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Introduction
!e definition of liver dysfunction is far from a global 
consensus. Typically, liver failure is divided into two 
major entities depending on the presence or absence 
of preexisting liver disease. Acute liver failure (ALF) is 
rare, occurs in the absence of previous liver damage, has 
a clear etiology and is classified according to the inter-
val between the appearance of jaundice and the onset 
of hepatic encephalopathy into acute, subacute and 
hyperacute processes [1–3]. ALF is managed according 
to guidelines, which account for transplant needs [1, 4]. 
In contrast, acute-on-chronic liver failure (ACLF) is trig-
gered by acute hepatic decompensation in patients with 
preexisting chronic disease [5]. ACLF definitions vary 
depending on the issuing consortium [6–8]. Apart from 
ALF and ACLF, secondary liver injury without underly-
ing liver disease in response to hypoxic, toxic or inflam-
matory insults represents the most common form of 
hepatic dysfunction in the intensive care unit (ICU), and 
it commonly manifests as cholestasis and hypoxic liver 
injury [9, 10].

In ALF, the liver is triggering clinical deterioration, i.e., 
extrahepatic organ dysfunction develops due to impaired 
liver function. !e situation in ACLF is more complex: 
A previous chronic liver disease worsens to liver fail-
ure by primary hepatic deterioration [alcoholic hepati-
tis, viral hepatitis, drug-induced liver injury (DILI)] or 
by secondary hepatic deterioration due to extrahepatic 
events (for example, sepsis). Whether alterations are clas-
sified as “dysfunction,” “injury” or “failure” depends on 
the surrogate marker and the score used. For instance, 
when applying bilirubin as a common marker, the defi-
nition of acute liver injury (ALI) by Koch et  al. uses a 
value higher than 3 mg/dl (51.3 µmol/l) to define injury 
[11]. !e Sequential Organ Failure Assessment (SOFA) 

Score divides dysfunction and failure using thresholds 
of 1.2  mg/dl (20.5  µmol/l) and 6.0  mg/dl (102.6  µmol/l) 
[12], respectively. Levels above 2 mg/dl are otherwise fre-
quently used as pragmatic cutoffs to assess jaundice and 
cholestasis [6, 9].

Experimental data on immunologic, regulatory and 
metabolic functions of the liver suggest a role of the liver 
as a “perpetrator” rather than a “victim” of “host response 
failure” and multiple organ failure [13–15]. In any case, 
liver dysfunction and failure are clearly of utmost impor-
tance in the ICU as they affect at least 20% of patients 
and significantly increase the risk of death [16, 17].

!e following overview will discuss ALF, ACLF and 
secondary liver failure. A thorough review and descrip-
tion of the pathophysiology and management can be 
found elsewhere [3, 9, 18–20].

Acute liver failure (ALF)
De!nition
Acute liver failure was first defined in 1970 to describe 
a rare and potentially reversible critical illness caused by 
“severe liver injury in the absence of prior liver disease 
with hepatic encephalopathy occurring within 8  weeks 
from the appearance of first symptoms” [21]. In general, 
the duration of the symptoms should not be longer than 
26 weeks to be considered ALF [22].

Since the first definition of ALF, several authors have 
classified ALF according to the interval between the 
appearance of jaundice and the onset of hepatic enceph-
alopathy (HE) (Table  1), e.g., defining “fulminant” for 
appearance of hepatic encephalopathy in the first 2 weeks 
and “subfulminant” when occurring until week 12 [23]. 
O´Grady employed the terms “hyperacute,” “acute” and 
“subacute” for an onset of hepatic encephalopathy within 
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Organ dysfunction or overt failure is a commonplace event in the critically ill affecting up to 70% of patients during 
their stay in the ICU. The outcome depends on the resolution of impaired organ function, while a domino-like deterio-
ration of organs other than the primarily affected ones paves the way for increased mortality. “Acute Liver Failure” was 
defined in the 1970s as a rare and potentially reversible severe liver injury in the absence of prior liver disease with 
hepatic encephalopathy occurring within 8 weeks. Dysfunction of the liver in general reflects a critical event in “Multi-
ple Organ Dysfunction Syndrome” due to immunologic, regulatory and metabolic functions of liver parenchymal and 
non-parenchymal cells. Dysregulation of the inflammatory response, persistent microcirculatory (hypoxic) impairment 
or drug-induced liver injury are leading problems that result in “secondary liver failure,” i.e., acquired liver injury with-
out underlying liver disease or deterioration of preexisting (chronic) liver disease (“Acute-on-Chronic Liver Failure”). 
Conventional laboratory markers, such as transaminases or bilirubin, are limited to provide insight into the complex 
facets of metabolic and immunologic liver dysfunction. Furthermore, inhomogeneous definitions of these entities 
lead to widely ranging estimates of incidence. In the present work, we review the different definitions to improve the 
understanding of liver dysfunction as a perpetrator (and therapeutic target) of multiple organ dysfunction syndrome 
in critical care.

Keywords: Acute liver failure, Acute-on-chronic liver failure, Secondary liver failure, Intensive care unit, Multiple organ 
failure

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Open Access

*Correspondence:  Michael.Bauer@med.uni-jena.de

2 Department of Anesthesiology and Intensive Care Medicine, Jena University 
Hospital, Am Klinikum 1, 07747 Jena, Germany
Full list of author information is available at the end of the article



Jaterní dysfunkce = porucha hlavních jaterních funkcí: 


detoxikace, syntéza a regulace

Změna detoxikační funkce - neschopnost metabolizovat různé molekuly ———> 
akumulace v systémovém oběhu.

Metabolické a biochemické změny postihující především 
neurologickou a renální funkci a případně vedoucí k sekundární 

multiorgánové dysfunkci (MODS)

Hromadí se zánětlivé mediátory a jaterní toxiny + ve vodě rozpustné sloučeniny 
(např. amoniak), tak hydrofobní (např. bilirubin, žlučové kyseliny, hydrofobní 

aminokyseliny a endogenní benzodiazepiny), vázané proteinů v plazmě (albumin).

Extracorporeal Liver Support system (ECLS)



Molekula lidského albuminu 
(68 kDa) je schopna vázat dvě 

molekuly bilirubinu (první je 
pevněji vázaná než druhá).


 

Celkový tělesný albumin je asi 
280 g. Každý gram lidského 

albuminu váže 8,2 mg 
bilirubinu. 


Při průměrné koncentraci 
albuminu 30 g/l by měla být 
obě vazebná místa schopna 

vázat 250 mg bilirubinu/l 
plazmy, každé, s celkovou 

vazebnou kapacitou 500 mg/l




Vazba na albumin omezuje jeho migraci z vaskulárního 
prostoru a jeho glomerulární filtraci, čímž zabraňuje 

jeho precipitaci a ukládání ve tkáních. 


VOLNÁ FRAKCE : 
Z těchto důvodů nelze bilirubin, žlučové kyseliny a další 

toxiny vázané na albumin odstranit konvenční 
hemodialýzou nebo hemofiltrací.

“Nenavázaný” bilirubin - (406 Da) 
——-> omezená rozpustnost v plazmě.  

Transportován do jater v plazmě, pevně vázán na albumin.
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Figure 2. Cell Types and Metabolic Processes Affected by Bilirubin in the CNS.
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Cytotoxicita ——-> na CNS - 
poškozují astrocyty a neurony 

oxidativním stresem a 
apoptózou ——> narušení 
transportu neurotransmiterů 


——-> jaterní encefalopatie (HE) 


Nevázaný bil. je neurotoxický díky 
své schopnosti procházet 

hematoencefalickou bariérou a 
vázat se na mozkovou tkáň (bazální 

ganglia, mozkový kmen)



Review

Bilirubin and cholemic nephropathy

Excess bilirubin has detrimental effects on kidney tubule function and intracellular mitochondrial function.

Bilirubin aids in oxidative stress to kidney tubular epithelium leading to damage to the tubules and

associated renal structures [2,4,8]. A significant finding for this damage is tubular hypertrophy, as seen in

73.5% of autopsies of jaundiced patients [4]. Additionally, more histological findings noticed that bilirubin’s

disastrous effects included tubular epithelium swelling, hypertrophy, and hyperplasia of the parietal layer of

Bowman’s capsule and the formation of pigmented casts [2,4]. These kidney architectural changes are

irreversible in pathology, forming fibrosis in the kidney interstitial tissue, leading to tubular atrophy [4,8].

Moreover, hyperbilirubinemia can cause uncoupling oxidative phosphorylation in the mitochondria [2,8].

Oxidative phosphorylation is significant in forming adenosine triphosphate (ATP), the central energy-

producing molecule in human cells. This decrease in ATP contributes to electrolyte imbalance and cell

membrane penetration with increased cell volume leading to significant reversible and irreversible changes

in the mitochondria [4,8]. Additionally, inhibition of Na-H, Na-K, Na-Cl pumps due to bile salts can result in

cast formation, causing pH alterations in the proximal tubule and loop of Henle, leading to tubular toxicity

[3,4]. Hyperbilirubinemia decreases angiotensin II-mediated arterial hypertension by reducing the

production of superoxide and sodium reabsorption in the thick ascending loop of Henle [9]. Moreover, AKI

induced by elevated bilirubin has been evidenced histologically with loss of expression of aquaporin-2

channels in collecting ducts in the patients diagnosed with CN [10]. The potential mechanism of CN is

illustrated in Figure 1.

FIGURE 1: Summary of the Pathophysiological Mechanism of Cholemic

Nephropathy

Original image created by the authors.

NADH: nicotinamide adenine dinucleotide; ATP: adenosine triphosphate

In contrast to bilirubin’s harmful effects, it also exhibits debatable renoprotective effects [1]. It is attributed
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Abstract
Bile cast nephropathy (BCN) or cholemic nephropathy (CN) is an acute renal dysfunction, including acute

kidney injury (AKI) in the setting of liver injury. It is a common phenomenon in patients with liver disease

and is associated with significant morbidity and mortality. CN is characterized by hemodynamic changes in

the liver, kidney, systemic circulation, intratubular cast formation, and tubular epithelial cell injury. CN has

been overlooked as a differential diagnosis in chronic liver disease patients due to more importance to

hepatic injury. However, frequent and considerable reporting of case reports recently has further

investigated this topic in the last two decades. This review determines the evidence behind the potential role

of bile acids and bilirubin in acute renal dysfunction in liver injury, summarizing the implied

pathophysiology risk factors, and incorporating the therapeutic mechanisms and outcomes.

Categories: Internal Medicine, Gastroenterology, Nephrology

Keywords: acute kidney injury, bile acid, bilirubin, cholemic nephropathy, bile cast nephropathy and renal failure

Introduction And Background
The term bile cast nephropathy (BCN), also known as cholemic nephropathy, icteric nephrosis, or cholemic

nephrosis, is described as acute renal dysfunction, including acute kidney injury (AKI) in the setting of liver

injury [1]. Quincke first reported it in 1899 during autopsy examinations of patients with acute jaundice and

renal insufficiency. BCN is a multidimensional entity resulting in tubular and interstitial inflammation,

tubular obstruction, direct bile salt-induced tubular toxicity, and altered renal hemodynamics [2,3]. The

attribution of AKI to bile acids and bilirubin is debatable due to bilirubin’s protective effects [1,4]. This topic

was actively discussed in the early 1900s but somehow not well investigated, contributing to its limited

appearance in the current medical literature [1,4]. The probable reasons it was overlooked may be because of

a lack of consensus in the mechanism of the CN and diagnostic modalities in confirming the diagnosis [1,3].

The AKI in cholestatic liver dysfunction is usually linked with other unfavorable factors such as

hypovolemia, endotoxemia, and exposure to nephrotoxins [5]. On the other hand, the AKI in chronic liver

injury patients is frequently attributed to hepatorenal syndrome (HRS), which is characterized by alternating

intrarenal vasoconstriction and splanchnic vasodilation leading to functional and hemodynamic changes in

the kidney [2,5,6]. HRS could be described as type 1 and type 2. Type 1 HRS is a rapid renal failure with a

serum creatinine level rising greater than 2.5 mg/dL in less than two weeks and is known for causing AKI. On

the contrary, type 2 HRS is defined as a slower moderate decline in renal function with serum creatinine

levels ranging between 1.5 and 2.5 mg/dL resulting in refractory ascites [7]. The definitive diagnosis of BCN

is made by renal biopsy. However, the presence of impaired coagulation profile in most liver injury patients

at the time of presentation makes kidney biopsy almost impracticable to perform, thus posing a diagnostic

challenge [1,2,6]. For all these reasons, BCN is frequently overlooked as a differential diagnosis of AKI in

obstructive jaundice patients. However, van Slambrouck et al. suggest a notable overlap between the two

entities as the reason for AKI [3]. Moreover, several case reports have been reported where patients with

suspected BCN treated presumptively have shown striking outcomes. Further, frequent and considerable

reporting of case reports in the last two decades has yielded the need for further investigation in this topic.

BCN is underdiagnosed and is witnessed as a neglected injury found in the autopsy of patients with

hyperbilirubinemia and renal dysfunction. The pathophysiology of AKI in the setting of hyperbilirubinemia

is multifactorial and involves a wide range of mechanisms. This review aims to determine the evidence

behind the potential role of bile acids and bilirubin in acute renal dysfunction in liver injury. It also

summarizes the implied pathophysiology risk factors and incorporates the therapeutic mechanisms and

outcomes.

1, 2 3, 2 4, 2 1, 2

1, 2 5, 2 6, 2 7, 2

8, 2 9, 2 10, 2
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AKI - spouštěcí faktory = 
systémový zánět, 

vazokonstrikce ledvin s portální 
hypertenzí, bakteriální infekce 
nebo cholestatická nefróza.


 Zvýšení plazmatických 
koncentrací žlučových kyselin a 
bilirubinu ——-> nefrotoxické 

vlastnosti akumulace 
intraduktálního a 

intracelulárního bilirubinu 
(odstranění játry je velmi pomalé).



normal levels. Collectively, these studies show that
monocyte deactivation is a dynamic event, varying
through the evolution of systemic inflammatory
responses and directly influencing outcome in these
conditions.

5. Evolution of pro- and anti-inflammatory responses and
profiles in systemic inflammation

The temporal evolution of pro-and anti-inflamma-
tory responses has been delineated in experimental mod-
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Fig. 3. Schematic representation of the in vitro model of functional monocyte deactivation – the endotoxin tolerant monocyte* (ET monocyte). Following
repeated lipopolysaccharide (LPS) stimulation an ET monocyte phenotype emerges and evolves. This in vitro phenomenon closely mirrors functional
monocyte deactivation encountered in vivo. [This figure appears in colour on the web.]
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Fig. 2. Schematic representation of the role of monocytes/macrophages in the activation of inflammatory responses following the encounter with microbes
and microbial products. Lipopolysaccharide (LPS) is released from Gram-negative bacteria and forms a complex with LPS binding protein. Interaction
with cell surface receptor, CD14, on monocytes/macrophages (mono/mu) and toll-like receptors (TLR-2/4) activates the production of NF-jB inducible
inflammatory cytokines. Monocyte and neutrophil (nu) engagement results in the activation of the systemic inflammatory cascade, and this, if
uncontrolled, leads to multiple organ dysfunction syndrome (MODS). Monocyte activation also triggers adaptive immune responses via its antigen
presentation capabilities (MHC class II expression) to CD4+ helper T cells whose engagement leads to an orchestrated immune response capable of
eliminating the microbial organism.
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induce hepatocyte death, through surface expression of
death ligands and perforin release [129,132–134]
(Fig. 6). The role of NK/NKT cells in the development
of ALF in man needs to be explored.

8.3. Neutrophils

During acute liver injury, neutrophils are recruited to
hepatic sinusoids and also primed by an array of pro-
inflammatory mediators released by innate immune cells
(TNF-a, IL-1, platelet activating factor [PAF], IL-8
[135–139]) and by dying/dead hepatocytes (high mobil-
ity group box protein 1 [HMGB1, lipid peroxidation
products [140,141]). Mediators released from dying or
dead hepatocytes and CXC chemokines are very potent
at promoting neutrophil extravasation into the hepatic
parenchyma. Once within the hepatic parenchyma, neu-
trophils are fully activated and induce intracellular
hepatocyte stress and oncotic necrosis through the
release of ROIs and proteases [142]. Neutrophil-induced

hepatocyte injury has been implicated in ischaemia–
reperfusion [143,144], endotoxic shock [145,146], Con-
A [147] models of ALF.

8.4. Liver sinusoidal endothelial cells

The LSEC do not solely constitute a physical barrier
between the sinusoidal lumen and parenchyma, but
actively participate in acute liver injury in both hepatic
and systemic inflammatory conditions. A distinct func-
tion of such cells is their ability to clear pro-inflamma-
tory substances, such as LPS, from sinusoidal blood
without inducing widespread inflammation. This unique
ability is mediated through an enhanced production of
anti-inflammatory mediators (endogenous prostanoids
[148], TGF-b [113], IL-10 [111]), reduction in the expres-
sion of adhesion (ICAM/VCAM [114]) and antigen pre-
sentation/co-stimulator molecules (MHC class II,
CD80/86 [149]) during exposure to pro-inflammatory
mediators such as LPS.
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Fig. 5. Role of Kupffer cells and infiltrating macrophages in the initiation and propagation of acute liver injury. Following Kupffer cell (KC) and
macrophage (mu) activation by a noxious stimulus (e.g. lipopolysaccharide [LPS], unmethylated CpG motifs of bacterial DNA [CpG]) hepatocyte death
is induced by both direct and indirect mechanisms. Hepatocyte apoptosis can occur through the direct interaction of TNF-a and Fas ligand (FasL) with
their respective ligands on hepatocytes. Indirect mechanisms of hepatocyte death occur through TNF-a induced activation of liver sinusoidal endothelial
cell (LSEC). Platelet activation, sinusoidal fibrin deposition, reduced fibrinolysis (increased concentrations of plasminogen activator inhibitor [PAI]-1)
and widening of the LSEC fenestrations lead to hepatic microvascular dysfunction/ischaemia and hepatocyte death. Increased expression of LSEC
adhesion molecules and chemoattractant mediator production (IL-8, platelet activating factor) promotes influx of further immune effector cells to mediate
hepatocyte death. Neutrophils (Nu) recruitment and activation occurs through TNF-a mediated chemokine production (e.g. macrophage inflammatory
protein [MIP]-2, macrophage chemotactic protein [MCP]-1). The release of reactive oxygen species (ROS), peroxynitrite and proteases from these
activated neutrophils induce intracellular hepatocyte oxidative stress and oncotic necrosis. [This figure appears in colour on the web.]
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Review

The importance of immune dysfunction in determining outcome
in acute liver failureq

Charalambos Gustav Antoniades*, Philip A. Berry, Julia A. Wendon+, Diego Vergani+

Institute of Liver Studies, King’s College Hospital, Denmark Hill, London SE5 9RS, UK

Acute liver failure (ALF) shares striking similarities with septic shock with regard to the features of systemic inflam-
mation, progression to multiple organ dysfunction and functional immunoparesis. While the existence of opposing systemic
pro- and anti-inflammatory profiles resulting in organ failure and immune dysfunction are well recognised in septic shock,
characterization of these processes in ALF has only recently been described. This review explores the evolution of the sys-
temic inflammation in acute liver failure, its relation to disease progression, exacerbation of liver injury and development of
innate immune dysfunction and extra-hepatic organ failure as sequelae. Defects in innate immunity are described in hepatic
and extra-hepatic compartments. Clinical studies measuring levels of pro- and anti-inflammatory cytokines and expression
of the antigen presentation molecule HLA-DR on monocytes, in combination with ex-vivo experiments, demonstrate that
the persistence of a compensatory anti-inflammatory response syndrome, leading to functional monocyte deactivation, is a
central event in the evolution of systemic immune dysfunction. Accurate immune profiling in ALF may permit the devel-
opment of immunomodulatory strategies in order to improve outcome in this condition.
Crown copyright ! 2008 Published by Elsevier B.V. on behalf of the European Association for the study of the liver.

Keywords: Systemic inflammatory response; Multiple organ dysfunction syndrome; Acute liver failure; Compensatory
anti-inflammatory response; Monocyte HLA-DR; Monocytes/macrophages

1. Introduction

Acute liver failure (ALF) is a clinical syndrome charac-
terized by peripheral vasodilatation, encephalopathy and
coagulopathy culminating in multiple organ dysfunction
syndrome (MODS) and death. There is increasing evi-
dence that activation of systemic immune responses plays
a pivotal role in its pathogenesis and outcome. Large stud-
ies demonstrate that the presence of the systemic inflam-
matory response syndrome (SIRS) in ALF is associated
with a worsening of encephalopathy and a poor prognosis

[1,2]. Trewby et al. initially recognised that the haemody-
namic profile in ALF mirrors that of septic shock [3].
Although these two conditions are distinct disease enti-
ties, their striking phenotypic similarity implies that they
may also share pathogenic mechanisms such as uncon-
trolled activation of the systemic inflammatory cascade
responsible for the transition from SIRS to refractory
MODS. This review focuses on the immunological alter-
ations identified in ALF with particular emphasis on the
association between SIRS, progressive MODS, hepato-
cyte death, and systemic immune dysfunction.

2. The importance of SIRS, MODS and sepsis in acute
liver failure

There is substantial evidence that SIRS contributes to
morbidity and mortality in ALF, with MODS and
complicating sepsis being significant sequelae. In a
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Plasma exchange (PLEX) to treat liver failure patients is gaining increasing momentum in recent years. Most re-
ports have used PLEX to treat patients with acute liver failure (ALF) or acute on chronic liver failure (ACLF). Eti-
ology of liver disease has an important bearing on the prognosis of the illness in these patients. The accruing data
suggest survival benefit with PLEX compared with standardmedical treatment to treat ALF andACLF patients, in
randomised controlled trials done world-over. The American College of Apheresis now recommends high-vol-
ume PLEX as first-line treatment for ALF patients.Mostmatched cohort studies done from India which recruited
patients with a specific etiology of ALF or ACLF report survival benefit with PLEX compared to standardmedical
treatment. The survival benefit with PLEX appears more pronounced in ALF patients rather than in ACLF pa-
tients. Systematic analysis of the efficacy of PLEX to treat ALF and ACLF patients is needed. There is also a
need to identify dynamic predictive scores to assess which patients with ALF or ACLF will respond to PLEX. ( J
CLIN EXP HEPATOL 2023;13:1061–1073)

Plasma exchange (PLEX) to treat liver failure
involves two steps—removal of plasma from a
patient with liver failure and replacing this with

equal volume of fluid; in view of the coagulopathy seen
in liver failure patients, the preferred fluid for replacement
is fresh frozen plasma. In contrast to hemodialysis, hemad-
sorption filter or albumin dialysis which remove specific
substances (for example: albumin dialysis removes albu-
min-bound substances), plasma exchange involves the
removal of plasma (with all the substances contained in
it) and replaces this with healthy donor fresh frozen
plasma.

Therapeutic plasma exchange is referred to by
many abbreviations in literature like PLEX, TPE or
PEX. While PLEX has been used to treat neurological
disorders (like Guillain Barre syndrome), hematological
disorders (like thrombotic thrombocytopenic purpura)
and renal disorders (like hemolytic uremic syndrome)
for decades, the use of PLEX to treat liver failure is rela-
tively recent.

WHICH TYPES OF LIVER FAILURE PATIENTS
WERE SELECTED FOR PLEX TREATMENT IN
PUBLISHED REPORTS?

Liver failure can be categorised as five phenotypes: hyper-
acute liver failure, acute liver failure (ALF), subacute liver
failure, chronic liver failure (cirrhosis) and acute on
chronic liver failure (ACLF).1 ALF can include hyperacute
liver failure and subacute liver failure as per some defini-
tions. As ALF and ACLF patients have high short-term
mortality, urgent liver transplantation is needed as a life-
saving treatment. PLEX has been recently reported to be
beneficial to treat ALF and ACLF patients.

URGENT NEED FOR ACCESS TO LIFE-SAVING
THERAPIES TO TREAT ALF AND ACLF
PATIENTS IN INDIA

Viral hepatitis and idiosyncratic drug reaction are major
causes of ALF in different parts of India. In southern,
eastern and central India, rodenticide ingestion to commit
suicide is an important cause of ALF. The true burden of
ALF patients in any state of India or in the whole country
is not known at present.

Of !1000 liver transplants done each year in India, 5–
7.5% (ie. 50–75 patients) are performed for ALF patients.1

It was estimated that rodenticide ingestion (phosphorus
poisoning) causing ALF in one state in India (Tamil
Nadu) alone would have resulted in the death of 554 pa-
tients in the year 2019.2

There is an urgent need to provide liver transplantation
as well as non-transplant treatments to save the lives of
ALF and ACLF patients.

Keywords: artificial liver support, plasmapheresis, extracorporeal
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Abstract

The acute in+ammatory milieu in patients with acute liver failure (ALF) results in ‘toxic’
blood in these patients. In vitro experiments have shown that the plasma obtained from
ALF patients is toxic to rabbit hepatocytes and inhibits regeneration of rat hepatocytes.
Treatments such as plasma exchange and continuous renal replacement therapy to cleanse
the blood have improved survival in ALF patients. In the liver microcirculation, the
exchange of +uid across fenestrae in liver sinusoidal endothelial cells (LSECs) is vital for
proper functioning of hepatocytes. Clogging of the liver Glter bed by in+ammatory debris
and cells (‘trafGc jam hypothesis’) impeding blood +ow in sinusoids may in turn reduce
the exchange of +uid across LSEC fenestrae and cause dysfunction and necrosis of
hepatocytes in ALF patients. In mouse model of paracetamol overdose, disturbances in
microcirculation in the liver preceded the development of injury and necrosis of
hepatocytes. This may represent a reversible pathophysiological mechanism in ALF which
may be improved by the anti-in+ammatory effect of plasma exchange. Wider access to
urgent plasma exchange is a major advantage compared to urgent liver transplantation to
treat ALF patients worldwide, especially so in resource constrained settings. Continuous
hemo-Gltration or dialysis is used to reduce ammonia levels and treat cerebral edema in
ALF patients. In this review, we discuss the different modalities to cleanse the blood in ALF
patients, with an emphasis on plasma exchange, from a hepatology perspective.
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Summary

The term acute liver failure (ALF) is frequently applied as a gen-
eric expression to describe patients presenting with or develop-
ing an acute episode of liver dysfunction. In the context of
hepatological practice, however, ALF refers to a highly specific
and rare syndrome, characterised by an acute abnormality of liver
blood tests in an individual without underlying chronic liver dis-
ease. The disease process is associated with development of a
coagulopathy of liver aetiology, and clinically apparent altered
level of consciousness due to hepatic encephalopathy. Several
important measures are immediately necessary when the patient
presents for medical attention. These, as well as additional clini-
cal procedures will be the subject of these clinical practice
guidelines.
! 2016 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.

