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FIGURE 5 | Overall mortality rates and clinical scoring of ACLF patients in relation to the median relative serum bilirubin reduction achieved
by OPAL or Prometheus. (A) Assessment of the relative percentage change in bilirubin concentration among ACLF patients who survived or died
under OPAL therapy or Prometheus dialysis. (B) 14-day and 30-day mortality rates in dependence on relative serum bilirubin reduction among ACLF
patients treated with OPAL. (C) 14-day and 30-day mortality rates in dependence on relative serum bilirubin reduction among ACLF patients treat-
ed with Prometheus. (D) Relative decrease in MELD and CLIF-C ACLF scores in dependence on relative serum bilirubin reduction among ACLF
patients treated with OPAL or Prometheus. (E) Comparison of the pretreatment and posttreatment MELD and CLIF-C ACLF scores among ACLF
patients treated with the OPAL or Prometheus device in relation to the relative percentage reduction in serum bilirubin levels achieved with the in-
dicated liver support therapy. *p=0.05; **p=0.01; ***p=0.0001. ACLF, Acute-on-chronic liver failure; CLIF-C, Chronic Liver Failure Consortium;
MELD, model for end-stage liver disease; OPAL, open albumin dialysis.

rates for ACLF patients are often conflicting. Retrospective The study populations, as well as reported treatment protocols,
study design, small number of patients, and different defini- show high heterogeneity; for example, due to combining data
tions of ACLF hamper external validation and comparability. from ACLF, acute decompensation, and acute liver failure.
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In this study, the use of ECLS resulted in better clinical scor-
ing values than did the use of SMT. Most studies concentrated
on overall and transplant-free survival as leading clinical out-
comes, but improvement in clinical scores was often not exam-
ined. However, improvement in prognostic scores, such as the
MELD score or the CLIF-C ACLF score, due to the reduction in
bilirubin values does not necessarily reflect restored liver func-
tion and therefore should be interpreted with caution.

Our study has several limitations, including its retrospective
design and a relatively small sample size, particularly in the
OPAL and the SMT groups. The fact that allocation to OPAL
at our center was not random may have caused serious selec-
tion bias. Furthermore, including only ACLF patients who had
been exclusively treated with intermittent hemodialysis in the
SMT group may also have produced selection bias. ACLF pa-
tients who received SMT but required continuous hemodialysis
(mostly because of hypotension) and who were predisposed to
a poorer survival prognosis were excluded from the analysis;
this fact may have led to an underestimation of the favorable ef-
fects of OPAL or Prometheus liver support devices. Differences
in certain baseline characteristics between the groups may also
have biased the subsequent results. In particular, results deriv-
ing from the comparison of the two ECLS treatments with SMT
including hemodialysis should be interpreted with caution be-
cause of the high heterogeneity of the groups. Those ACLF pa-
tients who were allocated to the SMT group were older, suffered
more often from hepatorenal syndrome and multiorgan failure,
and displayed a tendency toward higher baseline CLIF-C ACLF
scores than ACLF patients in the OPAL group, reflecting that
patients belonging to the SMT group were sicker and incorpo-
rated an association with higher mortality than patients from
the OPAL group, which might have contributed to the better
performance of the OPAL group in our study in comparison to
the SMT group. Moreover, patients in the Prometheus group
exhibited significantly lower CLIF-C ACLF scores at baseline,
experienced less frequently multiorgan failure and hepatorenal
syndrome, and were significantly younger than the patients
treated with SMT; these characteristics may have contributed to
the fact that Prometheus was superior to SMT with regard to 14-
day and 30-day survival rates. The use of SMT alone is required
for stabilizing patients with a low ACLF grade and providing
them with the chance of a resolution. However, patients exhibit-
ing ACLF Grade 2 or 3 are less likely to recover under SMT and
may profit more from the administration of an artificial liver
support device. However, this was a pilot study exploring for
the first time the efficacy and safety of OPAL for adult patients
with ACLF.

Our observations of the adverse effects associated with OPAL
therapy agree with those previously reported for the MARS sys-
tem: bleeding at the catheter site and thrombocytopenia [5, 14].
In contrast, we observed a significantly stronger reduction in
hemoglobin levels after OPAL treatment than after Prometheus.
Thus, medical professionals should be cautiously aware of this
possible complication of OPAL and should consider that trans-
fusion may be required.

The initial levels of bilirubin at the initiation of therapy have
prognostic relevance for ACLF patients [25]. We found that the
mild relative reduction of bilirubin levels associated with both

artificial liver support methods (OPAL and Prometheus) led to
increased mortality rates and little improvement in the clinical
scores of ACLF patients. Thus, we propose that the degree of
relative bilirubin reduction associated with each liver support
system may be helpful in finding candidates with an unfavor-
able clinical course of ACLF and with an elevated risk of mor-
tality. The continuation of artificial liver support therapy should
be carefully reconsidered for ACLF patients who did not expe-
rience adequate bilirubin reduction despite ongoing artificial
liver support.

Currently, liver transplant as a treatment option for ACLF
patients is not easily accessible and demands lifelong im-
munosuppression. Our study highlights the potential bene-
fits of ECLS systems as an additional option for the optimal
treatment of ACLF patients. However, the decision as to
which currently available ECLS methods should be used
for which ACLF patients remains a challenge for clinicians.
Furthermore, patients with a MELD score lying above 28 in
the absence of more than two organ failures or overt sepsis are
prioritized for early liver transplant [26]. However, the usage
of ECLS devices such as OPAL or Prometheus enables a strong
reduction of the MELD score [26]. The decrease of the MELD
score provoked by the application of such ECLS systems in po-
tentially eligible liver transplant candidates with ACLF prior
to transplant might provide disadvantages to these patients in
competing for organs by reducing their priority on the waiting
list for liver transplant [27]. This circumstance raises concern
about the need to adapt regulations for liver transplants with
regard to those transplant centers where ECLS devices are
available and commonly used.

Additional research, including prospective randomized clinical
trials, should be done to determine the appropriate liver support
device and the correct initiation time of liver support therapy for
various subgroups of ACLF patients that might bring us closer to
personalized therapy for ACLF.
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