Introduction

The term acute liver failure (ALF) is frequently applied as a
generic expression to describe patients presenting with or
developing an acute episode of liver dysfunction. It is charac-
terised by a deterioration in liver function tests, and poten-
tially associated with dysfunction in other organs. ALF is
frequently, but often incorrectly used to describe both acute
deterioration in liver function in patients with chronic liver
disease (a condition that should be termed acute-on-chronic
liver failure [AoCLF]), or liver involvement in systemic disease
processes. Liver injury secondary to alcohol, which presents
as alcoholic hepatitis, and other forms of AoCLF, can be dif-
ficult to distinguish from ALF on occasion. However, there
are clear differences, and different forms of management
are required.

Following extensive liver resection, patients with or without
underlying chronic liver disease, may develop a clinical

syndrome of jaundice, coagulopathy and hepatic encephalopa-
thy (HE). The presentation is very similar to that of a post-
transplant ‘‘small for size syndrome” scenario. These syndromes
are not considered within the scope of ALF, but do feature in
some ALF databases, such as the European Liver Transplant
Registry (ELTR). Extensive liver trauma is also included in ALF
databases, but is not a cause of ALF unless there is loss of both
venous and arterial inflows.

In the context of hepatological practice, ALF refers to a
highly specific and rare syndrome, characterised by an acute
abnormality of liver blood tests in an individual without under-
lying chronic liver disease. The disease process is associated
with development of a coagulopathy of liver aetiology, as
opposed to the coagulation disturbance seen in sepsis, and clin-
ically apparent altered level of consciousness due to HE. The
condition of patients who develop coagulopathy, but do not
have any alteration to their level of consciousness is defined
as acute liver injury (ALI). Thus, the term ALF is appropriately
used to describe patients who develop both coagulopathy and
altered mentation and will be the subject of these clinical prac-
tice guidelines.

The features of coagulopathy, increased serum transaminases,
abnormal bilirubin and altered levels of consciousness may be
seen in patients with a variety of systemic disease processes.
Therefore, if there is no primary liver insult, these patients should
be considered to have a secondary liver injury and not ALF; man-
agement should focus on the treatment of any underlying disease
processes.

The evidence and recommendations in these guidelines have
been graded according to the Grading of Recommendations
Assessment Development and Evaluation (GRADE) system [1].
The strength of recommendations reflects the quality of the
underlying evidence. The GRADE system offers two grades of rec-
ommendation: strong (1) or weak (2) (Table 1). The CPGs thus
consider the quality of evidence: the higher the quality of evi-
dence, the more likely a strong recommendation is warranted;
the greater the uncertainty, the more likely a weaker recommen-
dation is warranted.

Definitions and main clinical features of ALF

The clinical course of ALF is initiated with a severe ALI. This is
characterised by a two- to threetimes elevation of transaminases
(as a marker of liver damage) associated with impaired liver func-
tion, i.e., jaundice and coagulopathy, in a patient without a
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Těžké akutní poškození jater definuje syndrom 
charakterizovaný markery poškození jater (zvýšené 
sérové transaminázy) a zhoršenou funkcí jater 

(ikterus a INR > 1,5), které obvykle předchází 
klinické encefalopatii (úroveň důkazu II-2, stupeň 

doporučení 1). 


Pacienti s akutní prezentací chronické 
autoimunitní hepatitidy, Wilsonovou chorobou a 
Budd-Chiariho syndromem jsou považováni za 
pacienty s ALF, pokud se u nich rozvine jaterní 

encefalopatie, navzdory přítomnosti již existujícího 
onemocnění jater v kontextu příslušných abnormalit 
v krvi jater. testy a koagulační profil (úroveň důkazu 

II-2, stupeň doporučení 1)


Klinický výskyt jaterní encefalopatie je pro 
diagnózu ALF zásadní, ale mentální změny 

mohou být zpočátku jemné a intenzivní 
screening při prvních známkách jaterní 

encefalopatie je povinný (nutný) (úroveň důkazu 
II-2, stupeň doporučení 1).

Considerations for future studies

! Biomarkers to help predict deterioration and likely pro-
gression of disease.

! Assessment of volume status and appropriate fluids in a
ward setting.

! Point of care assessment for sepsis.

Organ specific management (Fig. 2)

Cardiovascular management

Most patients presenting with ALF or severe ALI develop systemic
vasodilation with reduced effective central blood volume. Early
presentation with hyperlactataemia is probably a consequence
of volume depletion, and responds to appropriate volume load-
ing. Thereafter, ongoing hyperlactataemia is likely to reflect the
severity of the underlying liver failure; the liver in unable to
metabolise the increased lactate production seen in response to
sympathetic drive and accelerated aerobic glycolysis (Fig. 2)
[130–133].

In addition to hyperlactataemia, if clinical examination at ini-
tial presentation reveals no evidence of cardiorespiratory disease
(e.g., jugular venous pressure not elevated), and the patient has
evidence of end organ dysfunction (peripheral hypoperfusion,
acidosis, oliguria or renal failure,) then it is highly likely that they
are volume depleted and will respond to an appropriate fluid
challenge. There is little evidence supporting the use of any speci-
fic fluid for volume loading in ALF. However, general critical care
literature supports the use of crystalloid fluid over colloid
[130–133]. The choice should be guided by biochemical parame-
ters and clinical status; initially normal saline may be effective.
Hyperchloraemia should be avoided, as it has been associated
with increased risk of renal failure and other morbidities
[134,135]. Further crystalloid loading may then be undertaken
with Ringers lactate (recognising the risk of hypotonicity) or a
balanced solution as required. Balanced solutions are buffered
with either bicarbonate or acetate. Although most patients with
cirrhosis can metabolise acetate, those with severe hyperacute
and acute presentations of ALF may have a risk of a decreased
metabolic capacity in this clinical context. The role of albumin
has not been investigated in ALF. Subgroup post hoc analysis in
the Saline vs. Albumin Fluid Evaluation (SAFE) study suggested
a benefit in severe sepsis and septic shock, but detrimental in
patients with traumatic brain injury [136,137]. Patients with
ALF could be considered to phenotypically represent both groups;
a similar trend was reported in the more recent Albios study

Table 10. Suggested criteria for referral of cases of ALF to specialist units.

Paracetamol and hyperacute aetiologies Non-paracetamol
Arterial pH <7.30 or HCO3 <18 pH <7.30 or HCO3 <18
INR >3.0 day 2 or >4.0 thereafter INR >1.8
Oliguria and/or elevated creatinine Oliguria/renal failure or Na <130 mmol/L
Altered level of consciousness Encephalopathy, hypoglycaemia or metabolic acidosis
Hypoglycaemia Bilirubin >300 lmol/L (17.6 mg/dl)
Elevated lactate unresponsive to fluid resuscitation Shrinking liver size

Neurological = Cerebral oedemaCoagulation/hemostasis

Infection

Haemodynamic Pulmonary

Acute liver failure Metabolic

Renal

Unbalanced hemostasis
Thrombocytopenia

Bacterial, fungal
Pneumopathy

Septicemia
Urinary infection

Hyperkinetic syndrome
Arrhythmia

Pneumopathy
Acute respiratory distress syndrome

Pulmonary overload

Toxic
Functional

Cranial hypertension

Brain death

Hypoglycemia
Hyponatremia

Hypophosphoremia
Hypokalemia

Fig. 2. Main organ specific complications in ALF.
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Abstract  Acute  liver  failure  is  an  uncommon  and  severe  disease  characterised  by  a  rapid  onset
of severe  hepatocellular  failure  in  individuals  without  previous  liver  disease.  Initial  management
of this entity  determines  the  outcome  of  the  patient.  Initial  contact  with  the  acute  liver  failure
patients usually  occurs  in  the  emergency  department,  digestology  clinic  or,  in more  severe
cases, intensive  care  units.  The  management  of  acute  liver  failure  patients  in all  these  cases
must be  multidisciplinary,  involving  surgeons  and  hepatologists  who  are  experts  in  this  condition,
meaning those  from  hospitals  with  active  liver  transplant  programmes.

This  article  reviews  the  current  body  of evidence  concerning  the medical  management  of
acute liver  failure  patients,  from  the  suspected  diagnosis  and  initial  management  to  intensive
medical treatment,  including  the  need  for  an  emergency  liver  transplantation.  Moreover,  we
also review  the use  of  artificial  liver  support  systems  in  this  setting.
© 2018  Elsevier  España,  S.L.U.  All  rights  reserved.
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Other  toxic  causes  in  our  setting  are  ingestion  of
Amanita  phalloides  (A.  phalloides), non-steroidal  anti-
inflammatory  drugs, cocaine,  ecstasy,  antituberculosis
drugs,  amoxicillin-clavulanic  acid,  amphetamines,  etc.

-  Miscellaneous.  Acute  fatty  liver  of  pregnancy  and  HELLP
syndrome  (haemolysis,  elevated  liver  enzymes  and  low
platelet  count),  Budd-Chiari  syndrome,  heat  stroke,
Reye’s  syndrome,  autoimmune  hepatitis,  Wilson’s  disease
(spontaneous  survival  0%,  so  the suspected  diagnosis  is
vital),  cancer  that  has  spread  to  the liver, ischaemic  hep-
atitis,  associated  with  sepsis  ±  heart  failure,  infections
(malaria,  dengue,  etc.),  haemophagocytic  syndrome,  etc.
Note  that  the last  five  of  the  above  aetiologies  should  not
be  treated  with  an ELT.

- Cryptogenic.  In other  words,  cause  not clarified  despite
thorough  investigations.  This  may  account  for 20---30%  of
cases  and it  has  the  worst  spontaneous  survival  rate.2

Whatever  the cause,  it is  unknown  to  what  extent  taking
paracetamol  may  be  a  cofactor  in some cases,  especially
those  in  whom  paracetamol  adducts  are  detected.

Recommendations

•  The  most common  causes  of  ALF  in  our region  are  viral
(especially  HBV)  and toxic/drug-induced.  In  recent  years,
there  seems  to  have  been  an increase  in the  incidence
of  ALF  due  to  paracetamol  overdose,  this  being  the
main  cause  of  ALF  in Anglo-Saxon  and  Northern  European
countries  (grade  of  evidence  III,  grade  of  recommenda-
tion  2).

• Thorough  toxicological  screening  should  be carried  out in
all  cases  and,  if there is reasonable  doubt,  paracetamol
levels  should  be checked.  If this is  not  possible,  N-acetyl-
cysteine  (NAC)  should  be started  (grade  of  evidence  II-2,
grade  of  recommendation  1).

•  Testing  for  possible  viral  infections  as  cause  is mandatory
(grade  of evidence  II-2, grade  of  recommendation  1).

•  Many  cases  of  suspected  autoimmune  hepatitis  require  a
liver  biopsy  for  confirmation.  This  needs  to  be performed
early  as  corticosteroid  therapy  could  be  effective.  How-
ever,  if  after  one  week of treatment  with  corticosteroids
there  is  no  improvement,  ELT  should  be  considered
because  of  the  high  risk of  infection  associated  with  the
use  of  corticosteroids  (grade  of evidence  II-2,  grade  of
recommendation  1).

•  If  cancer  spread  to  the liver  is suspected  (previous  his-
tory  of  cancer  or  hepatomegaly),  comprehensive  imaging
studies  and/or  liver  biopsy  should  be performed  (grade
of  evidence  II-3, grade  of  recommendation  1).

Initial management

Location

Patients  will often  not  arrive  at the  first  consultation  centre
with  well-established  ALF.  Instead,  they  may  have  the  signs
of  acute  hepatitis,  with  only a  few  non-specific  symptoms,

and  an increase  in transaminase  levels  which  may  be  more
or  less  marked.  In these cases,  it is  essential  to  keep  the
patient  under  observation  and refer  him/her  to  a hospital
with  a  liver  transplant  programme  before  the  onset  of  HE,
as  that then  indicates  a  degree  of  advanced  hepatocellular
failure.

We  do not fully  understand  what  makes  a  patient  with
severe  acute  hepatitis  without  HE evolves  to  ALF, but  we
do  know  that this progression  is  more  likely  to occur  in
certain  cases.  It is  precisely  these high-risk  patients  that
must  always  be referred  to  a hospital  capable  of per-
forming  ELT  or  treating  cases  with  contraindication  to
ELT.

Risk  criteria  for  referral  of patients  with  acute
hepatitis10

-  -  Patients  with  a prothrombin  index  from  30%  to  50%  and
any  of  the  following  conditions:
• Children  <  15  years  of  age.
•  Adults  > 40 with  suspected  aetiology  with  poor  progno-

sis  for spontaneous  survival  (e.g.  liver  injury  caused  by
drugs,  Wilson’s  disease,  cryptogenic).

• Fever  >38 ◦C.
• Immediate  post-operative  period.
• Pregnancy.
• Comorbidities:  diabetes  mellitus,  HIV  infection,  pre-

vious  cancer,  malaria,  severe  acute  kidney  injury,
metabolic  acidosis.

• Plasma  bilirubin  >  250 !mol/l  (14  mg/dl).
-  -  Patients  with  a prothrombin  index  below  30%:

• Any patient  (particularly  if  >40 or  suspected  aetiology
with  poor  prognosis).

Once  the  diagnosis  of  ALF  is  established,  i.e.  after  they
develop  HE,  regardless  of  the  suspected  aetiology,  the
patient  should  be  moved  to  an ICU  in  a  centre  capable  of
performing  ELT.

Recommendations

• Early referral  of  a  patient  with  severe  acute  hepatitis
to  a  centre  with  a liver  transplant  programme  before
the onset  of  HE means  that assessment  can  begin  for  a
potential  ELT,  while  giving  the  patient  a greater  chance
of  spontaneous  survival  or  of  making  it  to  the ELT  well
enough  to  survive  such  complex  surgery  (grade  of  evi-
dence  III,  grade  of  recommendation  1).

•  Referral  to  a specialised  centre  is vital  in  cases  of  ALF
with  a subacute  course,  in view of the high incidence
of  associated  complications,  and  in  cases  of  extrahepatic
involvement  (grade  of  evidence  III,  grade  of  recommen-
dation  1).

Investigation  and  monitoring

The  patient  will  be  admitted  to  the ICU  while  ALF  persists,
and  be  subject  to  conventional  monitoring.  Additionally,  the
following  information  is  essential:

Včasné postoupení pacienta s těžkou akutní 
hepatitidou do centra s programem transplantace 
jater před nástupem HE znamená, že hodnocení 

může začít s potenciálním zařazením na WL 
(stupeň evidence III, stupeň doporučení 1)


Doporučení na specializované centrum je 
zásadní v případech ALF s subakutním průběhem, 

s ohledem na vysoký výskyt souvisejících 
komplikací


(stupeň důkazů III, stupeň doporučení 1)



DPMAS Prescription Tips Card 

 

1. INDICATIONS (PATIENT SELECTION AND ENDOTYPE) 
1） Acute/Acute-on-chronic Liver Failure: 

TBiL≥ 85.5μmol/L; or daily increased ≥17.1μmol/L; PTA≤50%, or INR≥1.51 
 

2） Cholestatic Liver Disease＆Severe Hyperbilirubinemia: 
Exceptional Obstructive Jaundice. If the bilirubin level remains high with the general 
treatment, it is recommended to start artificial liver therapy. 

 
3） Pre＆Post Liver Transplant: 

Patients who are waiting for a liver source before surgery, with rejection after liver 
transplantation, or in the non-functional phase of the transplanted liver. 

z MELD＜30:DPMAS/DPMAS+LPE/DPMAS+PE； 
z 30＜MELD≤40:PE+DPMAS 
z MELD≥40: Liver Transplant 

 
4）Liver Failure combined with Hepatic Encephalopathy： 
DPMAS/HA+CRRT/HDF/PDF/LPE/PE 
 
5）Sepsis or MODS with Severe Liver Injury： 
HA/DPMAS+CRRT/HDF/PDF，reference biomarkers: 
Serum inflammatory mediator (e.g., IL-6) concentrations are five times more than normal 
value or increase at more than double the daily rate，IL-6＞500pg/ml, TNF-a＞100pg/ml, 
Bilirubin＞171umol/L. 
 
6) Severe Drug and Poison Poisoning with Liver Injury: 
HA/DPMAS combines with other therapy modes to remove mid-large molecules, protein-
bound toxins: toxic mushrooms, bee venom, heavy metals, pesticides, herbicides, drugs 
(acetaminophen, aspirin, barbiturates). 
 
2.  CONTRAINDICATIONS   
1) Patients with active bleeding or Disseminated Intravascular Coagulation (DIC). 
2) Patients with infarct in unstable phase caused by cardiocerebral events. 
3) Patients with hemodynamic instability. 
4) Terminal stage. 
5) Patients with complicated and severe infections. 
 
3. COAGULATION AND ALBUMIN SUPPLEMENTATION  
1) Selecting the appropriate therapy mode based on Prothrombin Activity: 
z 40%≤PTA＜60%：DPMAS 
z 30%≤PTA＜40%：DPMAS or DPMAS+LPE/PE 
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Figure 1 Time and decision for liver transplantation in acute liver failure patients. There appears to be a very limited optimal window of opportunity 
for liver transplantation (LT) in acute liver failure patients. In the event of too early LT, the patients who would otherwise have survived with medical treatment would 
be subject to needless transplantation. In the case of a very delayed decision, the patient may become too sick for LT, resulting in a potentially preventable death. For 
better results, serial assessment of prognostic models with early applicability is needed along with the expedited donor evaluation. LT: Liver transplantation.

which a decision should be made. Criteria for LT should also take into account the 
waiting time, and once the graft is available, indication for LT should be reassessed in 
real-time. Another concern is the absence of well-defined delisting criteria while 
patients are on the waiting list. It is not clear what degree of clinical deterioration 
predicts LT futility in order to abandon a scheduled LT.

ETHICAL ISSUES
LT in ALF patients is associated with many ethical dilemmas. A pre-operative 
psychosocial assessment is a critical problem in ALF patients due to the presence of 
HE. In certain ALF patients, such as those with a history of acetaminophen overdose, 
alcohol abuse, or suicide attempts, such evaluation is necessary because there may be 
some risk of underlying psychological issues in them. In addition, knowledge of 
patients’ financial and social support prior to LT is important. It can be difficult to 
predict compliance with post-LT treatment without a proper psychosocial assessment. 
The urgency of transplantation in ALF patients can result in the selection of unsuitable 
liver donors, and in the case of a living donor LT (LDLT), the fear of imminent death 
of the patient can easily influence the donor who is usually a close relative. A number 
of complications, such as biliary leaks, pleural effusion, bacterial infections, 
neuropraxia, incisional hernia, and venous thrombosis, are associated with donor 
hepatectomy[59-61]. Accordingly, the risk to the donor must be justified by the reci-
pient’s chance of recovery.

POST-TRANSPLANT OUTCOMES
The post-LT survival rates of ALF patients have improved over the last three decades. 
The 1- and 5-year post-LT survival rates are 79% and 72% in Europe and 84% and 73% 
in the United States, respectively[6,62]. In a recent study based on 30-year single-center 
experience from Sweden, the 1-year, 5-year, 10-year, and 20-year post-LT survival 
rates in ALF patients were 71%, 63%, 52%, and 40%, respectively[63]. Between 2000 
and 2014, the survival rates were even better (1 year-82%, 5 years-76%, and 10 years-
71%).However, 1-year post-LT survival rate is still approximately 10% lower for ALF 
patients than for other transplanted non-ALF patients[6,62-64]. There is an increased 
risk of complications and mortality during the early post-operative period for 
transplanted ALF patients. Infections remain the commonest cause of early mortality 
after LT. Multiple factors affect the outcomes of patients transplanted for ALF 
(Table 3). Among the causes of ALF, the best post-LT results are seen in Wilson disease 
whereas the worst results are seen in cases of drug-induced or autoimmune ALF[56,
65]. The prognosis of AALF is very distinct as survival with medical treatment is now 
approaching that of LT, creating a therapeutic dilemma in the management of such 
patients[66]. The age of the recipient has an important influence on the outcome of LT 
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at least to a certain extent, why no single detoxification measure, such 
as conventional hemoperfusion, hemodialysis, or hemofiltration, has 
achieved wide clinical use in the treatment of liver failure.

3.  Adsorbent Materials used in Liver Failure 
Hemoperfusion

The adsorption mechanisms used for patients with liver failure 
include hydrophobic interactions, hydrogen bonding, electrostatic 
reactions, covalent bonding and chemical conversions, and several of 
these adsorption mechanisms can be implemented at the same time 
in one treatment. There are three kinds of absorbents: non-selective, 
selective and specific (Table 6.3). A typical material for the adsorp-
tion of blood perfusion comprises of activated charcoal and non-
ionized or ionic resin. New pharmacological agents such as 
antiendotoxin monoclonal antibodies, antitumor necrosis factor 
antibodies, anti-IL-1 receptors, and anti-IL-6 antibodies are being 

Table 6.2.  Toxic Substances Accumulating in the Blood Due 
to Hepatic Failure

Protein-Bound Substances Water-Soluble Substances

Bilirubin, un/conjugated Ammonia

Bile acids Gamma aminobutyric acid

Short-chain fatty acids Aromatic amino acid#

Benzodiazepenes Cytokines#

Mercaptans Creatinine

Nitric oxide

Indoyxlsulfate

Copper

Protoporphyrin

Endotoxin

# Represents different classification in different documents (Hughes, 2002; 
Mitzer et al., 2009)
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named Prometheus system (Santoro et al., 2006). The treatment 
component consists of protein separator with a screening coefficient 
of 0.6 (Albuflow), neutral adsorption resins (Prometh 01), anion 
resin adsorber (Prometh 02) and high-throughput dialyzer (F60S). 
The Prometheus system comprises of three loops: blood circulation, 
and albumin filtrate cycle and dialysis cycle (Fig. 6.6). Filter coeffi-
cient of AlbuFlow polysulfone membrane filter: β2-MG 1.0, albumin 
0.6, IgG < 0.3, fibrinogen < 0.1, IgM < 0.01, relative molecular 
weight cut off 250,000. Albumin molecular weight was 68,000 and 
can pass the filter, but fibrin molecular weight was 340,000, which 
cannot pass the filter. Albumin solution and carrying toxins in blood 
were first separated by the AlbuFlowfilter, then perfused through the 
adsorber. After toxin adsorption of the two adsorbers, purified albu-
min solution was drained into patient’s blood through high flux 
dialysis. No exogenous albumin was needed to supplement during 
the entire treatment process.

Prometheus is based on plasma direct adsorption and high 
throughput dialysis, while MARS is based on indirect albumin adsorp-
tion and indirect low-flow dialysis. Due to differences in design, 
Prometheus can remove albumin-bound toxins and water-soluble 
substances more effectively than MARS. Randomized crossover con-
trolled trials on Prometheus and MARS have confirmed that clearance 

Albu- 

Flow 

filtrater 

High 

flow 

dialyzer 

dialysate 

Activated 

charcoal

Anion resin 

discard solution

Fig. 6.6.  Circulation pattern diagram of Prometheus.
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immediately combine with albumin in the albumin regeneration cycle, 
and then separate with albumin when flowing through the adsorption 
column and anion exchange resin column, where ABT remains in the 
adsorption column. This process is repeated again and again as toxins 
in the blood of patients continue to be cleared, and thus plays an 
 alternative role in the detoxification of normal liver function (Fig. 6.5).

7.2. MARS Complications and Countermeasures

During MARS treatment, the patient’s blood is not completely iso-
lated from the adsorption material, but due to circulating albumin 
that acts as a detoxification intermediary, the whole process is safe and 
stable. The complications are significantly reduced compared to other 
treatments like hemodialysis. However complications such as disequi-
librium syndrome, hypotension, dialysis allergic reactions, bleeding, 
hemolysis, air embolism, fever and muscle spasms may occur in MARS 
treatment. Currently, the most common clinical complication is mild 
thrombocytopenia in patient’s peripheral blood. However, this does 
not cause bleeding complications, and platelet transfusion is not 
 necessary. The main preventive measures include:

• shortening the first treatment time, generally no more than six 
hours;

• thoroughly rinsing dialyzer before treatment;

Mars 

Flux 

dialyzer 

Low 

flow 

dialyzer

dialysate

Activate 

charcoal 

Anion 

resin 

discard 

solution 

Blood recycling Albumin recycling 
Dialysate 

recycling 

Fig. 6.4.  Circulation pattern diagram of MARS system.
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ALIVER Consortium - nové „zařízení na dialýzu jater“, DIALIVE.

(i) albumin, cirkulující protein zapojený do detoxikace, má nevratně sníženou funkci v ACLF


(ii) endotoxémie (hromadění endotoxinů v krvi) přispívá ke zvýšenému riziku infekce při selhání 
jater.


Prostřednictvím tohoto projektu, testování a implementace přístroje DIALIVE, se snažíme dát naději 
kriticky nemocným pacientům s akutním chronickým selháním jater. Testovaný systém nemá být 

náhradním orgánem pro játra, ale novou terapií chronických jaterních onemocnění.

DIALIVE zahrnuje odstranění a nahrazení albuminu a odstranění endotoxinu.


Cíl: snížit endotoxémii, zlepšit albumin a imunitní funkce 
Prodloužit přežití
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Background & Aims: Acute-on-chronic liver failure (ACLF) is characterized by severe systemic inflammation, multi-organ failure
and high mortality rates. Its treatment is an urgent unmet need. DIALIVE is a novel liver dialysis device that aims to exchange
dysfunctional albumin and remove damage- and pathogen-associated molecular patterns. This first-in-man randomized-
controlled trial was performed with the primary aim of assessing the safety of DIALIVE in patients with ACLF, with secondary aims
of evaluating its clinical effects, device performance and effect on pathophysiologically relevant biomarkers.
Methods: Thirty-two patients with alcohol-related ACLF were included. Patients were treated with DIALIVE for up to 5 days and
end points were assessed at Day 10. Safety was assessed in all patients (n = 32). The secondary aims were assessed in a pre-
specified subgroup that had at least three treatment sessions with DIALIVE (n = 30).
Results: There were no significant differences in 28-day mortality or occurrence of serious adverse events between the groups.
Significant reduction in the severity of endotoxemia and improvement in albumin function was observed in the DIALIVE group,
which translated into a significant reduction in the CLIF-C (Chronic Liver Failure consortium) organ failure (p = 0.018) and CLIF-C
ACLF scores (p = 0.042) at Day 10. Time to resolution of ACLF was significantly faster in DIALIVE group (p = 0.036). Biomarkers of
systemic inflammation such as IL-8 (p = 0.006), cell death [cytokeratin-18: M30 (p = 0.005) and M65 (p = 0.029)], endothelial
function [asymmetric dimethylarginine (p = 0.002)] and, ligands for Toll-like receptor 4 (p = 0.030) and inflammasome (p = 0.002)
improved significantly in the DIALIVE group.
Conclusions: These data indicate that DIALIVE appears to be safe and impacts positively on prognostic scores and patho-
physiologically relevant biomarkers in patients with ACLF. Larger, adequately powered studies are warranted to further confirm its
safety and efficacy.
Clinical trial number: NCT03065699.

© 2023 The Authors. Published by Elsevier B.V. on behalf of European Association for the Study of the Liver. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction
Acute-on-chronic liver failure (ACLF) occurs in hospitalized
patients with cirrhosis who present with acute decompensation
with a liver-related complication.1 It is characterized clinically
by multiorgan failure and a high risk of short-term mortality and,
pathophysiologically, by the presence of systemic inflamma-
tion.2 Mechanistically, severe albumin dysfunction and

accumulation of damage- and pathogen-associated molecular
patterns (DAMPs and PAMPs) are thought to contribute
significantly to the systemic inflammation observed in ACLF.3–5

The European Association for the Study of Liver diseases –

Chronic Liver Failure (EASL-CLIF) Consortium criteria for the
diagnosis of ACLF and prognosis of these patients have been
well-validated.1 The CLIF-Consortium (CLIF-C) ACLF score,
which is a composite score derived from CLIF-C organ failure

Keywords: acute-on-chronic liver failure; DIALIVE; extracorporeal liver dialysis; Albumin.
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Výsledky: Mezi skupinami nebyly 
signifikantní rozdíly v 28denní mortalitě. 

Významné snížení závažnosti endotoxémie 
a zlepšení funkce albuminu bylo 

pozorováno ve skupině DIALIVE, což se 
promítlo do významného snížení 

orgánového selhání CLIF-C (Chronic 
Liver Failure consortium) (p = 0,018) a 

skóre CLIF-C ACLF ( p = 0,042) v den 10. 
Biomarkery systémového zánětu, jako je 

IL-8 (p = 0,006), buněčná smrt 
[cytokeratin-18: M30 (p = 0,005) a M65 (p 

= 0,029)], endoteliální funkce 
[asymetrický dimethylarginin (p = 0,002)] a, 

ligandy pro Toll-like receptor 4 (p = 
0,030) a inflammasom (p = 0,002) se 

významně zlepšily ve skupině DIALIVE.

Závěry: Tyto údaje naznačují, že DIALIVE 
se zdá být bezpečný a pozitivně ovlivňuje 

prognostické skóre a patofyziologicky 
relevantní biomarkery u pacientů s ACLF. K 

dalšímu potvrzení jeho bezpečnosti a 
účinnosti jsou zaručeny větší, přiměřeně 

účinné studie.



4-in-1-zařízení: Současná podpora pro všechny detoxikační orgány 
Podpora jater: odstranění jaterních toxinů


Podpora plic: extracorporeal CO2 odstranění v nízko invazivních nastaveních

Podpora ledvin: odstranění vody rozpustné a také proteinové nefrotoxiny


Řízení pH krve: Stabilizace rovnováhy kyselé báze přímým odstraněním kyseliny, což má za následek korekci acidózy



both pediatric patients and adults (age ranging from 1 month to
70 years).23 The study showed that MARS is a safe intervention
in patients with ALF listed for liver transplantation.23 It also
suggested that MARS might not protect every patient from
hyperammonemia, which is prevented by increasing
filtration rates.23

Lexmond et al.24 observed 20 pediatric patients, which is the
largest pediatric study included in this review. The mini‐MARS
system was used in children under 20 kg; however, it is not known
whether this is as efficient as the original MARS system.24 Hepa-
rin was also only used when activated clotting time was under
140 s.24 Median treatment time was 8 h.24 This study observed
worse prognostic index scores for MARS treated patients and
showed that MARS decreased ammonia and bilirubin regardless
of whether the patients suffered from ALF or other Etiology.24

This study also showed that hepatic encephalopathy improved in
30% of patients; however, in 45% of patients, the encephalopathy
was worse.
A 3‐year retrospective study was completed by Bourgoin et al.25

This only studied six children and used the mini‐MARS system in
four of these patients.25 The median duration for each session was
6 to 8 h.25 This study showed that neurological status only im-
proved in one patient and that MARS has limited to no efficacy
on bilirubin level.25 The study also showed that MARS had no ef-
fect on hepatic encephalopathy.

Donali et al.26 carried out a prospective study with 269 MARS
treatments on 64 patients. It grouped patients according to the aim:
liver function recovery, liver transplants or on the waiting list for a
liver transplant.26 This study suggested that patients’ prognostic
factors were the biggest indicators on survival.26 All MARS ses-
sions lasted 5 h, and heparin was used first.26 This study showed
that MARS was safe and well tolerated.26

Cisneros‐Garza et al.27 reviewed 79 MARS procedures over a
period of 8 years. This was the only non‐European study included
in the review of MARS systems.27 Anticoagulation was provided
in some cases and a saline solution or heparin was administered
at alternate hours during MARS treatment.27 The best survival rate
was in patients with hepatitis A virus and that MARS avoided
transplantation in 37% of patients.27 This study showed that he-
patic encephalopathy had significantly improved from Grades 3
to 1 in six patients.
Seven of the papers reviewed reported a reduction in bilirubin

levels after MARS treatment (on average reducing from
80.24 ± 68.28 to 76.50 ± 79.67 μmol/L). Five of the papers re-
ported a reduction in ammonia after MARS treatment (on average
reducing from 121.49 ± 55.59 to 83.40 ± 76.08 μmol/L). Creati-
nine was also reported in five papers. When averaging the figures
for creatinine, there was a reduction from 59.73 ± 59.93 to
40.94 ± 55.31 μmol/L. Average survival across the papers was
65.98%.

Figure 2 Schematic diagram showing how the MARS, SPAD, Prometheus, and SEPET systems run (adapted from Stadlbauer et al.).17 MARS,
molecular adsorbent recirculating system; SEPET, selective plasma filtration therapy; SPAD, single‐pass albumin dialysis. [Color figure can be
viewed at wileyonlinelibrary.com]
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Abstract
Artificial liver systems are used to bridge between transplantation or to allow a patient’s
liver to recover. They are used in patients with acute liver failure (ALF) and acute‐on‐
chronic liver failure. There are five artificial systems currently in use: molecular adsorbent
recirculating system (MARS), single‐pass albumin dialysis (SPAD), Prometheus, selective
plasma filtration therapy, and hemodiafiltration. The aim is to compare existing data on the
efficiency of these devices. A literature search was conducted using online libraries.
Inclusion criteria included randomized control trials or comparative human studies
published after the year 2000. A systematic review was conducted for the five individual
devices with a more detailed comparison of the biochemistry for the SPAD and MARS
systems. Eighty‐nine patients were involved in the review comparing SPAD and MARS.
Results showed that there was an average reduction in bilirubin (!53 μmol/L in
MARS and !50 μmol/L in SPAD), creatinine (!19.5 μmol/L in MARS and !7.5 μmol/
L in SPAD), urea (!0.9 mmol/L in MARS and !0.75 mmol/L in SPAD), and
gamma‐glutamyl transferase (!0.215 μmol/L·s in MARS and !0.295 μmol/L·s in SPAD)
in both SPAD and MARS. However, there was no significant difference between the
changes in the two systems. This review demonstrated that both MARS and SPAD aid
recovery of ALF. There is no difference between the efficiency of MARS and SPAD.
Because of the limited data, there is a need for more randomized control trials. Evaluating
cost and patient preference would aid in differentiating the systems.

Introduction
The liver is the largest and one of the most complex organs in the
body.1,2 Its functions include glucose metabolism, immune system
support, and detoxification.1 Acute liver failure (ALF) is a rare but
life‐threatening illness.3 The leading causes are hepatitis A and E
and drug‐induced liver injury (which is responsible for approxi-
mately 50% of ALF cases in the United States).3 The term acute‐
on‐chronic liver failure (ACLF) defined as an acute exacerbation
of chronic liver damage, which is caused by the acute insult re-
gardless of the presence or absence of cirrhosis.4 Liver transplan-
tation is the only curative option for both ALF and ACLF, with
both conditions having high morbidity and mortality.2,5 The suc-
cess of liver transplantation has led to the number of potential
recipients for liver transplant exceeding organ supply.6 In 2013,
only 77% of patients on the European Union waiting list for liver
transplant were successful in gaining a donor organ.2

Extracorporeal liver‐assist devices allow support, as a “bridge,”
until a donor’s liver becomes available or until the patients’ liver
can recover.7 There are two main types of device: artificial and
bioartificial.2 Artificial liver devices use nonliving components to
detoxify the blood or plasma.2 Removal uses physical or chemical
gradients and adsorption.2 The toxins and metabolic waste are
mixed with albumin molecules then carried out of the blood.8

There are four central artificial systems currently in use: molecular
adsorbent recirculating system (MARS), single‐pass albumin
dialysis (SPAD), fractionated plasma separation and adsorption
system (Prometheus), and selective plasma filtration therapy

(SEPET).2 Patients are eligible for these systems if they have
ALF or ACLF (Table 1).2

In some countries, these systems are not approved. Therefore,
other methods have had to be utilized to remove and exchange
plasma components. One commonly used technique includes
plasma exchange; however, this comes with many disadvantages
such as hypernatremia and metabolic acidosis. It is now common
to add hemodiafiltration to this treatment regime in the treatment
of ACF to improve survival rates.9,10

This study compares all five artificial liver systems, which has
not been done previously. This review aims to compare data
from existing literature directly, examine the devices use, and
determine which device (focusing on SPAD or MARS) works
more effectively.11 This is important in terms of future
treatments for ALF and ACLF and which device offers a better
outcome.

Methods

Preliminary research. Preliminary literature searches were
completed on PubMed and Ovid for each of the liver devices.
Search criteria were “MARS” or “molecular adsorbent
recirculating system” when studying the MARS device. Search
criteria were “SPAD” or “single‐pass albumin dialysis” when
searching the SPAD device. To find studies regarding Prometheus,
“Prometheus” or “fractionated plasma separation and adsorption
system” or “FPSA” was searched. Studies describing

doi:10.1111/jgh.15255

1164 Journal of Gastroenterology and Hepatology 36 (2021) 1164–1179
© 2020 The Authors. Journal of Gastroenterology and Hepatology published by Journal of Gastroenterology and Hepatology Foundation and John Wiley & Sons Australia, Ltd
This is an open access article under the terms of the Creative Commons Attribution‐NonCommercial License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited and is not used for commercial purposes.

bs_bs_banner



Citation: Jarczak, D.; Kluge, S.;

Nierhaus, A. Septic

Hyperinflammation—Is There a Role

for Extracorporeal Blood Purification

Techniques? Int. J. Mol. Sci. 2024, 25,

3120. https://doi.org/10.3390/

ijms25063120

Academic Editor: Maria Valeria

Catani

Received: 24 January 2024

Revised: 3 March 2024

Accepted: 5 March 2024

Published: 8 March 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Review

Septic Hyperinflammation—Is There a Role for Extracorporeal

Blood Purification Techniques?

Dominik Jarczak , Stefan Kluge and Axel Nierhaus *

Department of Intensive Care Medicine, University Medical Center Hamburg-Eppendorf,
20251 Hamburg, Germany; d.jarczak@uke.de (D.J.); s.kluge@uke.de (S.K.)
* Correspondence: nierhaus@uke.de

Abstract: This manuscript investigates the role of extracorporeal blood purification techniques in
managing septic hyperinflammation, a critical aspect of sepsis characterized by an uncontrolled
immune response leading to multiorgan dysfunction. We provide an overview of sepsis, focusing on
the dynamics of immune response, the involvement of neutrophils, and the role of the endothelium
in the disease’s progression. It evaluates the effectiveness of various blood purification methods,
including high-cut-off membranes, high-volume hemofiltration, adsorption techniques, and albumin
dialysis, in removing cytokines and endotoxin and improving hemodynamic stability. Despite some
very promising results, we conclude that the current evidence does not strongly support these
techniques in significantly improving survival rates in septic patients, clearly underlining the need
for further research.

Keywords: sepsis; septic hyperinflammation; blood purification; immune response; cytokines;
endotoxin; hemodynamics; extracorporeal therapy

1. Introduction

1.1. What Is Septic Hyperinflammation, and Why Should It Be Treated?
Sepsis is a life-threatening clinical condition with extensive physiological and bio-

chemical abnormalities. Each year, approximately 49 million people worldwide are affected
by sepsis, and it is estimated that 11 million deaths can be attributed to this syndrome. This
accounts for up to 19.7% of all global deaths [1]. Although there appears to be a global
decline in the average mortality rate, the current mortality rate for sepsis can still reach up
to 25%. In the case of septic shock, which is a subset of sepsis characterized by profound
circulatory, cellular, and metabolic disturbances, the hospital mortality rate approaches
almost 60% [2].

Over recent decades, the definition of “sepsis” has continuously evolved, adapting
to the expanding scope of knowledge. The current definition, established by the Third
International Consensus (Sepsis-3), characterizes sepsis as “organ dysfunction caused by
a dysregulated host response to infection” [3]. This definition notably emphasizes, for
the first time, the critical role of both the innate and adaptive immune responses in the
development of the clinical syndrome. Sepsis, unlike an uncomplicated and localized
infection, involves a complex disruption of the finely tuned balance between pro- and anti-
inflammatory processes. Although understanding of the development, pathophysiology,
and immunological mechanisms of sepsis has advanced significantly over the last three
decades, the syndrome’s complexity—with its myriad interactions and effects on various
organs—means that the opportunities for successful and specific therapeutic interventions
remain limited.

Even approaches within the realm of personalized or “precision medicine”, where
treatments are tailored to predefined conditions or the specific needs of individual patients,
have yet to achieve widespread success. As our understanding of the numerous processes
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ture, which, if sufficiently severe, can produce organ dysfunction” [36]. The occurrence of
DIC in sepsis is attributed to consumptive coagulopathy, driven by system-wide coagula-
tion activation and accompanied by suppressed fibrinolysis. Alongside organ dysfunction
due to systemic inflammation, decreased platelets, and increased PT-INR, the term “sepsis-
induced coagulopathy (SIC)” has been introduced to describe this condition [37].

To summarize, many of the complex and diverse processes associated with septic
hyperinflammation occur in the plasma. The various substances and messengers involved
are systemically elevated and are present in a dissolved form, making them potential targets
for treatment through blood purification. Despite numerous approaches being explored
over the past decades, no single procedure nor combination of techniques has yet been
identified that significantly improves the survival rates of patients with sepsis. Figure 1
illustrates a range of different techniques for extracorporeal blood purification, which are
examined in this article for their application in treating sepsis and septic shock.
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Figure 2 provides a schematic overview of the potential clearance properties of dif-
ferent blood purification methods based on the molecular weight of various mediators
and toxins. Due to the large number of different commercially available membranes and
technical settings, there is a wide variance in the actual effectiveness of the respective
techniques. An overview of recent meta-analyses, reviews and other publications on the
extracorporeal blood purification techniques described in this article for use in sepsis or
septic shock is provided in Table 1.
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ĞstablishĞĚ in sĞlĞctĞĚ chrŽnic ĚialǇsis ƉatiĞnts (i͘Ğ͘ thŽsĞ 
ǁith cast nĞƉhrŽƉathǇ sĞcŽnĚarǇ tŽ ŵǇĞlŽŵa)͘ �ǆtĞnĚĞĚ usĞ 
Žf a furthĞr ĞǀŽlutiŽn Žf thĞsĞ ŵĞŵbranĞs has bĞĞn rĞcĞntlǇ 
ƉrŽƉŽsĞĚ:sŽ-callĞĚ ĞǆƉanĚĞĚ hĞŵŽĚialǇsis (4)͘ dhĞir usĞ has 
bĞĞn rĞcĞntlǇ ƉrŽƉŽsĞĚ fŽr �ZZd as ǁĞll͕ in sĞƉtic ƉatiĞnts 
anĚ ǁith ŽthĞr inĚicatiŽns (i͘Ğ͘ hǇƉĞrŵǇŽglŽbinĞŵia͕ hǇƉĞr-
cǇtŽŬinĞŵia)͕ but͕ as cŽŵŵŽnlǇ haƉƉĞns in critical illnĞss͕ nŽ 
unĞƋuiǀŽcal high-lĞǀĞl ĞǀiĚĞncĞ Žf clinical bĞnĞĮt has bĞĞn 
ƉublishĞĚ sŽ far͘  In a rĞcĞnt sǇstĞŵatic rĞǀiĞǁ Žf huŵan stuĚ-
iĞs Žn tĞchniƋuĞs Žf ĞǆtracŽrƉŽrĞal cǇtŽŬinĞ rĞŵŽǀal͕ Atan 
anĚ cŽǁŽrŬĞrs (5) shŽǁĞĚ that ,�O tĞchniƋuĞs ŵaǇ bĞ ŵŽst 
cŽnsistĞnt fŽr ŵŽĚĞratĞ tŽ high cǇtŽŬinĞ rĞŵŽǀal rĞgarĚlĞss 
Žf ŽƉĞrating charactĞristics͘ OthĞr tĞchniƋuĞs͕ such as Ğǆtra-
cŽrƉŽrĞal liǀĞr suƉƉŽrt anĚ Ɖlasŵa ĮltratiŽn-aĚsŽrƉtiŽn ŵaǇ 
alsŽ bĞ ĞīĞctiǀĞ but thĞir cŽŵƉlĞǆitǇ is grĞatĞr anĚ thĞ nuŵ-
bĞr Žf stuĚiĞs fĞǁĞr͘

dhĞ ƉrĞsĞnt rĞǀiĞǁ fŽcusĞs sƉĞciĮcallǇ Žn thĞ clinical 
aƉƉlicatiŽn Žf ,�O thĞraƉǇ͕ ŽnlǇ incluĚing ƉublishĞĚ hu-
ŵan stuĚiĞs͕ anĚ ĚĞscribĞs thĞ ŵŽst iŵƉŽrtant Ɖractical 
asƉĞcts͕ such as inĚicatiŽns͕ ƉrĞscriƉtiŽns͕ anĚ anticŽagula-
tiŽn͘  �urrĞnt gaƉs in thĞ litĞraturĞ anĚ thĞ ƉŽtĞntial futurĞ 
ĞǀŽlutiŽn Žf ,�O thĞraƉiĞs arĞ ĚiscussĞĚ in thĞ cŽnclusiŽn 
Žf thĞ ƉaƉĞr͘

Membrane classification and characteristics

AccŽrĚing tŽ a rĞcĞnt aƩĞŵƉt tŽ stanĚarĚiǌĞ thĞ nŽŵĞn-
claturĞ Žf acutĞ rĞnal rĞƉlacĞŵĞnt thĞraƉiĞs͕ fŽr a sƉĞciĮc 
ŵĞŵbranĞ͕ thĞ cut-Žī rĞƉrĞsĞnts thĞ ŵŽlĞcular ǁĞight Žf 
thĞ sŵallĞst sŽlutĞ rĞtainĞĚ bǇ thĞ ŵĞŵbranĞ͘ �linicallǇ͕ thĞ 

�OI: 10͘5ϯ01ͬiũaŽ͘5000662

High cut-off membranes in acute kidney injury and 
continuous renal replacement therapy
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Introduction

�ŽntinuŽus rĞnal rĞƉlacĞŵĞnt thĞraƉǇ (�ZZd) has unĚĞr-
gŽnĞ a cŽnstant ĞǀŽlutiŽn in thĞ last fŽrtǇ ǇĞars (1)͘ DŽnitŽrs͕ 
circuits͕ ƉuŵƉs͕ anticŽagulatiŽn stratĞgiĞs anĚ trĞatŵĞnt 
ŵŽĚalitiĞs haǀĞ bĞĞn iŵƉrŽǀĞĚ signiĮcantlǇ (2)͘ &iltĞrs͕ ŵĞŵ-
branĞs anĚ biŽŵatĞrials haǀĞ ƉarallĞlĞĚ this gĞnĞral iŵƉrŽǀĞ-
ŵĞnt (ϯ) anĚ high-Ňuǆ biŽcŽŵƉatiblĞ ŵĞŵbranĞs arĞ nŽǁ 
rŽutinĞlǇ usĞĚ in �ZZd͘  draĚitiŽnallǇ͕  thĞsĞ ŬinĚs Žf changĞs 
in acutĞ ĚialǇsis haǀĞ fŽllŽǁĞĚ͕ anĚ rarĞlǇ ƉrĞcĞĚĞĚ͕ siŵilar 
achiĞǀĞŵĞnts in chrŽnic ĚialǇsis͘ DŽnitŽrs fŽr intĞrŵiƩĞnt 
hĞŵŽĚialǇsis (I,�) can bĞ cŽnsiĚĞrĞĚ ũĞǁĞls Žf ŵŽĚĞrn biŽ-
ĞnginĞĞring fŽr sĞǀĞral rĞasŽns͕ incluĚing thĞ nĞĞĚ fŽr ŽnlinĞ 
ǁatĞr ƉrĞƉaratiŽn͕ thĞ ƉrĞsĞncĞ Žf sĞǀĞral tǇƉĞs Žf biŽfĞĞĚ-
bacŬ anĚ thĞ ĚĞŵanĚ fŽr ĞǆtrĞŵĞ nĞt ultraĮltratiŽn accuracǇ͘ 
hnliŬĞ �ZZd͕  thĞ chŽicĞ Žf ĮltĞr ŵĞŵbranĞ fŽr I,� is ŵuch 
ŵŽrĞ sƉĞciĮc anĚ tailŽrĞĚ Žn thĞ ƉatiĞnts͛ nĞĞĚs͘ In this cŽn-
tĞǆt͕ thĞ usĞ Žf high cut-Žī (,�O) ŵĞŵbranĞs is rathĞr ǁĞll 

ABSTRACT
InnŽǀatiŽn in cŽntinuŽus rĞnal rĞƉlacĞŵĞnt thĞraƉiĞs (�ZZd) utiliǌĞĚ tŽ trĞat acutĞ ŬiĚnĞǇ inũurǇ (A<I) anĚ sĞƉsis͕ 
has brŽught nĞǁ ŵachinĞs anĚ tĞchniƋuĞs͘ Part Žf thĞsĞ nĞǁ aĚǀancĞs arĞ ĚuĞ tŽ thĞ aǀailabilitǇ Žf innŽǀatiǀĞ 
biŽŵatĞrials anĚ thĞ cŽnstructiŽn Žf ŵĞŵbranĞs ǁith largĞr ƉŽrĞs anĚ ǁiĚĞ ĚistributiŽn Žf ƉŽrĞ siǌĞs͘ dhis in-
cluĚĞs thĞ crĞatiŽn Žf a nĞǁ gĞnĞratiŽn Žf high cut-Žī ŵĞŵbranĞs ǁhŽsĞ utiliǌatiŽn in clinical ƉracticĞ is ƉrŽŵis-
ing fŽr thĞ ǁiĚĞ sƉĞctruŵ Žf sŽlutĞs that arĞ rĞŵŽǀĞĚ Ěuring ĞǆtracŽrƉŽrĞal thĞraƉiĞs͘
,ŽǁĞǀĞr͕  thĞ ĞnlargĞŵĞnt Žf ƉŽrĞ ĚiaŵĞtĞrs brings sŽŵĞ lŽss Žf albuŵin Ěuring trĞatŵĞnt anĚ this ĞīĞct is still 
unĚĞr ĞǀaluatiŽn͕ sincĞ thĞrĞ is a ƉŽssibilitǇ that this is ĚĞtriŵĞntal fŽr thĞ ƉatiĞnt͘ A thŽrŽugh rĞǀiĞǁ Žf thĞ 
aǀailablĞ clinical litĞraturĞ is rĞƉŽrtĞĚ in this ƉaƉĞr ǁith a rĞaƉƉraisal Žf thĞ ƉŽtĞntial aƉƉlicatiŽn Žf thĞsĞ nĞǁ 
tĞchnŽlŽgiĞs͘
Keywords: �lĞarancĞ͕ �ŽntinuŽus rĞnal rĞƉlacĞŵĞnt thĞraƉǇ͕  �ǇtŽŬinĞ͕ ^ĞƉsis
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ĞǆƉrĞssiŽn ͞high cut-Žī ŵĞŵbranĞ͟ ĚĞscribĞs ŵĞŵbranĞs 
ǁith a cut-Žī ǀaluĞ that aƉƉrŽǆiŵatĞs thĞ ŵŽlĞcular ǁĞight 
Žf albuŵin͕ bĞfŽrĞ ĞǆƉŽsurĞ tŽ blŽŽĚ Žr Ɖlasŵa (6)͘ AlsŽ 
 rĞcĞntlǇ͕ a classiĮcatiŽn ŵĞthŽĚ (7) charactĞriǌĞĚ ,�O ŵĞŵ-
branĞs ǁith ƉrĞcisiŽn basĞĚ Žn thĞir ŵŽlĞcular ǁĞight rĞtĞn-
tiŽn ŽnsĞt (DWZO) anĚ ŵŽlĞcular ǁĞight cut-Žī (DW�O)͘ 
In this in ǀitrŽ stuĚǇ Ěata ǁĞrĞ cŽllĞctĞĚ using sŽlutiŽns Žf 
ĚĞǆtrans ǁith ĚiīĞrĞnt ŵŽlĞcular ǁĞight fractiŽns (ranging 
frŽŵ 6 tŽ 500 <�a) cŽŵbinĞĚ in ultraƉurĞ ǁatĞr at a cŽncĞn-
tratiŽn Žf 1 gͬ> fŽr Ğach fractiŽn͕ ǁhich rĞsults in an ŽǀĞrall 
cŽncĞntratiŽn Žf ϴ gͬ>͘ DWZO is thĞ ŵŽlĞcular ǁĞight Žf a 
giǀĞn sŽlutĞ at ǁhich thĞ ŵĞŵbranĞ siĞǀing cŽĞĸciĞnt is 0͘ϵ 
anĚ ĚĞscribĞs ǁhĞn thĞ siĞǀing cŽĞĸciĞnt starts tŽ fall frŽŵ 
1 tŽ 0͘ DW�O is ĚĞĮnĞĚ as thĞ ŵŽlĞcular ǁĞight ǁhĞrĞ thĞ 
siĞǀing cŽĞĸciĞnt is 0͘1͕ that is tŽ saǇ a ƉĞrŵĞabilitǇ Žf 10й 
fŽr a giǀĞn sŽlutĞ͘ With thĞsĞ gĞnĞral asƉĞcts in ŵinĚ͕ ǁĞ 
nŽǁ ĚĞĮnĞ ,�O ŵĞŵbranĞs as haǀing͕ in ǀitrŽ͕ a ultraĮltra-
tiŽn cŽĞĸciĞnt Žf 1͕100 ŵ>ͬ(ŵ2ΎhΎŵŵ,g) ʹalŵŽst thricĞ 
thĞ ǀaluĞ Žf a high Ňuǆ ŵĞŵbranĞ-͕ bĞta2 ŵicrŽglŽbulin anĚ 
albuŵin siĞǀing cŽĞĸciĞnts Žf 1 anĚ 0͘2͕ rĞsƉĞctiǀĞlǇ (7)͘ 
Albuŵin lŽss ǁith ,�O ŵĞŵbranĞs͕ ǁhĞn ŵĞasurĞĚ Ěur-
ing cŽnǀĞntiŽnal hĞŵŽĚialǇsis͕ aŌĞr a 4-hŽur sĞssiŽn͕ ǁith 
blŽŽĚ ŇŽǁ Žf 250 ŵ>ͬŵin anĚ ĚialǇsatĞ ŇŽǁ Žf 500 ŵ>ͬŵin͕ 
fŽr ŵĞŵbranĞ arĞas bĞtǁĞĞn 1͘7 anĚ 2͘1 ŵ2͕ is abŽut 2ϴ g 
(7)͘ With stanĚarĚ high-Ňuǆ ĮltĞrs͕ unĚĞr thĞ saŵĞ ĞǆƉĞri-
ŵĞntal cŽnĚitiŽns͕ albuŵin lŽss is nĞgligiblĞ (7)͘ ,�O ĮltĞrs 
haǀĞ a DWZO anĚ a DW�O Žf 15-20 Ŭ�a anĚ 170-ϯ20 Ŭ�a͕ 
rĞsƉĞctiǀĞlǇ: thĞsĞ ǀaluĞs arĞ rĞsƉĞctiǀĞlǇ ĚŽublĞ anĚ 5-fŽlĚ 
thŽsĞ Žf stanĚarĚ ĮltĞrs (&ig͘ 1) (7)͘ PŽrĞ raĚius is incrĞasĞĚ 
tŽ ϴ-12 nŵ͕ ǁhich is abŽut ĚŽublĞ that Žf stanĚarĚ high-
Ňuǆ ĮltĞrs fŽr �ZZd͕  ǁhilĞ ƉŽrĞ siǌĞ ĚistributiŽn is ĞǆƉanĚĞĚ  
(&ig͘ 2) (7)͘

dhĞ issuĞ Žf ŵĞŵbranĞ classiĮcatiŽn is ǀĞrǇ iŵƉŽrtant bĞ-
causĞ thĞ incŽrrĞct chŽicĞ Žf ŵĞŵbranĞ ŵatĞrial ŵight iŵƉlǇ 
a signiĮcant bias in trial rĞsults͘ A rĞcĞnt intĞrĞsting rĞǀiĞǁ Žn 
,�O trĞatŵĞnts (ϴ) highlightĞĚ that abŽut 15й (4 Žut Žf 2ϴ) 

ĞligiblĞ stuĚiĞs ĚĞscribing ,�O usĞ incŽrrĞctlǇ ĚĞscribĞĚ thĞ 
aƉƉliĞĚ tĞchnŽlŽgǇ as ,�O͘

�urrĞntlǇ aǀailablĞ ŵĞŵbranĞs arĞ ,�O 1100͕ ̂ ĞƉtĞǆ anĚ 
dhĞralitĞ͕ all ŵarŬĞtĞĚ bǇ 'aŵbrŽ͕ cŽŵƉŽsĞĚ Žf a ƉŽlǇarǇlĞ-
thĞrsulfŽnĞͬƉŽlǇǀinǇlƉǇrrŽliĚŽnĞ blĞnĚ͘ In ǀiǀŽ͕ such ŵĞŵ-
branĞs achiĞǀĞ ĞīĞctiǀĞ rĞŵŽǀal Žf substancĞs in thĞ rangĞ 
Žf 20 tŽ 60 Ŭ�a: largĞr ŵŽlĞculĞs arĞ rĞtainĞĚ͕ althŽugh 
ƉŽrĞs siǌĞ rangĞs nŽŵinallǇ rĞach largĞr ǀaluĞs ĚuĞ tŽ sĞc-
ŽnĚarǇ laǇĞr fŽrŵatiŽn anĚ ŵĞŵbranĞ fŽuling͘ ,ŽǁĞǀĞr͕  
intĞrĞstinglǇ͕  thĞsĞ ŵĞŵbranĞ charactĞristics ŽutƉĞrfŽrŵ a 
glŽŵĞrular ĮltratiŽn barriĞr͕  ǁhich is barĞlǇ caƉablĞ Žf ĮltĞr-
ing sŽlutĞs uƉ tŽ 60 <�a͕ ŽnlǇ thrŽugh high cŽnǀĞctiŽn ratĞs 
(7)͘ dhĞ Įnal Ɖractical anĚ iŵƉŽrtant asƉĞcts rĞgarĚing ,�O 
(ϵ) arĞ that thĞsĞ ŵĞŵbranĞs arĞ aƉƉarĞntlǇ ablĞ tŽ rĞŵŽǀĞ 
frĞĞ light chains uƉ tŽ 4 hŽurs aŌĞr sĞssiŽn start͕ althŽugh 
clĞarancĞ is rĞĚucĞĚ at this ƉŽint͘ &urthĞrŵŽrĞ͕ in a cŽntin-
uŽus sĞssiŽn͕ if ŵĞŵbranĞ fŽuling aīĞcts thĞ clĞarancĞ Žf 
ŵŽlĞculĞs aƉƉrŽaching thĞ DW�O Žf thĞ ŵĞŵbranĞ͕ thĞ rĞ-
ŵŽǀal caƉabilitǇ fŽr sŵall ŵŽlĞculĞs (DWZO) is ŵaintainĞĚ 
thrŽughŽut thĞ trĞatŵĞnt͕ ǁhilĞ it ĚĞcrĞasĞs ŽǀĞr tiŵĞ fŽr 
ŵiĚĚlĞ ŵŽlĞculĞs: ,�O ŵĞŵbranĞs tĞnĚ tŽ lŽsĞ thĞir largĞ-
ƉŽrĞ siĞǀing cŽĞĸciĞnt caƉacitǇ but thĞǇ rĞŵain ĞīĞctiǀĞ 
high-Ňuǆ ĮltĞrs in lŽng sĞssiŽn runs͘

Clinical studies

�ǆcluĚing casĞ rĞƉŽrts͕ stuĚiĞs Žn aniŵals͕ anĚ in ǀi-
trŽͬĞǆ ǀiǀŽ stuĚiĞs͕ ŽnlǇ 10 clinical stuĚiĞs (10-1ϵ) Žn ,�O 
trĞatŵĞnt aƉƉlicatiŽn haǀĞ bĞĞn ƉublishĞĚ sŽ far (dab͘ I)͘ A 
 ranĚŽŵiǌĞĚ clinical trial ͞�ŽŵƉaring ,igh �ut-Žī ,aĞŵŽĮl-
tratiŽn With ^tanĚarĚ ,aĞŵŽĮltratiŽn in AcutĞ ZĞnal &ailurĞ͟ 
(E�d00ϵ121ϴ4) currĞntlǇ shŽǁs as haǀing bĞĞn cŽŵƉlĞtĞĚ 
but nŽt ǇĞt ƉublishĞĚ͘

dhĞ grŽuƉ Žf ^tanislaŽ DŽrgĞra anĚ DichaĞl ,aasĞ frŽŵ 
thĞ �haritĠ͕ ,uŵbŽlĚt hniǀĞrsitǇ Žf �Ğrlin͕ 'ĞrŵanǇ͕  cŽn-
ĚuctĞĚ thĞ Įrst clinical trials ǁith ,�O ŵĞŵbranĞs in sĞƉtic 

Fig. 1 - DĞŵbranĞ siĞǀing cŽĞĸ-
ciĞnt curǀĞs͘ dhĞ ǀaluĞ Žf ŵŽlĞcular 
ǁĞight rĞtĞntiŽn ŽnsĞt is giǀĞn fŽr a 
ŵĞŵbranĞ bǇ thĞ ŵŽlĞcular ǁĞight 
ǁhĞrĞ thĞ siĞǀing ǀaluĞ is 0͘ϵ͘ dhĞ 
ǀaluĞ Žf ŵŽlĞcular ǁĞight cut-Žī is 
giǀĞn fŽr a ŵĞŵbranĞ bǇ thĞ ŵŽlĞc-
ular ǁĞight ǁhĞrĞ thĞ siĞǀing ǀaluĞ 
is 0͘1͘ dhĞ graƉhic clĞarlǇ illustratĞs 
that ŵĞŵbranĞs ǁith ĚiīĞrĞnt hǇ-
Ěraulic ƉĞrŵĞabilitǇ alsŽ ƉrĞsĞnt 
ĚiīĞrĞntial siĞǀing ƉrŽƉĞrtiĞs͘
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Fig. 2 - DĞŵbranĞ ƉŽrĞ siǌĞ Ěistri-
butiŽn͘ dhĞ curǀĞs Žf thĞ rĞlatiǀĞ 
ƉŽrĞ ĚĞnsitǇ Žf Ğach ƉŽrĞ using thĞ 
^tŽŬĞs-�instĞin raĚius arĞ ƉrĞsĞntĞĚ͘ 
dhĞǇ charactĞriǌĞ thĞ ƉĞrfŽrŵancĞ 
Žf Ğach ŵĞŵbranĞ͕ thĞ  ŵŽlĞcular 
ǁĞight rĞtĞntiŽn ŽnsĞt͕ thĞ ŵŽlĞcu-
lar ǁĞight cut-Žī anĚ thĞ ƉŽssiblĞ 
ƉĞrŵĞabilitǇ fŽr albuŵin͘ dhĞ ĮgurĞ 
shŽǁs thĞ ĚiīĞrĞncĞs  bĞtǁĞĞn A 
(stanĚarĚ high Ňuǆ  hĞŵŽĮltĞr) anĚ 
� (high cut-Žī hĞŵŽĮltĞr): ŵŽst Žf 
thĞ ŵĞŵbranĞ � ƉŽrĞs haǀĞ a sig-
niĮcantlǇ largĞr ĚiaŵĞtĞr than that 
Žf ŵĞŵbranĞ A͘

ƉatiĞnts ǁith sĞǀĞrĞ acutĞ ŬiĚnĞǇ inũurǇ (A<I)͘ dhĞ ŵain rĞlĞ-
ǀant ĮnĚing Žf thĞ ƉiǀŽtal stuĚǇ ǁas that ,�O hĞŵŽĮltratiŽn͕ 
ĚĞliǀĞrĞĚ at 1 >ͬh in 2ϴ ƉatiĞnts͕ inĚucĞĚ a rĞstŽratiŽn Žf ƉrŽ-
lifĞratiŽn Žf anti-��ϯ-stiŵulatĞĚ ƉĞriƉhĞral blŽŽĚ ŵŽnŽnu-
clĞar cĞlls (P�D�s) tŽ a lĞǀĞl siŵilar tŽ hĞalthǇ cŽntrŽls (10)͘ 
,ĞŵŽĮltratiŽn ĚĞliǀĞrĞĚ ǁith a stanĚarĚ hĞŵŽĮltĞr at thĞ 
saŵĞ ŇŽǁ ratĞ ĚiĚ nŽt ĞnĚ uƉ ǁith thĞ saŵĞ ĞīĞcts Žn P�D� 
functiŽn͘ A high-Ňuǆ ƉŽlǇaŵiĚĞ hĞŵŽĮltĞr ǁas usĞĚ fŽr this 
stuĚǇ͘ dhĞ authŽrs sƉĞculatĞĚ that at thĞ basis Žf sĞƉtic 
P�D� ĚǇsfunctiŽn is thĞ incrĞasĞĚ rĞlĞasĞ Žf bŽth inŇaŵŵa-
tŽrǇ anĚ anti-inŇaŵŵatŽrǇ ŵĞĚiatŽrs such as ƉrŽstaglanĚin 
�2 (P'�2)͕ transfŽrŵing grŽǁth factŽr-bĞta (d'&-ɴ)͕ intĞrlĞu-
Ŭin (I>)-6͕ I>-4 anĚ I>-10͕ ĞǀĞn if a ĚirĞct ŵĞasurĞŵĞnt Žf thĞ 
clĞarancĞ Žf thĞsĞ ŵĞĚiatŽrs ǁas nŽt rĞƉŽrtĞĚ (20)͘ In a sĞc-
ŽnĚ sŵall stuĚǇ in 16 sĞƉtic ƉatiĞnts thĞ authŽrs ĞǆƉlŽrĞĚ in-
tĞrŵiƩĞnt ,�O hĞŵŽĮltratiŽn͕ aĚŵinistĞrĞĚ Ěuring 12-hŽur 
sĞssiŽns ŽǀĞr 5 ĚaǇs anĚ altĞrnatĞĚ ǁith hĞŵŽĮltratiŽn͕ ĚĞ-
liǀĞrĞĚ ǁith a stanĚarĚ hĞŵŽĮltĞr at 1 >ͬh in bŽth trĞatŵĞnts 
(11)͘ dhĞǇ shŽǁĞĚ a signiĮcant ĞīĞct Žn I>-6 rĞŵŽǀal ǁith 
thĞ ,�O ĮltĞr anĚ a tĞnĚĞncǇ Žf I>-6 sĞruŵ lĞǀĞls tŽ rĞĚucĞ 
ŽǀĞr thĞ 12-hŽur ,�O sĞssiŽn͘ dhĞ ĞīĞct Žn ĚĞcrĞasing I>-6 
lĞǀĞls ǁas cŽnsistĞnt ŽǀĞr thĞ 5 stuĚǇ ĚaǇs͕ ǁith aǀĞragĞ Įnal 
ǀaluĞs bĞing signiĮcantlǇ lŽǁĞr than basĞlinĞ͕ althŽugh a sig-
niĮcant intĞrinĚiǀiĚual ǀariabilitǇ ǁas ĞǀiĚĞnt͘ IntĞrĞstinglǇ͕  
thĞ authŽrs alsŽ cŽnĮrŵĞĚ that ,�O ŵĞŵbranĞs ĞīĞctiǀĞlǇ 
rĞŵŽǀĞ albuŵin anĚ tŽtal ƉrŽtĞins anĚ that thĞǇ rĞƋuirĞĚ rĞ-
ƉĞatĞĚ rĞƉlacĞŵĞnt thrŽughŽut thĞ stuĚǇ: ĚĞsƉitĞ thĞ lŽǁ 
ƉrĞscribĞĚ ĚŽsĞ͕ Ěuring thĞ stuĚǇ a cuŵulatiǀĞ ƉrŽtĞin lŽss 
Žf ϴ graŵs ƉĞr ĚaǇ ǁas ĞstiŵatĞĚ͘ Albuŵin ǁas ƉriŵarilǇ 
lŽst Ěuring thĞ Įrst trĞatŵĞnt hŽurs͘ dhĞ clinical rĞlĞǀancĞ 
Žf this siĚĞ ĞīĞct is ǀĞrǇ iŵƉŽrtant anĚ albuŵin lĞǀĞls haǀĞ 
tŽ bĞ thŽrŽughlǇ chĞcŬĞĚ Ěuring ,�O sĞssiŽns͘ With a siŵi-
lar ƉrŽtŽcŽl in furthĞr 2ϴ ƉatiĞnts͕ thĞ authŽrs shŽǁĞĚ that 
12 hŽurs ,�O hĞŵŽĮltratiŽn fŽllŽǁĞĚ bǇ hĞŵŽĮltratiŽn ĚĞ-
liǀĞrĞĚ ǁith a stanĚarĚ hĞŵŽĮltĞr is alsŽ ablĞ tŽ ĚĞcrĞasĞ 
ƉŽlǇŵŽrƉhŽnuclĞar lĞuŬŽcǇtĞ ƉhagŽcǇtŽsis actiǀitǇ͕  rĞstŽr-
ing it tŽ a lĞǀĞl clŽsĞ tŽ that Žf hĞalthǇ ǀŽluntĞĞrs͘ dhĞ saŵĞ 

ĞīĞct ǁas nŽt ĚisƉlaǇĞĚ bǇ cŽntinuŽus trĞatŵĞnts ĚĞliǀĞrĞĚ 
ǁith a stanĚarĚ hĞŵŽĮltĞr (12)͘

In a subsĞƋuĞnt clinical stuĚǇ͕  thĞ saŵĞ authŽrs Ğǀaluat-
ĞĚ ,�O ĚialǇsis anĚ ,�O hĞŵŽĮltratiŽn in tĞrŵs Žf  cǇtŽŬinĞ 
clĞarancĞ anĚ ƉrŽtĞin lŽssĞs (1ϯ)͘ ,�O cŽntinuŽus ǀĞnŽ- 
ǀĞnŽus hĞŵŽĚialǇsis (,�O-�ss,�) at 1 anĚ at 2͘5 >ͬh ǁas 
cŽŵƉarĞĚ tŽ siŵilar ƉrĞscriƉtiŽns Ěuring ,�O cŽntinuŽus 
ǀĞnŽ-ǀĞnŽus ƉŽst-ĚilutiŽn hĞŵŽĮltratiŽn (,�O-�ss,) in 
4 grŽuƉs cŽŵƉŽsĞĚ Žf 6 ƉatiĞnts ǁith sĞƉsis anĚ A<I͕ Ěur-
ing thĞ Įrst 50 hŽurs Žf cŽntinuŽus trĞatŵĞnt͘ In this stuĚǇ 
ĮltĞrs ǁĞrĞ changĞĚ ĚailǇ͘ dhĞ authŽrs ĚĞtailĞĚ ǀĞrǇ clĞarlǇ 
that thĞ 2͘5->ͬh hĞŵŽĮltratiŽn ŵŽĚĞ ǁas assŽciatĞĚ ǁith 
grĞatĞr ƉrŽtĞin anĚ albuŵin lŽss cŽŵƉarĞĚ tŽ hĞŵŽĚialǇsis͘ 
�ŽnǀĞrsĞlǇ͕  albuŵin anĚ ƉrŽtĞin lŽssĞs ǁĞrĞ siŵilar in thĞ 
1 >ͬh ,�O-�ss, anĚ ,�O-�ss,� grŽuƉ͘ DĞasurĞĚ cǇtŽŬinĞs 
Ěuring this stuĚǇ ǁĞrĞ nŽt alǁaǇs ĚĞtĞctablĞ in ĞnrŽllĞĚ sĞƉ-
tic ƉatiĞnts͘ At thĞ ĞnĚ Žf thĞ articlĞ͕ thĞ authŽrs rĞƉŽrt Ěata 
Žn I>-1 rĞcĞƉtŽr antagŽnist (I>-1ra) anĚ I>-6͘ IntĞrĞstinglǇ͕  thĞ 
ŵŽst signiĮcant ĚĞclinĞ in cǇtŽŬinĞ Ɖlasŵa ǀaluĞs ŽǀĞr tiŵĞ 
ǁas ŽbsĞrǀĞĚ in ƉatiĞnts ǁith thĞ highĞst basĞlinĞ lĞǀĞls͘ hn-
liŬĞ thĞ rĞsults ǁith ƉrŽtĞins anĚ albuŵin͕ thĞ ZZd ĚŽsĞ ǁas 
shŽǁn tŽ incrĞasĞ clĞarancĞ Žf targĞt ŵŽlĞculĞs ŵŽrĞ than 
thĞ ŵŽĚalitǇ͘ AlthŽugh ŵĞŵbranĞ fŽuling tĞnĚĞĚ tŽ ĚĞcrĞasĞ 
cǇtŽŬinĞ clĞarancĞs͕ still signiĮcant rĞŵŽǀal ǁas achiĞǀĞĚ bǇ 
,�O ŵĞŵbranĞs aŌĞr 24 hŽurs͘ dhĞ ŬĞǇ ŵĞssagĞs ĚĞriǀing 
frŽŵ this stuĚǇ arĞ͕ Įrst͕ that a substantial ĞīĞct Žn circulat-
ing cǇtŽŬinĞs is ĞsƉĞciallǇ ƉrĞsĞnt in ƉatiĞnts ǁith thĞ highĞst 
lĞǀĞls: thĞ ƉŽtĞntiallǇ grĞatĞst bĞnĞĮts Žf this thĞraƉǇ cŽulĚ 
bĞ tailŽrĞĚ Žn thĞ basis Žf sƉĞciĮc Ɖlasŵa ŵarŬĞrs͘ ^ĞcŽnĚ͕ 
incrĞasing ĞŋuĞnt ŇŽǁ Ěuring ,�O-�ss,� cŽnsistĞntlǇ in-
crĞasĞs cǇtŽŬinĞ clĞarancĞ but nŽt ƉrŽtĞin lŽssĞs͘ &inallǇ͕  thĞ 
ƉracticĞ Žf changing thĞ ĮltĞr ĞǀĞrǇ 24 hŽurs͕ rĞgarĚlĞss Žf 
thĞ ƉrĞsĞncĞ Žf clŽƫng signs͕ ŽƉtiŵiǌĞĚ sŽlutĞ clĞarancĞs 
thrŽughŽut thĞ ǁhŽlĞ sĞssiŽn͘ 

A ranĚŽŵiǌĞĚ clinical trial tŽ ǀĞrifǇ thĞ clinical ĞīĞcts Žf 
,�O thĞraƉǇ ǁas thĞrĞfŽrĞ cŽnĚuctĞĚ (14)͘ dhirtǇ ƉatiĞnts͕ 
ĚiagnŽsĞĚ ǁith sĞƉsis anĚ A<I anĚ rĞcĞiǀing nŽrĞƉinĞƉhrinĞ 

Účinnější clearance prozánětlivých cytokinů: IL-1, IL-6 a TNF konvekcí, vedla také k významné ztrátě albuminu ve srovnání s 
modalitami založenými na difúzi. 
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Abstract

Background

Regional anticoagulation with citrate during renal replacement therapy (RRT) reduces the

risk of bleeding, extends dialyzer lifespan and is cost-effective. Therefore, current guidelines

recommend its use if patients are not anticoagulated for another reason and if there are no

contraindications against citrate. RRT with regional citrate anticoagulation has been estab-

lished in critically ill patients as continuous veno-venous hemodialysis (CVVHD) to reduce

citrate load. However, CVVHD is inferior regarding middle molecule clearance compared

to continuous veno-venous hemofiltration (CVVH). The use of a high cut-off dialyzer in

CVVHD may thus present an option for middle molecule clearance similar to CVVH. This

may allow combining the advantages of both techniques.

Methods

In this prospective, randomized, single-blinded single-center-trial, sixty patients with acute

renal failure and established indication for renal replacement therapy were randomized 1:1

into two groups. The control group was put on CVVHD using regional citrate anticoagulation

and a high-flux dialyzer, while the intervention group was on CVVHD using regional citrate

anticoagulation and a high-cut-off dialyzer. The concentrations of urea, creatinine, β2-micro-

globulin, myoglobin, interleukin 6 and albumin were measured pre- and post-dialyzer 1, 6,

12, 24 and 48 hours after initiating CVVHD.

Results

Mean plasma clearance for β2-microglobulin was 19.6±5.8 ml/min in the intervention group

vs. 12.2±3.6 ml/min in the control group (p<0.001). For myoglobin (8.0±4.5 ml/min vs. 0.2
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urea, creatinine and albumin clearance between the two groups. Mean plasma clearance data
are given in Table 3 and Figure in S2 Fig.

The median ultrafiltration rate to achieve negative fluid balance showed no significant dif-
ferences (control group: 50.0 ml/h (0.0, 99.5); intervention group: 12.8 ml/h (0.0, 62.5)). The
ratio of β2-microglobulin plasma clearance between 1h and 48h to estimate dialyzer perfor-
mance for middle molecules over time was 1.31 (1.07,1.70) in control group and 1.19
(0.54,1.61) in intervention group without significant differences.

Discussion

This prospective randomized trial compared the application of two different dialyzers during
CVVHD with regional citrate anticoagulation in critically ill patients. A significantly better
plasma clearance of middle molecules could be demonstrated with the high cut-off dialyzer
compared with the standard high-flux dialyzer. Since both dialyzers are made of the same
membrane surface and material, the differences in the plasma clearance of the investigated
substances can be explained only by the difference in pore sizes. β2-microglobulin is a surro-
gate parameter for middle molecular uremic toxins. Elevated serum levels of this protein are
associated with increased mortality and development of amyloidosis [29, 30, 31, 32]. A few
reports showed that reduction in β2-microglobulin levels may have mortality benefit in end
stage renal disease [29, 30]. Hemodialysis using high cut-off dialyzers was shown to effectively
lower plasma β2-microglobulin levels [33]. A cross-over study in a small study population
using sustained low efficiency daily dialysis (SLEDD) [28] demonstrated a superior elimina-
tion of β2-microglobulin using the high cut-off Ultraflux EMiC2 dialyzer than with the high-
flux dialyzer Ultraflux AV 1000S (plasma clearance: 52 ± 1,7 ml/min vs. 41.7 ± 1.5 ml/min,
p<0.001). The higher clearance rate in that study compared to ours is due to the higher vol-
ume exchange per time with SLEDD. Similar to that study, our trial also showed that there is

Table 2. β2-microglobulin plasma clearance (ml/min).

Time after starting CVVHD control group intervention group p value n

1h 18.4 (12.0, 23.0) 22.0 (17.3, 30.0) <0,05 59

6h 13.3±7.7; (CI: 10.4–16.2) 21.9±11.0; (CI: 17.7–26.1) 0.001 58

12h 11.9 (5.2,18.5) 19.0 (13.9, 22.7) <0,05 53

24h 11.5±6.5; (CI: 8.9–14.1) 17.9±10.2; (CI: 13.8–22.1) 0.009 52

48h 12.1±4.9; (CI: 9.8–14.3) 18.9±11.7; (CI: 13.9–24.0) 0.016 44

Data presented as mean ± standard deviation and 95% confidence interval or median (25th, 75th quantile) unless stated otherwise. Abbreviations: ml/min milliliters per

minute, CVVHD continuous veno-venous hemodialysis, CI confidence interval

https://doi.org/10.1371/journal.pone.0215823.t002

Table 3. Mean plasma clearance (ml/min), n = 42.

Variable control group (n = 20) intervention group (n = 22) p value

Urea 20.7±8.7; (CI: 16.6–24.8) 22.4±7.1; (CI: 19.2–25.5) 0.488

Creatinine 22.9±9.0; (CI: 18.7–27.1) 25.7±8.5; (CI: 21.9–29.5) 0.279

β2-microglobulin 12.2±3.6; (CI: 10.5–13.9) 19.6±5.8; (CI: 17.0–22.1) <0.001

Myoglobin 0.2±3.6; (CI: -1.5–1.9) 8.0±4.5; (CI: 6.0–10.0) <0.001

IL-6 -2.5±3.5; (CI: -4.1-(-0.9)) 1.5±4.3; (CI: -0.4–3.4) 0.002

Albumin -2.6±4.0; (CI: -4.5-(-0.8)) -2.3±3.9; (CI: -4.1-(-0.6)) 0.802

Data presented as mean ± standard deviation and confidence interval. Abbreviations: CI confidence interval, ml/min milliliters per minute, IL-6 interleukin 6

https://doi.org/10.1371/journal.pone.0215823.t003

Middle molecule clearance using a high cut-off dialyzer
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Rozdíl: HIGH CUTT OFF x HIGH FLUX

* max. limit high cut off - 50 kDa, EMIC 2 40 kDA, Septex 45 kDa

ANO: IL-6, myoglobin, b2- microglobulin 
NE: AT III, Protein C a S, trombin, koag.f F V, F VIII, albumin
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RRT - strategie

Fisher C, Baldwin I, Fealy N, Naorungroj T, Bellomo R: Ammonia Clearance 
with Different Continuous Renal Replacement Therapy Techniques in 

Patients with Liver Failure. Blood Purif 2022;51:840-846. doi: 
10.1159/000521312

We found no significant difference in ammonia clearance 
according to CRRT technique and demonstrated that ammonia 
clearance is significantly less than urea or creatinine clearance.

iHD - SLED - CRRT (CVVH, CVVHD, CVVHDF) 
ale: CRRT rychlejší eliminace  

CVVHDF - pouze teoretická výhoda

Amoniak - toxicita, malá molekula, encefalopatie 

——> riziko edému mozku, otok astrocytů, vazogenní edém a 

narušení hematoencefalické bariéry, což 

přispívá k edému mozku —-> determinanta mortality

norma: < 50-70 umol/l …. hyperamonemie  > 100 umol/l (ped)…. (neonatologie: > 50 umol/l)… 
extrémní hyperamonemie: > 150 umol/l 



Osoby, které přežily acetaminofen ALF bez OLTx, prokázaly větší proporcionální snížení koncentrace amoniaku 
mezi 3. a 5. dnem než osoby bez ELT (0,39 [IQR, 0,10–0,52] vs 0,03 [IQR, 0,14–0,26]; p = 0,05) a také nižší 

absolutní koncentrace amoniaku 5. den (48 μmol/L [IQR, 40–68] vs 65 μmol/L [IQR, 69–92]; p = 0,02).
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Objectives: Hyperammonemia is a key contributing factor for ce-
rebral edema in acute liver failure. Continuous renal replacement 
therapy may help reduce ammonia levels. However, the optimal 
timing, mode, intensity, and duration of continuous renal replace-
ment therapy in this setting are unknown. We aimed to study 
continuous renal replacement therapy use in acute liver failure 
patients and to assess its impact on hyperammonemia.
Design: Retrospective observational study.
Setting: ICU within a specialized liver transplant hospital.
Patients: Fifty-four patients with acute liver failure.
Interventions: Data were obtained from medical records and ana-
lyzed for patient characteristics, continuous renal replacement 
therapy use, ammonia dynamics, and outcomes.
Main Results: Forty-five patients (83%) had high grade enceph-
alopathy. Median time to continuous renal replacement therapy 
commencement was 4 hours (interquartile range, 2–4.5) with 
35 (78%) treated with continuous venovenous hemodiafiltration 
and 10 (22%) with continuous venovenous hemofiltration. Me-
dian hourly effluent flow rate was 43 mL/kg (interquartile range, 
37–62). The median ammonia concentration decreased every day 

during treatment from 151 µmol/L (interquartile range, 110–204) 
to 107 µmol/L (interquartile range, 84–133) on day 2, 75 µmol/L 
(interquartile range, 63–95) on day 3, and 52 µmol/L (interquar-
tile range, 42–70) (p < 0.0001) on day 5. The number of patients 
with an ammonia level greater than 150 µmol/L decreased on the 
same days from 26, to nine, then two, and finally none. Reductions 
in ammonia levels correlated best with the cumulative duration of 
therapy hours (p = 0.03), rather than hourly treatment intensity.
Conclusions: Continuous renal replacement therapy is associ-
ated with reduced ammonia concentrations in acute liver failure 
patients. This effect is related to greater cumulative dose. These 
findings suggest that continuous renal replacement therapy 
initiated early and continued or longer may represent a use-
ful approach to hyperammonemia control in acute liver failure 
patients. (Crit Care Med 2019; XX:00–00)
Key Words: acute liver failure; hemodiafiltration; hemofiltration; 
hepatic encephalopathy; hyperammonemia

Acute liver failure (ALF) is multisystem condition that, 
despite significant progress in management, is still as-
sociated with high morbidity and mortality (1, 2). ALF 

is characterized by the combination of hepatic encephalopathy 
(HE) and coagulopathy of short duration in the absence of 
pre-existing liver disease. A major determinant of mortality is 
the degree of encephalopathy and associated cerebral edema 
resulting in intracranial hypertension. Hyperammonemia may 
contribute to these complications.

Ammonia, as a by-product of protein catabolism, is predom-
inately metabolized by the liver (3). In the setting of ALF, circu-
lating ammonia levels rise due to decreased hepatic metabolism. 
Hyperammonemia causes alterations in neurotransmitter 
synthesis and release, increases in neuronal oxidative stress, 
impaired mitochondrial function, and induction of osmotic dis-
turbances in astrocytes secondary to the increased production of 
glutamine (4, 5). The net effects of these changes are astrocyte 
swelling, vasogenic edema, and disruption of the blood-brain 
barrier, contributing to cerebral edema (3). Thus, ammonia is a 
potential therapeutic target in ALF patients (4–10).DOI: 10.1097/CCM.0000000000004153
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daily basis, with the greatest reduction occurring in the initial 
2 days with no patient having extreme hyperammonemia by 
day 5 (Fig. 2).

The median proportional reduction in blood ammonia 
concentration from the first to second day in ICU was 0.21 
(IQR, 0.12–0.30) and 0.44 (IQR, 0.33–0.57) to day 3 and 0.63 
(IQR, 0.57–0.63) to day 5. There was trend toward a positive 
correlation between CRRT treatment dose and the propor-
tional reduction in ammonia concentration between day 1 and 
2 (r

s
 = 0.249; p = 0.07), and it was the overall cumulative dura-

tion (hours) of CRRT treatment that was the significant con-
tributing factor (r

s
 = 0.299; p = 0.03), rather than the hourly 

intensity of CRRT therapy (r
s
 = 0.159; p = 0.26). There were no 

differences on the basis of CRRT technique.

To explore whether ammonia clearance may be somewhat 
gradient dependent, we compared ammonia dynamics between 
patients with extreme hyperammonemia (> 150 µmol/L) and 
therefore at highest risk of neurologic complications and those 
with lower levels. Patients with extreme hyperammonemia 
demonstrated greater proportional reductions in median am-
monia concentration over all measured time intervals. From 
the first day to the fifth day, the proportional reduction in am-
monia concentration for patients with extreme hyperammo-
nemia was 0.70 (IQR, 0.61–0.73) versus 0.60 (IQR, 0.35–0.66) 
(p = 0.005) in those without such high levels, despite no signif-
icant differences in overall CRRT dose.

To evaluate the possibility that spontaneous recovery with 
hepatic regeneration might contribute to reductions in am-
monia levels over time, we compared ammonia dynamics 
between acetaminophen-related ALF ELT-free survivors 
with ELT-free nonsurvivors. Acetaminophen ALF ELT-free 

TABLE 2. Details of Continuous Renal 
Replacement Therapy

Details of CRRT 
Management Characteristic

Patients  
(n = 54)

Timing of  
CRRT, hr, 
median (IQR)

Time from admission to 
CRRT

4.0 (2.0–4.5)

Cumulative duration  
of CRRTa

75 (57–78)

CRRT mode,  
n (%)

Continuous venovenous 
hemodiafiltration

42 (78)

Continuous venovenous 
hemofiltration

12 (22)

Blood flow,  
mL/min,  
n (%)

Blood flow 200 51 (94)

Blood flow 250 2 (4)

Blood flow 300 1 (2)

Ultrafiltration 
volume,  
mL/hr, n (%)

Ultrafiltrate rate 2,000 13 (24)

Ultrafiltrate rate 3,000 19 (35)

Ultrafiltrate rate 4,000 18 (33)

Ultrafiltrate rate 5,000 5 (9)

CRRT dosing,  
mL/kg/hr,  
median (IQR)

CRRT hourly rate 43 (37–61)

Anticoagulation 
during CRRT, 
n (%)

No anticoagulation 36 (67)

Unfractionated heparin 1 (2)

Unfractionated heparin +  
protamine (regional)

10 (19)

Unfractionated heparin + 
epoprostenol

6 (11)

Citrate (regional) 1 (2)

CRRT = continuous renal replacement therapy, IQR = interquartile range.
a Cumulative total time on CRRT up to day 5 of ICU admission (i.e., excludes 
time in ICU prior to CRRT commencement and time after CRRT final 
cessation, as well as intervals between treatments that were interrupted by 
technical problems, filter clotting, and patient transfers to radiology, operating 
room, and bed moves). The number of patients who received CRRT on each 
ICU day was as follows: day 1: 41; day 2: 52; day 3: 46; day 4: 44; and day 
5: 39.

Data presented as median (IQR) and n (%).

Figure 1. Ammonia dynamics over 5 d of treatment with continuous renal 
replacement therapy in acute liver failure. p < 0.0001. Geometric means 
of log transformed data. Error bars indicate 95% CI.

Figure 2. Proportion of patients with measured extreme 
hyperammonemia (> 150 µmol/L) over 5 d in ICU.
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daily basis, with the greatest reduction occurring in the initial 
2 days with no patient having extreme hyperammonemia by 
day 5 (Fig. 2).
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a Cumulative total time on CRRT up to day 5 of ICU admission (i.e., excludes 
time in ICU prior to CRRT commencement and time after CRRT final 
cessation, as well as intervals between treatments that were interrupted by 
technical problems, filter clotting, and patient transfers to radiology, operating 
room, and bed moves). The number of patients who received CRRT on each 
ICU day was as follows: day 1: 41; day 2: 52; day 3: 46; day 4: 44; and day 
5: 39.

Data presented as median (IQR) and n (%).

Figure 1. Ammonia dynamics over 5 d of treatment with continuous renal 
replacement therapy in acute liver failure. p < 0.0001. Geometric means 
of log transformed data. Error bars indicate 95% CI.

Figure 2. Proportion of patients with measured extreme 
hyperammonemia (> 150 µmol/L) over 5 d in ICU.
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Abstract
Background & Aims: Ammonia is recognized as a toxin central to complica-
tions of liver failure. Hyperammonaemia has important clinical conse-
quences, but optimal means to reduce circulating levels are uncertain. In
patients with liver disease, continuous renal replacement therapy (CRRT)
with haemofiltration (HF) is often required to treat concurrent kidney
injury, but its effects upon ammonia levels are poorly characterized. To eval-
uate the effect of HF at different treatment intensities on ammonia clearance
(AC) and arterial ammonia concentration. Methods: Prospective study of
adult patients with liver failure and arterial ammonia >100 lmol/L requiring
CRRT using veno-venous HF. Arterial ammonia concentration and AC mea-
sured at 1 and 24 h after initiation of low (35 ml/kg/h) or high (90 ml/kg/h)
filtration volume. Results: Twenty-four patients (10 acute liver failure, 10
chronic liver disease and 4 following liver resection) were studied. Clearance
of urea and ammonia solutes correlated closely (r = 0.819, P = 0.007).
Ammonia clearance correlated closely with ultrafiltration rate (r = 0.86,
P < 0.001). At 1 h, AC was 39 (34–54) ml/min (low volume) vs 85 (62–105)
ml/min (high volume) CRRT, (P < 0.001) and at 24 h 44 (34–63) vs 105
(82–109) ml/min, (P = 0.01). Overall, a 22% reduction in median arterial
ammonia concentration was observed over 24 h of HF from 156 (137–176)
to 122 (85–133) lmol/L, (P ≤ 0.0001). Conclusion: Clinically significant
ammonia clearance can be achieved in adult patients with hyperammona-
emia utilizing continuous VVHF. Ammonia clearance is closely correlated
with ultrafiltration rate. HF was associated with a fall in arterial ammonia
concentration.

Ammonia is implicated as a toxin central to the devel-
opment of hepatic encephalopathy (HE) in both acute
and chronic liver disease (1, 2). In acute liver failure
(ALF), hyperammonaemia of >150 lmol/L and more
recently >200 lmol/L has been associated with the
development of cerebral oedema (CO) and intracranial
hypertension (3–5). Reduction in circulating ammonia
concentration thus forms an important target of thera-
pies to improve HE and to prevent development of CO
(6, 7).

Whole body ammonia metabolism is dependent on
the activity of enzymes in several different organs,
including the liver, kidney, muscle, intestine and brain.
Intestinal ammonia is generated from the amino acid,
glutamine, which is converted by phosphate-activated
glutaminase to ammonia and glutamate. In cirrhosis,
this enzyme is significantly unregulated making gluta-
mine an attractive therapeutic target.

The detoxification of ammonia, a metabolite of pro-
tein catabolism, is through the synthesis of urea and
glutamine. In health, the liver is central to urea synthesis
with skeletal muscle and the brain primarily involved in

the generation of glutamine. Skeletal muscle converts
ammonia and glutamate to glutamine, which is trans-
ported to the kidney and metabolized to ammonia, then
excreted in urine. Some 20% of ammonia load will be
excreted via the kidneys and renal impairment may thus
be associated with further increases in arterial ammonia
in liver disease with concurrent renal impairment (2).

Circulating ammonia concentrations rise in patients
with liver failure, cirrhosis and ALF, both through
impaired hepatic function and hepatic porto-systemic
shunting, and from complicating renal dysfunction.
Animal models have demonstrated adaptation of renal
ammonia handling with early hyperammonaemia
favouring ammonia excretion (8). Progressive hyperam-
monaemia associated with acute kidney injury results in
net renal ammonia production and circulatory release
(2, 9).

Current therapeutic strategies to lower circulating
concentrations of ammonia focus on using medical
therapies such as L-ornithine L-aspartate (10), lactulose
(11) and rifaximin (12) to reduce ammonia absorption
or augment detoxifying metabolism (13). In adults, the
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quences, but optimal means to reduce circulating levels are uncertain. In
patients with liver disease, continuous renal replacement therapy (CRRT)
with haemofiltration (HF) is often required to treat concurrent kidney
injury, but its effects upon ammonia levels are poorly characterized. To eval-
uate the effect of HF at different treatment intensities on ammonia clearance
(AC) and arterial ammonia concentration. Methods: Prospective study of
adult patients with liver failure and arterial ammonia >100 lmol/L requiring
CRRT using veno-venous HF. Arterial ammonia concentration and AC mea-
sured at 1 and 24 h after initiation of low (35 ml/kg/h) or high (90 ml/kg/h)
filtration volume. Results: Twenty-four patients (10 acute liver failure, 10
chronic liver disease and 4 following liver resection) were studied. Clearance
of urea and ammonia solutes correlated closely (r = 0.819, P = 0.007).
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P < 0.001). At 1 h, AC was 39 (34–54) ml/min (low volume) vs 85 (62–105)
ml/min (high volume) CRRT, (P < 0.001) and at 24 h 44 (34–63) vs 105
(82–109) ml/min, (P = 0.01). Overall, a 22% reduction in median arterial
ammonia concentration was observed over 24 h of HF from 156 (137–176)
to 122 (85–133) lmol/L, (P ≤ 0.0001). Conclusion: Clinically significant
ammonia clearance can be achieved in adult patients with hyperammona-
emia utilizing continuous VVHF. Ammonia clearance is closely correlated
with ultrafiltration rate. HF was associated with a fall in arterial ammonia
concentration.

Ammonia is implicated as a toxin central to the devel-
opment of hepatic encephalopathy (HE) in both acute
and chronic liver disease (1, 2). In acute liver failure
(ALF), hyperammonaemia of >150 lmol/L and more
recently >200 lmol/L has been associated with the
development of cerebral oedema (CO) and intracranial
hypertension (3–5). Reduction in circulating ammonia
concentration thus forms an important target of thera-
pies to improve HE and to prevent development of CO
(6, 7).

Whole body ammonia metabolism is dependent on
the activity of enzymes in several different organs,
including the liver, kidney, muscle, intestine and brain.
Intestinal ammonia is generated from the amino acid,
glutamine, which is converted by phosphate-activated
glutaminase to ammonia and glutamate. In cirrhosis,
this enzyme is significantly unregulated making gluta-
mine an attractive therapeutic target.

The detoxification of ammonia, a metabolite of pro-
tein catabolism, is through the synthesis of urea and
glutamine. In health, the liver is central to urea synthesis
with skeletal muscle and the brain primarily involved in

the generation of glutamine. Skeletal muscle converts
ammonia and glutamate to glutamine, which is trans-
ported to the kidney and metabolized to ammonia, then
excreted in urine. Some 20% of ammonia load will be
excreted via the kidneys and renal impairment may thus
be associated with further increases in arterial ammonia
in liver disease with concurrent renal impairment (2).

Circulating ammonia concentrations rise in patients
with liver failure, cirrhosis and ALF, both through
impaired hepatic function and hepatic porto-systemic
shunting, and from complicating renal dysfunction.
Animal models have demonstrated adaptation of renal
ammonia handling with early hyperammonaemia
favouring ammonia excretion (8). Progressive hyperam-
monaemia associated with acute kidney injury results in
net renal ammonia production and circulatory release
(2, 9).

Current therapeutic strategies to lower circulating
concentrations of ammonia focus on using medical
therapies such as L-ornithine L-aspartate (10), lactulose
(11) and rifaximin (12) to reduce ammonia absorption
or augment detoxifying metabolism (13). In adults, the
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n = 10. For HVHF clearance was 63 (53–75) vs 76 (66–
102) ml/min, P < 0.03, n = 6.

A 5.3% fall in median arterial ammonia by 1 h after
commencing CRRT was observed in the 24 patients
studied, median arterial ammonia 150 (119–185) to 142
(123–179), P = 0.07. Sixteen patients completed 24 h of
CRRT and displayed a 22% decline in median arterial
ammonia from 156 (137–179) lmol/L at 1 h to 144
(134–200) to 122 (85–133) lmol/L at 24 h, P ≤ 0.0001
(Fig. 3).

Of these 16 patients, nine were treated with a low
dose, 35 ml/kg/h (LVHF), and seven a high dose of
CRRT (HVHF) 90 ml/kg/h, for greater than 24 h. Med-
ian arterial ammonia fell from 151 (137–161) to 123

(84–138), P = 0.016 in the LVHF (35 ml/kg/h) group.
A more significant reduction in median arterial ammo-
nia was observed in the HVHF (90 ml/kg/h) group,
falling from 173 (124–230) to 113 (92–130), P ≤ 0.001.

The simultaneous evaluation of urea and ammonia
clearance was evaluated in nine patients who underwent
LVHF, a strong correlation was observed (Spearman
rho = 0.82 (0.32–0.96), P = 0.008 (Fig. 4).

Discussion

In this study of adult patients with liver insufficiency
who received haemofiltration, ultrafiltration rate and
ammonia clearance were closely correlated. Haemofil-
tration parameters commonly used in other intensive
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Fig. 3. Changes in arterial ammonia concentration after 1 and
24 h after the initiation of continuous veno-venous haemofiltra-
tion. Arterial ammonia reported as median (interquartile range)
concentration.

Table 2. Haemofilter set-up and ammonia clearance according to
ultrafiltration dose: 35 vs 90 ml/kg/h

Haemofilter
set-up

Low volume
35 ml/kg/h
n = 13

High volume
90 ml/kg/h
n = 11

P-valueVariable Median (IQR) Median (IQR)

Blood flow
(ml/min)

200 (200–245) 300 (260–300) 0.004

Ultrafiltration
dose (ml/h)

2200 (1900–3150) 5900
(5175–6225)

<0.0001

Filter size
(1.2 vs 1.9 m2)

12:2 1:9 0.001

Ammonia clearance
Cordoba 1 h
(ml/min)

39 (34–54) 85 (62–105) 0.0008

Cordoba 24 h
(ml/min)

44 (34–63) 105 (82–109) 0.01

Wiegand 1 h
(ml/min)

37 (16–48) 72 (30–84) 0.05

Wiegand 24 h
(ml/min)

38 (23–54) 47 (25–65) 0.59

IQR, interquartile range.
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Fig. 4. Correlation between urea and ammonia solute clearance
using continuous veno-venous haemofiltration.
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PROTOKOL : 
časná indikace - často před KDIGO AKI stage 2, dokonce jen v “mírné” 

acidémii 
CRRT - rychlá eliminace, redukce hladiny amoniaku (trend)


“pokročilost” pacienta - encefalopatie, INR, hypofibrinogenémia, 
trombocytopenie


dávka: CRRT - CVVHD(F) 
nastavení:


Qeff - 45-50 ml/kg/h* (dávka dialýzy), Qb 80-120-250 ml/min, UF dp. 
(cave: poměr pro RCA - 1:20!) 

vaky: Na - 133! (cíl: 145-150 mmol/)

antikoagulace: RCA (metabolizmus, nastavení)


Bikarbonátové vaky (bez) - druhá volba, závažný met. rozvrat

stav koagulace: suplementace AT III, TEG!


* min. prvních 12 hodin ——> TPE/DPMAS 




DPMAS + PE + HD(F)


Kombinace:

DPMAS (HA) + TPE


TPE + HD(F)

HD(F) + DPMAS (HA)



(Terapeutická) výměna plazmy

(T)PE, PLEX, PEX
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Differences in centrifugal and membrane 
!ltration therapeutic plasma exchange systems
An overview of the technological variances between cTPE and mTPE 
systems is presented in Table 1.11–17 One of the clearest differences 
between the cTPE and mTPE systems is the amount of time required 
to perform the TPE procedure. This includes both the time to set up and 
prime the system and the time to carry out the procedure itself. Individual 
differences are discussed in more detail in the following sections.

Setup and priming time
Few studies have reported information related to the time taken to setup 
and prime the equipment prior to TPE procedures. In general, cTPE systems 
take less time to setup and prime as they do not work with a balancing 
system, unlike many mTPE systems, and the calibration of these balances 
limits procedural speed. Of the information available, a head-to-head  
study comparing the Spectra Optia and mTPE Diapact® CRRT system  
(B Braun Avitum AG, Melsungen, Germany) reported a shorter time 
to set up and prime the Spectra Optia system (n=27; 11 ± 1 minutes 
versus 23 ± 2 minutes, respectively).11 A longer time of ~40 minutes has 

also been reported for setting up and priming the mTPE Prisma® system  
(Baxter International, Deerfield, IL, US) using a TPE 2,000 set.12 
 
Plasma removal ef!ciency 
PRE is an established metric used to analyse the performance of an 
apheresis device during a TPE procedure. It represents the fraction of 
plasma that has been removed in a TPE procedure in relation to the 
plasma that has been processed. PRE values should theoretically remain 
independent of the volume of blood processed. However, due to the time 
taken for blood to replace the priming fluid in the device at the start 
of the procedure (during which time blood is being processed but no 
plasma is removed), short TPE procedures may tend to have lower PRE 
values than long procedures. 

Variations in plasma removal efficiency between  
centrifugal and membrane filtration therapeutic plasma 
exchange systems 
Head-to-head comparisons of the cTPE Spectra Optia system and 
two mTPE systems (Diapact [n=27], OctoNova®; Diamed, Cologne, 

Figure 1: Illustrative examples of (A) membrane !ltration therapeutic plasma exchange and (B) centrifugal therapeutic 
plasma exchange systems

G = centrifugal force relative to near-Earth gravity; RBC = red blood cell; WBC = white blood cell.
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Learn more

The Spectra Optia system can help you
achieve consistent, predictable results.
Contact your Terumo BCT sales 
representative or visit TERUMOBCT.COM
for additional information.

SPeCTra oPTIa® APHERESIS SYSTEM

AdvAnCing ThERApEUTiC AphERESiS And CEll  
COllECTiOnS TO ThE nExT lEvEl Of pATiEnT CARE

Intuitive graphical user interface (GUI)
   Connects you to the relevant information using a high-resolution, color touch screen

   Guides you through each step of the procedure

   Helps you enter the necessary patient and procedure information

   Gives you the right information at the right time to enhance procedure efficiencies

   Provides clear alarm messages that you can see at a glance

Incorporated Seal Safe System for sealing tubes

Ready-to-use tubing sets designed to handle multiple procedure types  
   You can load the snap-in-place cassette in a few steps

    The system verifies when you have the correct tubing set in place 
for the selected procedure 

   Low-volume tubing set accommodates your smaller patients

    With minimal set types to keep in inventory, you can 
achieve storage efficiencies

Highly maneuverable system
    Telescoping IV pole that you can easily raise or lower

    Folding screen to help you simplify moving and storage

    Large, durable wheels on pivoting casters brings you a high level  
of system maneuverability 

    Advanced wheel pedal enables you to move or secure the system  
depending on your needs

Dimensions
   Weight: 91.6 kg (220 lbs)

   Height (lowered IV pole): 115.6 cm (45.5 in)

   Height (extended IV pole): 174 cm (68.5 in)

   Width: 52.7 cm (20.75 in) 

   Depth: 81.3 cm (32.0 in)

   Floor space required: 0.43 m2 (4.6 ft2)

Shown with a tubing set for therapeutic  
plasma exchange procedures.
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Abstract 
In this narrative review, we discuss the relevant issues of therapeutic plasma exchange (TPE) in critically ill patients. For 
many conditions, the optimal indication, device type, frequency, duration, type of replacement fluid and criteria for 
stopping TPE are uncertain. TPE is a potentially lifesaving but also invasive procedure with risk of adverse events and 
complications and requires close monitoring by experienced teams. In the intensive care unit (ICU), the indications 
for TPE can be divided into (1) absolute, well-established, and evidence-based, for which TPE is recognized as first-line 
therapy, (2) relative, for which TPE is a recognized second-line treatment (alone or combined) and (3) rescue therapy, 
where TPE is used with a limited or theoretical evidence base. New indications are emerging and ongoing knowledge 
gaps, notably regarding the use of TPE during critical illness, support the establishment of a TPE registry dedicated to 
intensive care medicine.

Keywords: Plasma exchange, Plasmapheresis, Intensive care units, State-of-the-art review, Patient care team

Introduction

!erapeutic apheresis encompasses the removal of 
plasma (plasmapheresis) or blood cells (cytapheresis, i.e., 
erythrocytes, leukocytes, or platelets) from the patient’s 
blood. If plasma is removed not for donation but for 
therapeutic purposes and is replaced by donor plasma, 
colloid, or crystalloids or a mixture thereof, it defines 
therapeutic plasma exchange (TPE) (Fig.  1). TPE serves 

to remove pathogenic substances (e.g., autoantibodies or 
toxic agents) and/or to administer deficient substances 
present in plasma of healthy donors (e.g., a disintegrin 
and metalloproteinase with a thrombospondin type 1 
motif, member  13, ADAMTS13) though other poten-
tial immunomodulatory effects may be involved [1]. !e 
indications for TPE have been refined over time. Many 
patients who require TPE are critically ill needing admis-
sion to the intensive care unit (ICU). TPE is an invasive 
procedure with often emergent indications, demanding 
its execution as soon as possible. !us, a rapid response 
by experienced staff, with specific equipment, close mon-
itoring, and multidisciplinary management are essential.

!e goal of this article is to present a narrative review 
of the main indications for TPE in critically ill patients, 
as well as their main characteristics. A multidisciplinary 
group of intensivists, immunologists, nephrologists, 
pathologists, and hematologists reviewed and summa-
rized the evidence on the rationale and indications for 

*Correspondence:  Bauer.Philippe@mayo.edu 
2 Division of Pulmonary and Critical Care, Department of Internal 
Medicine, Mayo Clinic, 200 First Street SW, Rochester, MN 55905, USA
Full author information is available at the end of the article
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TPE - koriguje zvýšený multimer von Willebrandova faktoru a sníženou aktivitu ADAMTS13 

Eliminace: - nahrazení vylučovacích a metabolických funkcí selhávajících jater - 
extrakce proteinů váz. i neváz. na alb. navázané HMW molekuly (vč. amoniak, 
endotoxin, indol, merkaptan) ——-> zlepšení jat. komatu a hyperkinetického 

syndromu ! 
- úprava koagulace ———> zabránění krvácení 

- odstranění škodlivých DAMP a cytokinů (patologická ohromující imunitní odpověď 
—->MOF) 

úprava: CBF, CPP, ICP a MAP ——> lepší průtok krve orgány (vč. jater)



RESULTS

Treatments were well tolerated by the patients without any
problem. The median amount of plasma treated per each
PAP was 7500 mL and the median duration of treatment
was 231 minutes. The modifications of the levels of bilirubin
in each patients during the 3 cycles of PAP are shown in
Fig 1. The average plasma bilirubin of 37 ! 1 mg/dL before
PAP decreased to 15 ! 0.2 mg/dL at the end of the third
cycle of PAP. The average amount of bilirubin removed
from the plasma during each PAP treatment was 143 ! 24
mg. At the beginning of each PAP cycle, the Plasorba
BR-350 was able to remove "90% of the total plasma
bilirubin, a percentage that decreased to 60%, 50%, and
40% after 2 L, 4 L, and 7 L of plasma were treated,
respectively. At the end of the third PAP cycle, 3 cases,
including the living related liver transplant, showed pro-
gressive normalization of bilirubin and cholestasis. The
patients are presently alive with normal graft function,
whereas a single patient, despite temporary improvement,
experienced progressive liver failure and finally died of
sepsis at 25 days after transplantation. The liver biopsy
specimens before and at the end of the PAP cycles showed
reduced cholestatic signs in both cases when compared with
the pretreatment biopsy specimens.

DISCUSSION

The increasing demand for liver transplantation with wait-
ing lists that are always becoming more crowded needs to
augment the pool of available organs. Therefore, a great
pressure is posed on the transplantation physician commu-
nity toward using the scarce resource of donor organs as
much as possible. This situation has ended in the necessity
to use marginal organs from steatotic or older donors that
previously were not considered to be transplantable. Al-
though the results of liver transplantation using marginal
donors are considered acceptable with patient and graft
survival rates not different from the ones achieved with

standard donors, the risk of primary nonfunction and initial
poor function is higher with the extended use of marginal
livers.4,5 Maintaining a cold ischemia time as short as
possible is a mainstay to reduce the risk of primary
nonfunction, while initial poor function is still frequent in
the immediate postoperative period. A possible pattern
of initial poor function is represented by a pure choles-
tatic graft dysfunction in the absence of technical prob-
lems related to the biliary or vascular anastomoses,
probably as a consequence of ischemia/reperfusion dam-
age to the biliary tree in a marginal steatotic older liver.
The development of a method that might allow selective
detoxification during this initial phase of graft dysfunc-
tion might help the graft to regain normal function with
bilirubin and cholestasis normalization. Several studies6,7

have used the MARS system in the setting of pretrans-
plantation liver failure or posttransplant support of a
non–well-functioning graft with encouraging results. In
this short report we have described our initial experience
with 4 liver transplant cases affected by early cholestatic
graft dysfunction and treated with selective bilirubin
removal using 3 consecutive cycles of PAP; all patients
showed improvements in bilirubin and cholestasis that
were maintained long term in 3 of 4 cases. More impor-
tantly, those preliminary data suggested that PAP selec-
tive for bilirubin removal could not only reduce bilirubin
levels, but also improve the histological pattern of the
graft in terms of reduced cholestatic signs.
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Abstract
Background: Multi-organ dysfunction in acute liver failure (ALF) has been attrib-
uted to a systemic inflammatory response directly triggered by the injured liver.
High-volume therapeutic plasma exchange (HV-TPE) has been demonstrated in a
large randomized controlled trial to improve survival. Here, we investigated if
a more cost-/ resource effective low-volume (LV) TPE strategy might have compa-
rable beneficial effects.
Methods: This retrospective study evaluated the effect of LV-TPE on remote
organ failure, hemodynamical and biochemical parameters as well as on survival in
patients with ALF. Twenty patients treated with LV-TPE in addition to standard
medical therapy (SMT) were identified and 1:1 matched to a historical ALF cohort
treated with SMT only. Clinical and biochemical parameters were recorded at
admission to the intensive care unit and the following 7 days after LV-TPE.
Results: Mean arterial pressure increased following first LV-TPE treatments (d0:
68 [61-75] mm Hg vs d7: 88 [79-98] mm Hg, P = .003) and norepinephrine dose
was reduced (d0: 0.264 [0.051-0.906] μg/kg/min vs d3: 0 [0-0.024] μg/kg/min,
P = .016). Multi-organ dysfunction was significantly diminished following
LV-TPE (CLIF-SOFA d0: 17 [13-20] vs d7: 7 [3-11], P = .001). Thirty-day
in-hospital survival was 65% in the LV-TPE cohort and 50% in the SMT cohort
(Hazard-ratio for TPE: 0.637; 95% CI: 0.238-1.706, P = .369).

Abbreviations: ACLF, acute on chronic liver failure; ALF, acute liver failure; CLIF-OF, chronic liver failure-organ failure score; CLIF-SOFA, chronic liver
failure-sequential organ failure assessment score; DAMPs, damage associated molecular patterns; FFP, fresh frozen plasma; HE, hepatic encephalopathy;
HV-TPE, high-volume therapeutic plasma exchange; IBW, ideal body weight; INR, international normalized ratio; LV-TPE, low-volume therapeutic plasma
exchange; MAP, mean arterial pressure; NE, norepinephrine; PCM, paracetamol; PDMS, patient data monitoring system; RRT, renal replacement therapy;
SMT, standard medical therapy; SOFA, sequential organ failure assessment; TPE, therapeutic plasma exchange; TRALI, transfusion-related acute lung injury.
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HV-TPE ——-> 15% IBW ( 8-12 litrů FFP na 7 hodin) 
LV-TPE ——> 6% IBW (12 FFP - 3 litry na 2 hodiny) 
nejnovější ———> 3% IBW (1 hodina + steroidy)

Dávka TPE byla zvolena libovolně a nižší i vyšší dávky mohly mít stejné příznivé účinky. 

Americká společnosti pro aferézu (ASFA) - silné doporučení stupně 1A/III pro HV-TPE, ale pouze slabé doporučení stupně 
2B/III pro použití jakéhokoli jiného než HV-TPE u ALF vzhledem k nedostatku spolehlivých údajů pro přiblížení LV-TPE.


.

3000ml (á 200ml = 2850 Kč) —-> 42.750 Kč
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Background & Aims: Acute liver failure (ALF) often results in car-
diovascular instability, renal failure, brain oedema and death
either due to irreversible shock, cerebral herniation or develop-
ment of multiple organ failure. High-volume plasma exchange
(HVP), defined as exchange of 8–12 or 15% of ideal body weight
with fresh frozen plasma in case series improves systemic, cere-
bral and splanchnic parameters.
Methods: In this prospective, randomised, controlled, multicen-
tre trial we randomly assigned 182 patients with ALF to receive
either standard medical therapy (SMT; 90 patients) or SMT plus
HVP for three days (92 patients). The baseline characteristics of
the groups were similar. The primary endpoint was liver
transplantation-free survival during hospital stay. Secondary-
endpoints included survival after liver transplantation with or
without HVP with intention-to-treat analysis. A proof-of-
principle study evaluating the effect of HVP on the immune cell
function was also undertaken.
Results: For the entire patient population, overall hospital sur-
vival was 58.7% for patients treated with HVP vs. 47.8% for the
control group (hazard ratio (HR), with stratification for liver

transplantation: 0.56; 95% confidence interval (CI), 0.36–0.86;
p = 0.0083). HVP prior to transplantation did not improve survival
compared with patients who received SMT alone (CI 0.37 to 3.98;
p = 0.75). The incidence of severe adverse events was similar in the
two groups. Systemic inflammatory response syndrome (SIRS)
and sequential organ failure assessment (SOFA) scores fell in the
treated group compared to control group, over the study period
(p <0.001).
Conclusions: Treatment with HVP improves outcome in patients
with ALF by increasing liver transplant-free survival. This is attri-
butable to attenuation of innate immune activation and amelio-
ration of multi-organ dysfunction.
! 2015 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.

Introduction

Acute liver injury is most often associated with discrete non-
specific symptoms and mildly elevated liver function tests. In
severe cases progressing to acute liver failure (ALF), the conscious
level decreases, and brain oedema, hypoglycaemia, and extra
hepatic organ failure evolves [1].

The exact pathophysiology for development of multi-organ dys-
function (MOF) in ALF remains elusive. There is an accumulation of
various metabolites and toxins varying in size, distribution volume,
lipophilicity, and protein binding [2,3]. Studies in ALF patients also
indicate that a decreased hepatic capacity for synthesis of coagula-
tion factors, complement, and lipoproteins may be of importance in
the evolution of MOF. The importance of systemic inflammatory
responses (SIRS) in the outcome in ALF has been established for
over a decade, being associated with MOF, progression in
encephalopathy and increased mortality [4–7]. Recent evidence
indicates that following overwhelming hepatocyte death, there is
the release of damage associated molecular patterns (DAMPS),
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study. One of the criticisms of this study is the time taken to enrol
appropriate numbers, and the effects of change in standard of
care. However, this was a randomised controlled trial and
improvement of care would be equally improved in both groups.
Furthermore when we compared outcomes between the first and
second half of this study there was no difference in survival (Sup-
plementary Fig. 3). Medical care was highly similar in the three
centres and we found no differences in survival between centres,
neither in the control and treated groups (Supplementary. Fig. 4).

The aim of this open, prospective, randomised, controlled
study was to examine if HVP reduces mortality in patients with
ALF. We found that exchange of plasma in ALF patients with fresh
frozen plasma increases transplant-free survival after 3 months
(Fig. 1). The data shows that the main effect of HVP on survival
is achieved in the patients that did not undergo emergency liver
transplantation (Fig. 2). The data also shows that in those patients,
who fulfilled criteria for poor prognosis but were not listed for
transplantation due to contraindications, also demonstrated a
significant increase in survival after HVP therapy (Fig. 3). Interest-
ingly, patients listed for transplantation, but not offered a liver

graft also tended to have a better outcome though the number
of studied patients was low. Spontaneous survival rate was lowest
in the group of patients that were not treated with HVP but
fulfilled poor prognostic criteria and not listed for emergency liver
transplantation (Fig. 2). The survival rate in this subgroup was
comparable with previous reports in the literature [3].

HVP may have a beneficial effect by delivery of physiologically
important substances contained in fresh frozen plasma. Equally
the effect of HVP could also result from the removal of toxic
factors. It is also possible that the extensive release of intracellu-
lar material from the necrotic liver and platelet destruction result
in microparticles and microcirculation failure [26]. The beneficial
effect of HVP, particularly in regard to systemic haemodynamics
may be related to removal of circulating filaments, proteins or
vasoactive substances [17,20].

The positive effect of HVP on survival observed in this study,
as supported by the data of study B, would suggest early applica-
tion modulates a pro-inflammatory ‘‘storm” and limits the anti-
inflammatory response, providing a window of homeostasis for
the liver to regenerate as illustrated by improved survival and
improved SIRS and SOFA scores.

We did not observe a difference in arterial lactate concentra-
tion in either group neither at baseline nor during treatment sug-
gesting that HVP, at least over the time period of the study did
not reduce the lactate production (microcirculation and muscle)
nor significantly affect metabolic clearance in the liver. This
observation is in contrast to the decrease in SIRS markers seen
in the HVP group, which one might postulate could be associated
with a decrease in muscle lactate production [27].

We also conducted a proof-of-principle study to assess how
ALF plasma pre- and post-HVP altered the function of circulating
immune cell subsets. Our novel data suggests HVP dampens
innate immune responses through removal of circulating DAMPs,
such as histone-associated DNA. These non-infectious inflamma-
tory molecules promote innate immune activation following
acute hepatocellular death [28–30] through the activation of
pro-inflammatory responses of circulating monocytes and neu-
trophils. Importantly we show that both monocyte and neu-
trophil derived production of pro-inflammatory mediators was
markedly attenuated following HVP. As shown in Fig. 4F, we
hypothesise that HVP modulates the tissue destructive functions
and migratory capabilities of circulating innate immune cells,
ameliorating the severity of hepatic and MOF. However, further
work is required to elucidate the precise mechanisms of
how HVP modulates the function circulating, tissue resident
innate immune cells, severity of acute tissue injury and organ
dysfunction.

We also confirmed that arterial pressure increases concomi-
tant with a decline in the need for vasopressor support [10,17],
raising the possibility of clearance of vasoplegic mediators or
improved receptor activation. Angiopoietin-2, a marker of tissue
endothelial dysfunction and leakage, was significantly reduced
following HVP, suggesting that HVP may influence the interaction
of tissue immune cell and endothelial activation. Interestingly
the arterial ammonia concentration, known to inhibit normal
phagocytic function also decreased [31–33].

In association with the observed tendency to a decline in
white cell count there was a consistent decrease in the SIRS
and SOFA scores in study A that may reflect an immune-
modulatory effect of HVP potentially limiting progression of
MOF as mentioned above (Table 4). Indeed, such an anti-
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Fig. 1. Main results of the intention-to-treat analysis survival data in the
standard medical treated group (SMT) compared to the high-volume plasma
exchange (HVP) treated group (LogRank: p = 0.0058).
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(d0: 1624 [240-9381] IU/L vs d7: 314 [83-415] IU/L,
P = .007; Figure 2H). Decarboxylation and oxygenation
remained unchanged throughout the observation period
(Figure 2I,J). Bilirubin and creatinine concentrations mainly
remained unchanged during the LV-TPE treatment period
(Figure 2K,L).

The effect of LV-TPE on organ dysfunction was assessed
by established general and liver specific scores of organ
dysfunction, namely the SOFA score as well as the CLIF-
SOFA and CLIF-OF score, respectively. Median SOFA
scores declined from 15 to 13 to 11 and 8 on days 0, 1,
3, and 7, respectively (P = .002 for d0 vs d7; Figure 3A).
Additionally, both CLIF-SOFA and CLIF-OF scores demon-
strated a steady decline that was significant at all-time points
post TPE (for CLIF-SOFA d0: 17 [13-20] vs d7: 7 [3-11],
P = .001; Figure 3B and for CLIF-OF d0: 17 [13-20] vs
8 [6-9]; Figure 3C).

3.2.2 | Survival

The overall 30-day in-hospital survival was 65% in the
LV-TPE cohort and 50% in the matched SMT cohort

(Hazard-ratio for TPE: 0.637; 95% CI: 0.238-1.706,
P = .369; Figure 4A). Both in the LV-TPE group and in the
SMT group, eight patients (40%) were listed for liver trans-
plantation. Seven patients (35%) in the LV-TPE group and
five patients (25%) in the matched SMT group eventually
received a liver transplant. In patients undergoing liver trans-
plantation, all survived in the SMT group while one died in
the LV-TPE group (P = .398). In patients who were not
receiving a liver transplantation, 54% survived in the
LV-TPE group and 33% in the SMT group (Hazard-ratio for
TPE: 0.639; 95% CI: 0.226-1.807, P = .398; Figure 4B).

4 | DISCUSSION

This retrospective single-center explorative cohort study
examined the hypothesis that a LV-TPE might have compa-
rable beneficial effects on organ failure, hemodynamic, bio-
chemical parameters, and survival in patients with ALF as it
has recently been shown for a HV-TPE regimen.9

First, our data show that LV-TPE was feasible and appar-
ently less burdensome than the HV-approach. The LV-TPE

FIGURE 3 Effect of LV-TPE on organ dysfunction. Box and whisker blots showing SOFA (A), CLIF-SOFA (B), and CLIF-OF scores
(C) immediately before (d0) and at 24 hours (d1), 72 hours (d3) as well as a week (d7) after first LV-TPE treatment. CLIF, chronic liver failure;
LV-TPE, low-volume therapeutic plasma exchange; OF, organ failure; SOFA, sequential organ failure assessment

FIGURE 4 Thirty-day survival in patients receiving LV-TPE compared to SMT. Kaplan-Meier graphs showing the 30-day survival course in
patients with standard supportive medical therapy (SMT) only and additional LV-TPE demonstrating an observed survival of 50% and 65%,
respectively (A). As survival was comparable in LV-TPE and SMT patients receiving a liver transplant, survival differences (33% vs 54%) were
mainly attributable to patients in both cohorts receiving no liver transplant (B)
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Abstract

Review Article

IntroductIon

Therapeutic plasma exchange (PLEX) is used to treat a 
variety of disorders: neurological diseases (such as Guillain–
Barre syndrome), renal diseases (Good Pasture’s syndrome 
and hemolytic uremic syndrome), and hematological 
diseases (thrombotic thrombocytopenic purpura) for many 
decades. Different abbreviations for therapeutic PLEX in 
use include TPE, PEX, or PLEX. The published literature 
supports the use of therapeutic apheresis to treat 84 diseases 
for 157 indications.[1] Recently, there is increasing evidence 
supporting the use of PLEX to treat patients with acute liver 
failure. For the purpose of this review, we have considered 
severe acute liver injury, acute liver failure (hyperacute liver 
failure, acute liver failure, and subacute hepatic failure), and 
acute-on chronic liver failure (ACLF) under the broad heading 
of acute liver failure syndromes.

IntroductIon to Plasma ExchangE and somE 
tEchnIcal asPEcts

When anticoagulated blood is centrifuged, it separates out 
into plasma and blood cells. The 5 L of blood volume in an 
adult broadly comprises of hematocrit (packed cell volume) 

of 45% and plasma volume of 55%. PLEX has two steps: 
plasmapheresis (i.e., removal of plasma from the body) and 
replacement with fluids such as isotonic (5%) albumin or 
fresh frozen plasma. A combination of 5% albumin (70% of 
the replaced volume) and normal saline can also be used as a 
replacement fluid; however, there remains an increased risk 
of hypotension during PLEX.[2]

In coagulopathic patients, like patients with acute liver failure, 
fresh frozen plasma is the preferred replacement fluid. In addition 
to supplementation of a balance of both pro- and anti-coagulant 
factors, we believe that the use of fresh frozen plasma as the 
replacement fluid in patients with liver failure helps to prevent 
sepsis. Patients with acute liver failure syndromes are prone to 
bacterial sepsis. It is possible that removal of plasma during the 

High-volume plasma exchange (PLEX) to treat acute liver failure is now categorized as a Category I indication (i.e., first-line treatment as 
a stand-alone treatment or with other treatment modalities) by the American Society for Apheresis after a randomized controlled trial of 
183 patients demonstrated survival benefit by this treatment. In this review, we provide an introduction to PLEX to treat acute liver failure 
syndromes for hepatologists and gastroenterologists. From our recent experience of treating 188 patients with acute liver failure syndromes 
with low-volume PLEX and low-dose steroid, we present five illustrative case histories of patients who benefitted from this management 
protocol. We discuss some postulated mechanisms how PLEX benefits patients with acute liver failure syndromes. PLEX appears to provide 
survival benefit in patients with acute liver failure syndromes (severe acute liver injury, acute liver failure, and acute-on chronic liver failure) 
and may be a nontransplant treatment option for some of these patients, especially in resource-constrained settings.

Keywords: Acute liver failure, nontransplant therapy, plasma exchange
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měření: prognostické márkery



Review Article

Growing Evidence for Survival Benefit with Plasma
Exchange to Treat Liver Failure

Ashish Goel , Uday Zachariah, Dolly Daniel, Chundamannil E. Eapen

Departments of Hepatology and Transfusion Medicine and Immunohaematology, Christian Medical College, Vellore, Tamil Nadu, India

Plasma exchange (PLEX) to treat liver failure patients is gaining increasing momentum in recent years. Most re-
ports have used PLEX to treat patients with acute liver failure (ALF) or acute on chronic liver failure (ACLF). Eti-
ology of liver disease has an important bearing on the prognosis of the illness in these patients. The accruing data
suggest survival benefit with PLEX compared with standardmedical treatment to treat ALF andACLF patients, in
randomised controlled trials done world-over. The American College of Apheresis now recommends high-vol-
ume PLEX as first-line treatment for ALF patients.Mostmatched cohort studies done from India which recruited
patients with a specific etiology of ALF or ACLF report survival benefit with PLEX compared to standardmedical
treatment. The survival benefit with PLEX appears more pronounced in ALF patients rather than in ACLF pa-
tients. Systematic analysis of the efficacy of PLEX to treat ALF and ACLF patients is needed. There is also a
need to identify dynamic predictive scores to assess which patients with ALF or ACLF will respond to PLEX. ( J
CLIN EXP HEPATOL 2023;13:1061–1073)

Plasma exchange (PLEX) to treat liver failure
involves two steps—removal of plasma from a
patient with liver failure and replacing this with

equal volume of fluid; in view of the coagulopathy seen
in liver failure patients, the preferred fluid for replacement
is fresh frozen plasma. In contrast to hemodialysis, hemad-
sorption filter or albumin dialysis which remove specific
substances (for example: albumin dialysis removes albu-
min-bound substances), plasma exchange involves the
removal of plasma (with all the substances contained in
it) and replaces this with healthy donor fresh frozen
plasma.

Therapeutic plasma exchange is referred to by
many abbreviations in literature like PLEX, TPE or
PEX. While PLEX has been used to treat neurological
disorders (like Guillain Barre syndrome), hematological
disorders (like thrombotic thrombocytopenic purpura)
and renal disorders (like hemolytic uremic syndrome)
for decades, the use of PLEX to treat liver failure is rela-
tively recent.

WHICH TYPES OF LIVER FAILURE PATIENTS
WERE SELECTED FOR PLEX TREATMENT IN
PUBLISHED REPORTS?

Liver failure can be categorised as five phenotypes: hyper-
acute liver failure, acute liver failure (ALF), subacute liver
failure, chronic liver failure (cirrhosis) and acute on
chronic liver failure (ACLF).1 ALF can include hyperacute
liver failure and subacute liver failure as per some defini-
tions. As ALF and ACLF patients have high short-term
mortality, urgent liver transplantation is needed as a life-
saving treatment. PLEX has been recently reported to be
beneficial to treat ALF and ACLF patients.

URGENT NEED FOR ACCESS TO LIFE-SAVING
THERAPIES TO TREAT ALF AND ACLF
PATIENTS IN INDIA

Viral hepatitis and idiosyncratic drug reaction are major
causes of ALF in different parts of India. In southern,
eastern and central India, rodenticide ingestion to commit
suicide is an important cause of ALF. The true burden of
ALF patients in any state of India or in the whole country
is not known at present.

Of !1000 liver transplants done each year in India, 5–
7.5% (ie. 50–75 patients) are performed for ALF patients.1

It was estimated that rodenticide ingestion (phosphorus
poisoning) causing ALF in one state in India (Tamil
Nadu) alone would have resulted in the death of 554 pa-
tients in the year 2019.2

There is an urgent need to provide liver transplantation
as well as non-transplant treatments to save the lives of
ALF and ACLF patients.
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Různé dávky plazmatického objemu k léčbě selhání jater 
Průměrný dospělý má asi 5 1 krve (asi 2,5 l je plazma). 


Vysoký, standardní a nízký objem - 10 l (4násobek plazmatického objemu), 2,5–5 l (1–2násobek 
objemu plazmy) nebo 1,2 l plazmy (0,5násobek plazmatického objemu).


TPE s nízkým objemem může být také prospěšný pro léčbu pacientů s ALF. 


Tlak na TS/Octaplas (potřebné velké objemy FFP), riziko akutních plicních komplikací - TRALI, riziko infekce.
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um and calcium. Subsequently, water softeners 
using zeolites displayed instability in the presence 
of mineral acids and the process had to be opti-
mized.

In 1935, Adams and Holmes synthetized the 
first organic polymer ion exchange resin, but it 
was only after 15 years that synthetic porous poly-
mers (styrene or acrylic acid based) were clini-
cally applied. The new resins were produced in 
the form of spherical beads, and the trade names 
were Amberlite, Duolite, Dowex, Ionac, and Pu-
rolite.

Subsequently, in the 1960s, the physical-chem-
ical characteristics of the resins were manipulated 
to allow better compatibility with organic liquids 
and increase the commercial use of sorbents. Fi-
nally, in the 1970s, sorbents started to be applied 
in blood purification techniques such as hemo-
perfusion (also defined as hemoadsorption). Po-
rous carbons could not be placed in contact with 
blood, and only the new polymeric resins allowed 
direct hemoperfusion with blood circulating in a 
simple extracorporeal circuit. The original re-
ports of hemoperfusion for detoxification pur-
poses (mainly drug overdose and poisoning) in-
cluded side effects such as chills, fever, seizures, 
and leukocytopenia and thrombocytopenia. 

These effects were mostly related to the interac-
tion of blood with the poorly biocompatible sur-
face of the sorbents used in hemoperfusion car-
tridges. The history of sorbents came to an im-
portant milestone around the year 2000 [4]. In 
response to a new technology originally devel-
oped in the Union of Soviet Socialist Republics, a 
new company called RenalTech developed a 
highly biocompatible resin, coated with a polysul-
fone thin film, called BetaSorb. The production 
line was in New Jersey, USA, and the person who 
facilitated this advancement was a chemist and an 
excellent scientist named Robert Albright. The 
resin was originally planned as an additional tool 
to be combined with hemodialysis to reduce the 
levels of beta-2 microglobulin in chronic hemodi-
alysis patients [5]. The first clinical experience 
was positive and the results in terms of biocom-
patibility, flow distribution, and effectiveness 
were encouraging, and further studies suggested 
that the device could be used in acute patients to 
remove pro-inflammatory mediators [6]. The 
company underwent a series of changes and, few 
years later, the resin was utilized to create the spe-
cial cytokine adsorber named CytoSorb®.

This new application and the initial use in sep-
tic patients and in patients with other inflamma-

Table 1. Development of sorbents in extracorporeal blood therapies

1850 First inorganic aluminosilicates (zeolites) used to exchange NH4 and Ca

1910 Water softeners using zeolites display instability in the presence of mineral acids

1935 Adams and Holmes synthetized the first organic polymer ion exchange resin

1950s Application of synthetic porous polymers (styrene or acrylic acid based) (spherical beads; trade 
names were Amberlite, Duolite, Dowex, Ionac, and Purolite)

1960s Manipulation of physical-chemical characteristics (commercial use)

1970s Application in blood purification techniques such as hemoperfusion

1980–2000 Improved design and coating for better hemocompatibility of adsorbent materials

2000–2010 Focus on critical illness and sepsis with removal of cytokines

2010–2023 New clinical applications and development of a neutral microporous resin optimized by advanced 
surface coating and nanoscale molecular sieve control technology
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blood compatibility. Furthermore, there are spe-
cific requirements for a sorbent material to be 
considered suitable for the purpose of the he-
moadsorption process.

In detail, the following requirements must be 
fulfilled (Fig. 1):
1 The sorbent material must have high selectiv-

ity and/or affinity to enable sharp separation 
of the adsorbate from the fluid phase (blood or 
plasma). This characteristic defines the possi-
bility of minimizing the amount of sorbent 
employed to make a commercial product.

2 The sorbent must present favorable kinetics 
and transport properties for rapid adsorption 
of the target solutes. This feature is essential to 
achieve adsorption of the target solutes in the 
shortest time possible and affects the exten-
sion of the mass transfer zone (the distance 
from the cross section of the unit where the 
sorbent is fully saturated and the cross section 
of the unit where the sorbent is free of adsor-
bate). This property of the sorbent affects the 
optimal blood flow to be utilized in the extra-
corporeal circuit. In recent sorbent materials, 

this feature is optimized by nanoscale molecu-
lar sieve control technology (Jafron Biomedi-
cal Co., Ltd., Zhuhai, China) that adjusts pore 
size distribution according to target toxin mo-
lecular weight and radius.

3 The sorbent beads, fibers, or flakes must have 
strong chemical/thermal stability, low solubil-
ity in the contacting fluid, and mechanical 
strength. These properties are essential to 
avoid alteration or erosion when the sorbent 
particles come in contact with the filling solu-
tion or the fluid phase (blood or plasma). Fur-
thermore, they provide stability in case of ag-
gressive sterilization procedures.

4 The sorbent material must display excellent 
biocompatibility with no tendency to promote 
undesirable chemical reactions or side effects 
such as activation of complement or the co-
agulation cascade.

5 The surface of the sorbent must present high 
resistance to fouling (protein and cell adhe-
sion) for long adsorption life and maximal 
possible saturation of the adsorption sites.

 

 

 Free flowing tendency
(advanced coating)

No fouling
tendency

Adequate porosity
Affinity/selectivity

Chemical stability

Thermal stability

Mechanical strength Biocompatibility

Fig. 1. Requirements for a safe and effective sorbent material.
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1 The inlet blood port with a special cap provid-
ing the shape of the conic blood flow distribu-
tor. This element must ensure the homoge-

neous distribution of flow inside the cartridge, 
and it must have a minimal volume in order to 
avoid stagnation in dead spaces.

Adsorption Isotherm

CB(f)Q = CBQ + qBS

Am
ou

nt
 a

ds
or

be
d

Equilibrium Concentration

Equilibrium Stage for liquid adsorption Theoretical and experimental Isotherms

Cb = concentration of solute in the carrier liquid
qb = concentration of adsorbate (mol/unit mass)
Q = volume of liquid (constant during process)
S = mass of adsorbent
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Freundlich
Langmuir
experimental

Fig. 1. When a liquid mixture is brought into contact with a microporous solid, adsorption of certain components of 
the mixture takes place on the surface of the solid. The maximum extent of adsorption occurs when equilibrium is 
reached. There is no theory for predicting adsorption kinetics, while laboratory experiments can provide data for plot-
ting curves called adsorption isotherms. Adsorption isotherms can be used to determine the amount of sorbent re-
quired to remove a given amount of solute from the solvent. Freundlich and Langmuir isotherms are models for the 
adsorption of toxins on activated charcoal. The Langmuir isotherm, originally derived for the adsorption of gas mol-
ecules on solid surfaces, was modified to fit the adsorption isotherm of solutes onto solid surfaces in solution systems. 
Langmuir isotherm can be improved by introducing a solute concentration-dependent factor and surface heteroge-
neity index that affect adsorption and desorption.

Inlet
Blood£Port Sorbent Bed

Case

Label

Cap£Nut
Net£rack

Sealing ring

End£Cover

Cap£Nut

Closing£ cap

Outlet£
Blood£Port

Fig. 2. Components of a sorbent cartridge used for extracorporeal hemoadsorption.
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higher molar ratio of serum bilirubin to albu-
min compared to the respective dialysate [24] 
and to the loss of albumin with time due to its 
binding to the filter [25].

The main advantage of PAP is its simplicity: 
when compared to PE, it allows to treat large plas-
ma volumes without the removal of clotting fac-
tors or drugs and without the need for exogenous 
plasma or albumin infusion. Furthermore, it is 
not associated with allergic reaction or disease 
transmissions that accompany PE [27].

A prospective study [16] showed that, com-
pared with DPMAS, PE could reduce bilirubin 
more effectively but was accompanied by a higher 

albumin loss. In this study, enrolled patients were 
divided into therapeutic plasma exchange (TPE) 
group and DPMAS group. All key liver function 
parameters, including TB and direct bilirubin, 
were reduced after a single treatment session in 
TPE group and DPMAS group. The removal ra-
tios of TB (41.368.3% vs. 37.069.1%, p = 5.002) 
and direct bilirubin (41.9610.9% vs. 37.3610.6%, 
p = 5.006) were markedly higher in TPE, but no 
difference in 12-week survival was detected be-
tween the two treatments. Consistent with other 
liver function parameters, albumin was markedly 
reduced after both TPE and DPMAS, with a high-
er reduction ratio in the first one (29.369.7% vs. 

Bilirubin

Anion exchange resin

Albumin Albumin-bilirubin
complex

a

b

c

Polystyrene-divinylbenzene

Fig. 2. Mechanism of action of polystyrene-divinylbenzene cartridge. When albumin-bilirubin 
complexes flow through the cartridge (a), polystyrene nanoparticles bind selectively to bilirubin, 
leading to the dissolution of the complexes (b) and releasing of free albumin molecules (c). The 
resin has nanoparticles positively charged that electrostatically bind to negatively charged plas-
ma components such as bilirubin.
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It has been proved to be a common phenomenon in resin-based
carbon.18 Overall, the trade-off between the adsorption property
and biocompatibility made the activated carbon-based materials
no longer preferred for hemoperfusion.

2.2 Inorganic porous materials

Another carbon-based material, graphene, has also been
applied in the hemoperfusion field, especially for bilirubin
adsorption. The hemoperfusion materials suffer from the
irregular pore structures of activated carbon materials, while
graphene-based beads showed a good macro-mesoporous
structure, high adsorption capacity and fast adsorption rate for
bilirubin.19,20

Silica-based materials, TiO2 and porous glass were once
thought to be the important substitutes of activated carbon
materials for hemoperfusion. Mesoporous silicas, which have a
high surface area, uniform pore size and abundant Si–OH groups,
have been used as adsorbents for medicine storage and targeting
therapy.21,22 Shi et al. first used mesoporous silica in hemoperfu-
sion for toxins removal.23 To illustrate the influence of the surface
charge properties of silica on the adsorption ability, the toxin
adsorption capacities of both bare commercial silica (SBA-15,
Si–OH groups, negative charge) and amine-grafting silica (–NH2

groups, positively charged) were tested (Fig. 3). The results showed
that both bare and amine-grafted mesoporous silica possess
satisfied adsorption capacities for bilirubin and uric acid, but
neither could adsorb creatinine nor phenobarbital. Similarly, Sun
et al. synthesized well-ordered bio-functional mesoporous silica
material (amine/methyl modification SBA-15) with platelet

morphology for bilirubin removal.24 This silica material exhibits
high bilirubin clearance and high adsorption selectivity for
bilirubin against albumin. Both Sun and Shi highlighted the
reusability of mesoporous silica. Sun’s hemolysis assay results
also showed that the pure and bio-functional SBA-15 caused
serious hemolysis of red blood cells. Overall, for safety reasons,
the hemocompatibility rather than the reusability of hemo-
perfusion materials should be considered a priority.

Silica gel, formed by aggregating sodium silicate, is another
important silica-based material. It is full of silanol groups on
the surface, which is the basis for surface chemical modification.
The reversed-phase silica gel possesses higher medicine removal
efficiency from plasma compared to Amberlites XAD-4 and
coated-activated carbon.25 However, evident thrombocytopenia
and leukopenia were noted during the hemocompatibility test.
Silica nanotubes were also used as an affinity matrix material
with an arginine immobilization-possessed good reusable per-
formance and excellent bilirubin adsorption capacity (shown in
Fig. 3).26 Nevertheless, this silica material is difficult to apply
industrially and has been easily replaced by polymer-based
nanomaterials due to its template based synthesis method.
Besides, no silica-based materials in the application of hemo-
perfusion have been reported.

TiO2 is another significant inorganic biomedical material
with good biocompatibility, which has attracted considerable
attention for its application in hemoperfusion, as the large
specific surface area (often 1000 times higher than its geo-
metric area) of the mesoporous anatase TiO2 films allows high
levels of hemoglobin adsorption.27 As a typical semiconductor,
TiO2 also possesses good photocatalytic activity, which could
potentially endow the self-sterilizing property as well as the
photocatalytic decomposition capacity of the material to the
adsorbed bilirubin. Combining the great adsorption capacity
with the excellent semiconductor properties of TiO2, Si et al.28

showed the great adsorption behavior of bilirubin with a
nanocrystalline TiO2 film and presumed that the nanocrystal-
line TiO2 could photo-catalytically decompose the adsorbed

Fig. 2 SEM images of uncoated and coated activated carbon beads. (a–c)
Uncoated beads (surface (a and c); cross-section (b)), (d) PMMA-coated
beads, (e) PMMA–chitosan-coated beads, and (f) PMMA–chitosan–
heparin-coated beads (middle panel, low magnification; bottom panel,
high magnification). Reproduced with permission from ref. 16 (Copyright
2012, American Chemistry Society.)

Fig. 3 SEM images of (a) SBA-15, (b) amine/methyl-modified SBA-15 with
platelet morphology, and (c) silica nanotubes. (d) TEM image of nanotubes.
Reproduced with permission.24,26 Copyright 2011, Elsevier (a and b) and
IEEE (c and d), respectively.

Materials Advances Review

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 3
0 

N
ov

em
be

r 2
02

1.
 D

ow
nl

oa
de

d 
on

 5
/1

2/
20

24
 4

:1
6:

07
 P

M
. 

 T
hi

s a
rti

cl
e 

is 
lic

en
se

d 
un

de
r a

 C
re

at
iv

e 
Co

m
m

on
s A

ttr
ib

ut
io

n-
N

on
Co

m
m

er
ci

al
 3

.0
 U

np
or

te
d 

Li
ce

nc
e.

View Article Online

926 |  Mater. Adv., 2022, 3, 918–930 © 2022 The Author(s). Published by the Royal Society of Chemistry

hemoperfusion derived from the husk (Fig. 8).109 The contin-
uous channels in this activated carbon cartridge could reduce
the pressure drop and avoid the detrimental collisions between
the hemocytes and the adsorbents. After injection molding, the

specific surface area decreased from 1000 m2 g!1 to 329 m2 g!1.
The pores of micro, meso and macro sizes remained in the wall
of the channels, which meant the incomplete avoidance of the
collision between the blood cell and the beads.

Ronco et al. pointed out that adsorbents should have favor-
able kinetics and transport properties for the rapid adsorption
of target solutes, which means the requisite of the adsorbents
with excellent permeability.101 As mentioned above, the trans-
membrane pressure drop of the hollow fiber membrane is
obvious. Fibrous materials with sub-microns or nanometer
diameters show a large surface area, flexibility in surface
functionalities, superior mechanical performance, and small
pressure drop, making them one of the optimal candidates for
clinical application adsorbents.110 Despite the diversity of the
extracellular matrix structures caused by different biomacro-
molecules and various construction methods, a well-known
feature of the native extracellular cytoplasmic matrix (ECM) is
the fiber-staggered structure with nanoscale dimension. The
development of thin fibrous carrier materials provides a way for
industries to design hemoperfusion cartridges. The processing
techniques such as template synthesis,111 self-assembly,112

melt spinning,42 elestrospinning,113 etc., have been used to
manufacture the fabric. Among these processing techniques,
melt spinning and electrospinning were adopted to produce the
hemoperfusion adsorbents. The hemoperfusion cartridge manu-
factured by Toray Industry Inc., termed Toraymyxins (Fig. 9), was
produced by the melt spinning process. The cartridge consists
of a polystyrene-based, fibrous adsorbent on which polymyxin B
antibiotic is covalently immobilized as the ligands to adsorb
endotoxins.42 On the other hand, in addition to the controversy
of the treatment effect of Toraymyxins mentioned above, the
relatively rough fiber surface of the melt-spinning fibers are
also adverse to blood constituents. Ronco and Klein pointed
out that activated cells could be adsorbed by the Toraymyxins

fibers (Fig. 9d).114 The electrospun fibrous membranes are
composed of stacks of nanofibers stretched by the electrostatic
field and possess solid or porous structures, which share a
similar structure with human tissues, thus, show better bio-
compatibility. As early as 1966, Simon et al.115 patented an electro-
spinning apparatus that could produce relatively continuous, thin,

Fig. 5 (a) Flow distribution through packed microspheres. (b–d) Mechanism of mass transport from bulk solution to sorbent surface. (b) External
(interphase) mass transfer of the solute by convection from the bulk fluid by diffusion through a thin film or boundary layer to the outer surface of the
sorbent. (c) Internal (intraphase) mass transfer of the solute by pore convection from the outer surface of the adsorbent to the inner surface of the
internal porous structure. (d) Surface diffusion along the porous surface and adsorption of the solute onto the porous surface. Reproduced with
permission from ref. 100 and 101. Copyright 2000, SAGE Publications (a) and 2017, S. Karger AG (b–d), respectively.

Fig. 6 Diagram and flow schematic of an open-ended transmembrane
adsorbent. Reproduced with permission from ref. 106. Copyright 2000,
Elsevier.

Fig. 7 Representation of an oXiriss hollow fiber. Reproduced with per-
mission from ref. 108. Copyright 2018, S. Karger AG.
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It has been proved to be a common phenomenon in resin-based
carbon.18 Overall, the trade-off between the adsorption property
and biocompatibility made the activated carbon-based materials
no longer preferred for hemoperfusion.

2.2 Inorganic porous materials

Another carbon-based material, graphene, has also been
applied in the hemoperfusion field, especially for bilirubin
adsorption. The hemoperfusion materials suffer from the
irregular pore structures of activated carbon materials, while
graphene-based beads showed a good macro-mesoporous
structure, high adsorption capacity and fast adsorption rate for
bilirubin.19,20

Silica-based materials, TiO2 and porous glass were once
thought to be the important substitutes of activated carbon
materials for hemoperfusion. Mesoporous silicas, which have a
high surface area, uniform pore size and abundant Si–OH groups,
have been used as adsorbents for medicine storage and targeting
therapy.21,22 Shi et al. first used mesoporous silica in hemoperfu-
sion for toxins removal.23 To illustrate the influence of the surface
charge properties of silica on the adsorption ability, the toxin
adsorption capacities of both bare commercial silica (SBA-15,
Si–OH groups, negative charge) and amine-grafting silica (–NH2

groups, positively charged) were tested (Fig. 3). The results showed
that both bare and amine-grafted mesoporous silica possess
satisfied adsorption capacities for bilirubin and uric acid, but
neither could adsorb creatinine nor phenobarbital. Similarly, Sun
et al. synthesized well-ordered bio-functional mesoporous silica
material (amine/methyl modification SBA-15) with platelet

morphology for bilirubin removal.24 This silica material exhibits
high bilirubin clearance and high adsorption selectivity for
bilirubin against albumin. Both Sun and Shi highlighted the
reusability of mesoporous silica. Sun’s hemolysis assay results
also showed that the pure and bio-functional SBA-15 caused
serious hemolysis of red blood cells. Overall, for safety reasons,
the hemocompatibility rather than the reusability of hemo-
perfusion materials should be considered a priority.

Silica gel, formed by aggregating sodium silicate, is another
important silica-based material. It is full of silanol groups on
the surface, which is the basis for surface chemical modification.
The reversed-phase silica gel possesses higher medicine removal
efficiency from plasma compared to Amberlites XAD-4 and
coated-activated carbon.25 However, evident thrombocytopenia
and leukopenia were noted during the hemocompatibility test.
Silica nanotubes were also used as an affinity matrix material
with an arginine immobilization-possessed good reusable per-
formance and excellent bilirubin adsorption capacity (shown in
Fig. 3).26 Nevertheless, this silica material is difficult to apply
industrially and has been easily replaced by polymer-based
nanomaterials due to its template based synthesis method.
Besides, no silica-based materials in the application of hemo-
perfusion have been reported.

TiO2 is another significant inorganic biomedical material
with good biocompatibility, which has attracted considerable
attention for its application in hemoperfusion, as the large
specific surface area (often 1000 times higher than its geo-
metric area) of the mesoporous anatase TiO2 films allows high
levels of hemoglobin adsorption.27 As a typical semiconductor,
TiO2 also possesses good photocatalytic activity, which could
potentially endow the self-sterilizing property as well as the
photocatalytic decomposition capacity of the material to the
adsorbed bilirubin. Combining the great adsorption capacity
with the excellent semiconductor properties of TiO2, Si et al.28

showed the great adsorption behavior of bilirubin with a
nanocrystalline TiO2 film and presumed that the nanocrystal-
line TiO2 could photo-catalytically decompose the adsorbed

Fig. 2 SEM images of uncoated and coated activated carbon beads. (a–c)
Uncoated beads (surface (a and c); cross-section (b)), (d) PMMA-coated
beads, (e) PMMA–chitosan-coated beads, and (f) PMMA–chitosan–
heparin-coated beads (middle panel, low magnification; bottom panel,
high magnification). Reproduced with permission from ref. 16 (Copyright
2012, American Chemistry Society.)

Fig. 3 SEM images of (a) SBA-15, (b) amine/methyl-modified SBA-15 with
platelet morphology, and (c) silica nanotubes. (d) TEM image of nanotubes.
Reproduced with permission.24,26 Copyright 2011, Elsevier (a and b) and
IEEE (c and d), respectively.

Materials Advances Review

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 3
0 

N
ov

em
be

r 2
02

1.
 D

ow
nl

oa
de

d 
on

 5
/1

2/
20

24
 4

:1
6:

07
 P

M
. 

 T
hi

s a
rti

cl
e 

is 
lic

en
se

d 
un

de
r a

 C
re

at
iv

e 
Co

m
m

on
s A

ttr
ib

ut
io

n-
N

on
Co

m
m

er
ci

al
 3

.0
 U

np
or

te
d 

Li
ce

nc
e.

View Article Online

© 2022 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2022, 3, 918–930 |  919

and even cure the diseases.5,6 Based on the mechanism of
adsorption, hemoperfusion (as shown in Scheme 1) has a
unique ability to efficiently adsorb molecules with larger molecular
weight and/or high protein-binding affinity, which has been
defined as the most useful method for blood purification.7

The capability of hemoperfusion depends on the adsorbents,
which requires the adsorbent materials with good blood compati-
bility, adsorption selectivity, mechanical strength and sterilization
resistance (thermal stability). Over the past few decades, most of
the attempts were made to couple hemoperfusion technology with
other blood purification technologies instead of using hemoper-
fusion alone to obtain better treatment efficiency. To develop
a more advantageous hemoperfusion device for an intractable
disease, material-based innovation and pathogenic-mechanism-
based ascertainment is necessary. Therefore, interdisciplinary
research studies on material science and medicine are critical.
This review gives particular attention to the materials and matrix
structure of hemoperfusion adsorbents that have commercial use
and/or on laboratory research with potential clinical applications.

2. Materials of hemoperfusion
Since the materials determine the structure and function of
the adsorbents, the development of materials is particularly
significant. As shown in Fig. 1, the hemoperfusion materials
have gone through three stages, from activated carbon to
inorganic porous materials, and for now, polymers. The itera-
tion from activated carbon to polymers indicates the demand
for structure designability and hemocompatibility in hemoper-
fusion adsorbent.

2.1 Activated carbon

Activated carbon is usually used in aqueous solution purification,
detoxification and drug poisoning treatment due to its large
internal surface (as high as 2500 m2 g!1) and satisfactory
adsorption property. In 1964, Yatzidis et al.8 first used activated
carbon produced from natural raw materials as an adsorbent to
remove creatinine, urate, phenols, salicylates, barbiturates, and
glutethimide, which pioneered in the clinical application of
hemoperfusion. The adsorption action of activated carbon was

later supported by Dunea and Kolff,9 who found the same reduc-
tion in urate and creatinine levels. Similarly, Hagstam et al.10

and De Myttenaere et al.11 observed satisfactory removal rates
of phenobarbitone and glutethimide. However, microscopical
examination from Hagstam’s group showed activated carbon
particles could be deposited in several organs, indicating the
granular activated carbon was not safe as a hemodetoxifier.
Moreover, a controlled study of 137 patients with fulminant
hepatic failure showed no survival benefit to activated carbon
hemoperfusion, which made activated carbon’s efficacy contro-
versial.12 Although powdered/granular activated carbon has
advantages such as low cost, wide range of applications and
great detoxification effect, their intrinsic poor selectivity, low
removal efficiency, the side effects derived from its rough surface
in contact with blood, and the deposition of carbon debris in
organs impede further application in hemoperfusion.13 It has
been demonstrated that the poor biocompatibility of activated
carbon is related to its rough surface. Therefore, making activated
carbon with a smooth surface can be a useful method to improve
the safety in medical treatment.13 To reduce the surface rough-
ness of activated carbon, the activated carbon encapsulation
technology was applied (shown in Fig. 2).14,15 Although this
method avoids debris from leaving activated carbon, the nano-
and mesopores of activated carbon were also blocked after
encapsulation. As a result, this method reduces the adsorption
property of activated carbon which depends on abundant
nano-/mesopores.16

To overcome the side effects of natural activated carbon
caused by the rough surface, activated carbon manufactured
from other sources has become an alternative for adsorption
materials. Jacek et al.17 found that resin-based activated carbon
obtained from waste ion exchange resin gave excellent results
in the removal of small sized molecules, which paved a new
way to manufacture activated carbon with a smooth surface.
However, the results showed that the actual adsorption capacity,
which relates to the bottle-like pore structures of resin-based
activated carbon, is less than the theoretical adsorption capacity.

Scheme 1 Schematic illustration of direct hemoperfusion.

Fig. 1 The developing road map of hemoperfusion materials. The penta-
grams represent the most researched materials in each type.
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Abstract 
Multiple organ failure following a septic event derives from immune dysregulation. Many of the mediators of this 
process are humoral factors (cytokines), which could theoretically be cleared by direct adsorption through a process 
called hemoperfusion. Hemoperfusion through devices, which bind specific molecules like endotoxin or theoretically 
provide non-specific adsorption of pro-inflammatory mediators has been attempted and studied for several decades 
with variable results. More recently, technological evolution has led to the increasing application of adsorption due to 
more biocompatible and possibly more efficient biomaterials. As a result, new indications are developing in this field, 
and novel tools are available for clinical use. This narrative review will describe current knowledge regarding techni-
cal concepts, safety, and clinical results of hemoperfusion. Finally, it will focus on the most recent literature regarding 
adsorption applied in critically ill patients and their indications, including recent randomized controlled trials and 
future areas of investigation.

Keywords: Sepsis, Cytokine, Blood purification, Adsorption, Hemoperfusion, COVID-19, Lipopolysaccharide

Pathophysiology of sepsis

Sepsis is a complex clinical and biological syndrome 
defined as life-threatening organ dysfunction caused by 
a dysregulated host response to infection [1]. It begins 
as an infection that produces an inflammatory response 
in the host, triggered by the interaction between multi-
ple soluble mediators [2]. !e inflammatory response 
to infection by innate immunity is usually controlled, 
localized, and protective [3]. !e interaction between 
resistance (inflammatory response) and resilience (lim-
iting inflammation by the adaptive immunity) is the key 
to survival, but in some circumstances not completely 
understood, this complex and delicate balance is lost, and 
sepsis syndrome may develop. In this process of dysregu-
lated response, both the infected and distal organs may 
be injured, leading to a life-threatening clinical condition 

[1]. Such a process tends to cause excessive production or 
suppression of cytokines and other mediators that affect 
vital organ function and triggers further inflammatory 
and counter-inflammatory pathways [4, 5]. !e dominant 
clinical phenotypes of these biological events are sepsis 
and septic shock where patients may die due to intracta-
ble inflammation or persistent immunoparalysis.

The blood puri"cation hypothesis
Blocking or attenuating the impact of soluble mediators 
offers protection in acute animal models of fulminant 
infections [6]. !us, manipulating the soluble compo-
nents of the host response is theoretically attractive. !is 
approach represents the target of several studies although 
remaining controversial [3]. Previous attempts to modu-
late the immune response by targeting single cytokines 
have failed [7]. !us, the blood purification concept 
based on the non-specific manipulation of several media-
tors’ plasma levels has been proposed [8, 9]. Hemoperfu-
sion can theoretically deliver non-specific treatment, as 
discussed below.

*Correspondence:  zaccaria.ricci@unifi.it 
1 Pediatric Intensive Care Unit, Meyer Children’s University Hospital, Viale 
Pieraccini 24, 50139 Florence, Italy
Full author information is available at the end of the article
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aspect of this technology. All these aspects (i.e., poly-
mer type, design, packing of the sorbent, flow, satu-
ration) can be varied and combined into different 
products, significantly affecting the clinical effects of 
adsorption-based extracorporeal blood purification and 
their indications [16].

Available sorbents
Charcoal and resins
"e first applications of sorbent hemoperfusion in acute 
patients have been in the treatment of drug intoxication 
and poisoning because, in specific cases, adsorption is by 
far more efficient than hemodialysis [17]. Generally, this 
has been achieved with charcoal adsorption or resins. 
Such devices typically contain between 100 and 300 g of 
activated charcoal or between 300 and 650 g of resin. "e 
blood flow for efficient drug removal is approximately 
300 mL/min, up to 450 mL/min and intermittent hemop-
erfusion is usually performed for 4 h. Beyond this treat-
ment time, additional clearance is unlikely to occur due 
to device saturation and double pool kinetics in the body.

Retrospective studies have shown that hemoperfusion 
is associated with increased survival in case of paraquat 
ingestion when performed early [18], and that hemop-
erfusion sometimes provides better clearance than 
high-flux hemodialysis [19]. Hemoperfusion can also 
be indicated in other intoxications, including Amanita 
phalloides mushroom intoxication, overdose with barbi-
turates, valproic acid, theophylline, aluminum, and car-
bamazepine [20]. Nevertheless, hemodialysis may be of 
some benefit for theophylline [21], valproic acid [22] bar-
biturates [23], and carbamazepine [24] intoxication.

Polymyxin B hemoperfusion
An adsorbent cartridge composed of polystyrenic fib-
ers bound to polymyxin B (PMX)® (Toray Medical 
Co.Ltd., Tokyo, Japan) has been marketed in Japan and 
in Europe for the removal of endotoxins during sep-
sis and septic shock [25]. Endotoxin levels decrease 

in vitro within minutes after starting PMX hemoperfu-
sion (PMX-HP) [26]. "is treatment requires sessions 
of 2 h of hemoperfusion and heparin anticoagulation 
to deliver a complete treatment without circuit clotting 
with a blood flow rate ranging between 80 and 120 mL/
min. "e first randomized controlled trial (EUPHAS) 
of PMX HP enrolled 64 patients with septic shock 
and intra-abdominal Gram-negative infections and 
showed improvements in hemodynamics (mean arte-
rial pressure, catecholamine dose), respiratory func-
tion, sepsis-related organ failure scores and mortality 
in treated patients [27]. "e second trial (ABDOMIX) 
included 243 septic shock patients with peritonitis [28]: 
during this study, patients were randomized based of 
the presence of an abdominal infection and regardless 
of the presence of Gram-negative bacteria. "is study 
reported a non-significant difference in mortality rate 
of 27% in the PMX HP group and 19.5% in the conven-
tional group. "is study however was questioned due to 
low mortality in the control group and low percentage 
of patients completing the intervention in the studied 
group. Finally, a third large randomized, double-blind, 
controlled trial (EUPHRATES) found no mortality 
benefits with this therapy [29]. For the first time, this 
study applied, as a criterion to enroll patients, the esti-
mation of circulating endotoxin levels through a point-
of-care test (endotoxin activity assay [EAA]). "is 
interesting approach makes this treatment potentially 
open to monitoring because a laboratory endpoint can 
be repeatedly measured and targeted during therapy. 
In fact, the measurement of endotoxin may be more 
important than the type of bacteria in determining 
response to therapy. For example, in the EUPHRATES 
study, 20% of patients had an infection with Gram-pos-
itive bacteria and still displayed endotoxemia and many 
patients without bacterial isolates had a positive EAA 
and some clinical benefit from the therapy [29].

A recent post-hoc study, published after the results 
of the EUPHRATES randomized trial, showed a 10% 

Table 1 Currently available technologies

Sorbent polymer Commercial name (manufacturer) Amount of sorbent Coating

Norit charcoal Adsorba (Gambro) 100–300 g Cellulose acetate

Polymyxin B Toraymyxin (Estor) – –

Spherical charcoal Hemosorba (Asahi) 170 g Polyhema

Polystyrene divinyl
benzene

HA 130/230/330
(Jafron)

– None

Polystyrene divinyl
benzene

Cytosorb (Aferetica) 300 g None

Ultra-high molecular weight polyethylene beads 
with end-point-attached heparin

Seraph-100 (ExThera Medical) – –

——> 100 a 300 g aktivního uhlí nebo mezi 300 a 650 g pryskyřice. Průtok krve pro účinné 
odstranění léčiva je přibližně 300 ml/min, až 450 ml/min a intermitentní hemoperfuze se obvykle 

provádí po dobu 4 hodin.
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not been associated with bioincompatibility reactions in 
the different studies that will be discussed in detail in the 
following sections. Common to all 3 reviewed cartridges 
is the recommended treatment duration of 2–2.5 h but 
not limited (treatment duration can be prolonged de-
pending on the other hybrid therapies). The relatively 
short duration of each treatment session is to overcome 
the potential decrease in clearance efficiency related to 
saturation of the sorbent material with time as demon-
strated in studies examining HP for the treatment of poi-
soning [6] (detailed in the section discussing HA-230 car-
tridges). 

HA Cartridges in Acute Conditions (HA-330)

Adsorption using HA-330 cartridge was studied in 
multiple cohorts in the context of inflammatory condi-
tions such as sepsis, acute lung injury (ALI), hepatitis, and 
pancreatitis. Overall, there seems to be no significant side 
effects associated with its use. Furthermore, in the differ-
ent cohorts, remarkable reduction in the inflammatory 
mediators was noted. In an animal model of ALI and 
acute respiratory distress syndrome [7], HA reduced cir-
culating and alveolar levels of pro-inflammatory cyto-
kines, improved oxygenation, and attenuated lung injury. 
This was followed by human studies, including the study 
by Huang et al. [8], (summarized in Table 2) evaluating 
HA330 cartridge effectiveness in 44 septic patients with 
ALI. HP in addition to standard therapy (defined as, full 
intensive care management, including fluid resuscitation, 
vasopressors, antimicrobial therapy, and ventilatory sup-
port), compared to standard therapy alone resulted in the 
improvement of inflammatory cytokines level. It further 
resulted in improved patients’ hemodynamics, shorter 
intensive care unit (ICU) length of stay (12.4 ± 3.1 days 

in the HP group vs. 19.5 ± 4 days in the control group, p = 
0.03), ICU mortality (12.5% in HP group vs. 45% in the 
control group, p = 0.02) but not hospital or 28-day mor-
tality. Of note, the drop in platelet count was observed in 
the HP group at day 3 (54.9 ± 13.2 compared to a baseline 
of 81.9 ± 23.1 in the HP group vs. 71.2 ± 37.6 compared 
to a baseline of 87.1 ± 67.1 in the control group, p < 0.05); 
however, it normalized quickly (75.6 ± 29.8 by day 7 in 
the HP group vs. 64.1 ± 41.6 in the control group, p < 
0.05). In a later study by Huang et al. [9] (summarized in 
Table 2), HP was compared to standard therapy in 46 pa-
tients with ALI induced by extra-pulmonary sepsis. HP 
resulted in a significant reduction in interleukin (IL)-1 
and tumor necrosis factor-α in the broncho-alveolar la-
vage and plasma (p < 0.05). It also resulted in the im-
provement of patients’ hemodynamics, duration of me-
chanical ventilation (9.2 ± 2.3 days in HP group vs. 13.6 ± 
3.2 days in the control group, p = 0.01), duration of con-
tinuous renal replacement therapy (65.7 ± 14.6 h in the 
HP group vs. 18.6 ± 5.1 h in the control groups, p = 0.005). 
Furthermore, it was associated with lower ICU mortality 
(6/25 [24%] vs. 12/21 [57.14%], p = 0.02), 28-day mortal-
ity (7/25 [28%] vs. 14/21 [66.7%], p = 0.009), and ICU-
length of stay (6.1 ± 1.2 vs. 8.9 ± 2.5 days, p = 0.047) with 
no reported safety concerns.

Hepatitis is another example of the inflammatory 
states where HA-330 was found to be effective. In a study 
by Hu et al. [10], a cohort of Hepatitis B patients was ret-
rospectively reviewed. Thirty-seven patients received 
medical therapy, while 41 patients received medical ther-
apy plus HP. Medical therapy consisted of bed rest, ECG 
monitoring, oxygenation, hydration, enteral nutrition, 
vitamins/amino acids supplementation, liver protection 
and promotion of hepatocyte growth, adjustment of in-
testinal flora, anti-microbials for infection, and supple-
mentation of coagulation substances as needed. A marked 

Table 1. The main characteristics of the HA adsorption cartridges

HA-130 HA-230 HA-330

Indications Chronic dialysis complications Intoxication Acute conditions with  cytokines 
storm such as sepsis 

Molecular weight removed 5–30 kDa 500 Da–10 kDa 10–60 kDa 

Resin pore size distribution 500 Da–40 kDa 200 Da–10 kDa 500 Da–60 kDa 

Toxins removed Middle uremic toxins 
Protein-bound uremic toxins 

Hydrophobic or protein-bound 
exogenous substances 

Cytokines, complements, free 
hemoglobin, etc

kDa, kilodalton; Da, daltons.
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Abstract
Adsorption is an extracorporeal technique utilized for blood 
purification. It complements convection and diffusion (the 
main modalities of solute removal). It involves the passage 
of blood (or plasma) through an adsorption cartridge, where 
solutes are removed by direct binding to the sorbent mate-
rial. Over the years, new adsorption cartridges, with im-
proved characteristics have been developed. Furthermore, 
the therapeutic applications of adsorption have expanded. 
These now involve the treatment of inflammatory condi-
tions, chronic uremic symptoms, and autoimmune disease, 
in addition to intoxication, which was once considered the 
classical indication for adsorption therapy. HA130, HA230, 
and HA330 (Jafron, Zhuhai City, China) are among the wide-
ly used adsorption cartridges in China. There has been suf-
ficient body of evidence to support their effectiveness and 
safety. In this review, we aim to highlight their main clinical 
applications. © 2018 The Author(s) 

Published by S. Karger AG, Basel

Introduction

Extracorporeal blood purification therapy for the re-
moval of exogenous and endogenous toxins is a rapidly 
evolving area. The main membrane-based mechanisms 
by which solutes are removed are diffusion (driven by 
concentration gradient across the membrane) and con-
vection (driven by hydrostatic pressure gradient across 
the membrane leading to solvent drag). Adsorption, 
which is considered a complementary mechanism for sol-
ute removal, on the other hand, relies on direct binding 
of solutes to membranes or sorbent materials contained 
within a cartridge (adsorption unit). Adsorption can be 
applied both alone and in combination with other blood 
purification techniques (Fig. 1). An important character-
istic of sorbent materials is minimizing unwanted mole-
cules loss (such as nutrients and antibiotics), which is fre-
quently encountered using other extracorporeal blood 
purification techniques (such as, high-volume hemofil-
tration and high cutoff membranes) [1–3]. 

As a technique, adsorption involves the direct contact 
of the sorbent material with blood or plasma, which can 
result in bioincompatibility mediated by complement 

"is article is licensed under the Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International License (CC BY-
NC-ND) (http://www.karger.com/Services/OpenAccessLicense). 
Usage and distribution for commercial purposes as well as any dis-
tribution of modi#ed material requires written permission.
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benzene copolymers and carry a mean diameter of 
0.8 mm with a range from 0.60 to 1.18 mm.

The pore size of these coated beads and the 
volume of the cartridge and of the packed resin 
vary according to the type of cartridge from 
smaller pore sizes with the HA130 cartridge to 
larger pore sizes with the HA330 and HA380 car-
tridges. However, the HA380 cartridge packs a 
significantly greater amount of sorbent (380 mL 
of volume vs. 330 mL) in a small cartridge volume 
(145 mL vs. 185 mL) compared with the HA330 
cartridge (Table 1).

The sorbents, the size of the cartridge, and the 
pore size (which allows for permeation and ad-
sorption of 60 kDa solutes with the HA330 car-
tridge) aim to take advantage of the principles of 
molecular adsorption [13–15] to optimize the ef-
ficiency of extraction and maximize the adsorp-
tive surface, while maintaining a volume of blood 
within the cartridge that does not lead to exces-
sive blood loss in case of cartridge loss from cir-
cuit clotting. 

The coated porous styrene-divinylbenzene  
copolymer beads have the ability to remove pro-
tein-bound molecules as well as free molecules, 
hydrophobic substances, and cytokines and com-
plement [2]. Due to the surface coating, bioin-
compatibility reactions have not been reported 
and, due to the large adsorptive surface, the use 
can be extended up to 12 h with the expectation 
of ongoing efficient solute extraction.

In the intensive care environment, the HA330 
has been most extensively studied. For example, 
the HA330 cartridge (resin pore size distribution: 
500 Da–60 kDa) has been studied in animal mod-
els of ARDS, where it improved oxygenation, re-
duced circulating markers of inflammation, and 
attenuated the degree of injury [16]. These exper-
imental findings were consistent with the clinical 
findings of Huang et al. in 44 patients with ARDS. 
In such ARDS patients, the addition of the HA330 
cartridge improved hemodynamics, shortened 
ICU stay, and decreased ICU mortality [11]. The 
same group of investigators reported additional 

Fig. 1. Jafron cartridge products as presented by the manufacturer.
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data in 46 patients with acute lung injury in the 
setting of extrapulmonary sepsis [17]. In such pa-
tients, treatment with the HA330 cartridge was, 
again, associated with improved hemodynamics, 
decreased duration of mechanical ventilation, de-
creased duration of continuous renal replace-
ment therapy (CRRT), and decreased mortality at 
28 days.

The HA330 cartridge has also been studied in 
the context of pancreatitis where it was added in 
series to high-volume hemofiltration [18] also 
with beneficial biochemical and clinical effects. 
Such addition of an HP cartridge to the CRRT 
circuit is relatively simple in series and such cir-
cuit is displayed in Figure 2.

Finally, similar benefits were seen with this 
cartridge in the treatment of 68 patients with tox-
ic epidermal necrolysis with decreased hospital 
stay and improved survival [19].

More recently, the HA330 series has been 
complemented by the HA380 series with the spe-
cific goal of decreasing inflammation and cyto-
kine levels in the setting of COVID-19 ARDS. In 
vitro assessment of the HA380 cartridge has been 
recently reported. Such assessment identified the 
HA380’s ability to remove interleukin 6 and 10 
and tumor necrosis factor alpha [20]. In vitro 
studies demonstrate that increased packing den-

sity in HA380 does not affect blood flow pattern, 
which remains homogeneous and well distribut-
ed [21].

Poisoning and Drug Overdoses

The HA230 Jafron cartridge has been used in the 
treatment of poisoning and drug overdose. In this 
regard, the most extensive literature comes from 
China and cases of paraquat poisoning. In a co-
hort of 85 such patients [22], the HA230 cartridge 
was able to achieve substantial clearance of para-
quat and a decline in concentration during the 
initial treatment period (fresh nonsaturated sor-
bent). In a controlled study of 110 patients, inves-
tigators from Tenth People’s Hospital, Shanghai, 
recruited patients within 48 h of the ingestion of 
paraquat [23]. Of these, 51 patients received usu-
al care and 59 patients received combined CRRT 
in series with HP. Baseline characteristics were 
similar between the two groups. However, 28- 
and 90-day mortality rates were significantly less 
in those patients treated with combined CRRT 
and HP. In another study, early blood purifica-
tion with CRRT and HP was superior to usual 
care or HP alone in lowering paraquat blood lev-
els. Both HP and CRRT+HP were superior to 

Table 1. Characteristics of the HA330 and HA380 Jafron cartridges

Product parameter   HA330
  Sorbent volume (mL)   330 ± 3
  Volume (mL)   185 ± 5
  Absorbent material   Styrene-divinylbenzene copolymers
  Housing material   Polycarbonate
  Sterilization method   Irradiation sterilization
  Packaging size   290 mm (L) × 105 mm (W) × 105 mm (H) 0.90 kg

Product parameter   HA380
  Sorbent volume (mL)   380 ± 3
  Volume (mL)   145 ± 5
  Absorbent material   Styrene-divinylbenzene copolymers
  Housing material   Polycarbonate
  Sterilization method   Irradiation sterilization
  Packaging size   290 mm (L) × 105 mm (W) × 105 mm (H) 0.90 kg D
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Tohle už známe z FPSA



Dálka terapie: 4-6 h



MPS - kit pro plazmaferézu? —-> ano, ale s CVVH nastavením 
 

 

 

 

4. Three recommended guidelines for DPMAS 

1) Guidelines for Non-biological Artificial Liver support system in treatment of liver failure, 

Edition :2016[1] 

2) Guideline for diagnosis and treatment of liver failure (2018), Edition: 2018[2] 
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Zápis o průběhu TPF

procedura č.1 (příklad) č.2…

priming EM (deleukotizovaná)

náhradní roztok FFP

frekvence odběrů 15-20 minut

Infuze Ca gluconicum 20mg/kg/h

TK (na začátku) 

TK (na konci výkonu)

iCa start (mmol/l) 1.41

iCa během (mmol/l)

iCa konec (mmol/l)

poměr WB:C (začátek) 15:1

poměr WB:C (efekt) 25:1

poměr WB:C (start PF) 40:1

délka terapie 3 hodiny 2 hodiny

1 3

for the duration of the TPE, but risks rebound of ammonia. 
Simultaneous TPE and continuous KRT can be performed 
using the same vascular access either in parallel, when the 
TPE access and return lines are on separate lumens of the 
vascular catheter, or in series, when both TPE access and 
return lines are on the same lumen (the access lumen) of 
the catheter (Fig. 4). Addressing practicalities to optimise 
treatments which can be offered to children with ALF will 
be important to improve outcomes in future.

Conclusions

In conclusion, therapeutic plasma exchange has potential as 
an important bridging option in early paediatric ALF, either 
as a bridge to liver transplant or as a bridge to spontaneous 
recovery with native liver. It has value through its immu-
nomodulatory effect in ALF where inflammation plays an 
important role. Patients will be aided by future research that 
addresses the following questions – what are the indications 
in PALF to initiate TPE especially with varying aetiologies? 
What is the optimal timing of plasma exchange to best com-
plement the body’s immune response? Can biomarkers guide 
timing of plasma exchange by predicting illness stage and 
trajectory (biomarkers of cell death-necrosis and apopto-
sis for the early hyperacute inflammatory stage, and bio-
markers of regeneration like alpha fetoprotein, phosphate, 
and anti-inflammatory cytokines for the resolution phase)? 
Finally, should TPE be incorporated as the standard of care 
in combination with continuous KRT in particular subsets 
of children? There are several unexplored questions regard-
ing the use of TPE in PALF which require further research 

via multi-centre collaborations to guide optimal timing and 
treatment for young patients presenting with ALF.

Key summary points

1. Paediatric ALF is a rare condition with a high mortal-
ity; it is increasingly recognised that immune system 
deregulation contributes to the significant complications 
of ALF (sepsis, multi-organ failure, cerebral oedema).

2. In view of the limited supply of livers, and the regenerative 
capacity of the liver, increasingly, attention has been given 
to ‘bridging’ therapies which can support the patient until 
they regain function of the liver or to transplant.

3. Plasma exchange is the ideal extracorporeal liver support 
system, by providing detoxification and synthetic function.

4. Recent randomised controlled trials in adults have dem-
onstrated increased survival among patients receiving 
plasma exchange and illustrated that this has occurred 
alongside reduction in pro-inflammatory markers.

5. The evidence for plasma exchange in paediatrics, pri-
marily from case series and cohort studies, shows that 
this therapy has potential to improve morbidity and mor-
tality for critically ill children with ALF in PICU; more 
research is needed to confirm this theory.

Multiple choice questions (answers 
given following the references)

1 Which technique(s) is most commonly used to perform 
plasma exchange?
a) Centrifugation

Fig. 4  Illustration of using one 
vascular access for TPE and 
KRT in series (left, using the 
access lumen) and in paral-
lel (right, on separate catheter 
lumens)
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Therapeutic plasma exchange (TPE) is an extracorporeal
blood purification technique used to remove patho-

genic substances from the plasma, with many potential in-
dications in the critical care setting.1,2 Conventional TPE is
performed either by centrifugal- or membrane-based tech-
nology to separate the plasma from the cellular blood ele-
ments.2,3 Additional columns and filters have been
employed to further process plasma for more selective
removal of a specific component, although these selective
procedures have limited availability in the United States.3
This reviewwill discuss techniques in use for TPE, consid-
erations for the critically ill patient, current recommenda-
tions from the American Society for Apheresis (ASFA),
and recent advances employed in the field of apheresis
medicine in the intensive care unit (ICU) setting.

PRINCIPLES OF THERAPEUTIC PLASMA EXCHANGE
TPE has the ability to remove larger substances
(.15,000 Da), such as antibodies, cytokines, endotoxins,
immune complexes, and lipids, or those that are highly
protein bound, unlike dialysis which is more useful for
the removal of smaller molecular weight components.4 Po-
tential beneficial effects of TPE include the rapid removal
of a circulating factor, replenishment of specific plasma
factors, and possible direct immunomodulatory effects.5
However, the ability of TPE to successfully treat a specific
disease requires an understanding of the underlying dis-
ease pathophysiology, the role of concomitant immuno-
suppression, and the kinetics of production, removal,
and redistribution of a target substance between the intra-
vascular and extravascular compartments.

TECHNOLOGY: CENTRIFUGAL- VS MEMBRANE-
BASED PLASMA SEPARATION
TPE is performed either via centrifugal-based (cTPE) or
membrane-based (mTPE) plasma separation. Although
the indications for TPE and the choice of replacement
fluids are similar between cTPE and mTPE, there are
fundamental differences in the mechanism of separation,
anticoagulation, blood flow, vascular access requirements,
and equipment needed (see Table 1). With cTPE, whole
blood is spun in an extracorporeal centrifuge so that the
blood components are separated in order of increasing
specific gravity, separating the plasma from the more

dense cellular components.7 In mTPE, a nonselective
microporous membrane allows passage of proteins to
pass through the membrane, with a sieving coefficient of
0.9-1.0, allowing for a filtrate that is nearly identical to
plasma.7,8 In a randomized prospective crossover study
comparing cTPE and mTPE, both treatments had compa-
rable removal efficiency of immunoglobulin G (IgG) and
immunoglobulin M (IgM).9 In the USA, the majority of
TPE procedures are carried out via cTPE, however, in other
countries, such as Japan and Germany, 90% of TPE treat-
ments are membrane-based.10
TPE is a nonselective apheresis procedure, as all plasma

components (including albumin, clotting factors, and im-
munoglobulins) are collected and discarded, which re-
quires the use replacement solutions, such as albumin or
donor plasma. Additional adsorptive columns can be
added to cTPE or mTPE circuits to remove a specific
plasma component, known as selective apheresis or im-
munoadsorption (IA), minimizing the need for replace-
ment solutions. The technique known as double filtration
plasmapheresis (DFPP) refers to a system that uses
membrane-based plasma separation followedbya second-
ary plasma fractionator selected to remove a specific sub-
stance based on molecular size and weight.11
Disadvantages of the selective apheresis procedures
include high costs, limited availability, complexity of cir-
cuits, and potential need for regeneration and storage of
select columns.12
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of up to 50-90%.91 Treatment is supportive, and in se-
vere cases, liver transplantation can improve survival
rates. Many extracorporeal liver support systems have
been trialed, but thus far, such procedures have been
unable to consistently demonstrate improvement in sur-
vival.92-94 Aggressive TPE has been used as a bridge to
liver transplant. Several studies have shown that TPE is
associated with an improvement in mean arterial blood
pressure, increased hepatic blood flow, cerebral blood
flow, perfusion pressure, and metabolic rate, but the

impact of TPE on clinical improvement in acute liver
failure is still unclear.95-98 An RCT of high-volume
plasma exchange (TPE-HV), defined as an exchange
of 8-12L or 15% of ideal body weight with fresh-
frozen plasma, reported improved transplant-free sur-
vival rates at 3 months.99

THYROID STORM
Thyroid storm is a rare life-threating condition with mor-
tality rates of 10-30% characterized by the severe clinical

Figure 1. Combining centrifugal TPE and continuous dialysis. Reproduced with permission from Apheresis Standard Oper-
ating Procedures Manual, 1st Edition, 2019 American Society for Apheresis. Original graphic credit: David M. Ward, MD,
FRCP. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)
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Abstract
Objective: The artificial liver support system (ALSS) is used frequently as a first-line
treatment for hepatitis B virus-associated acute-on-chronic liver failure (HBV-ACLF).
This study aims to compare the therapeutic efficacy of double plasmamolecular adsorp-
tion system (DPMAS) with sequential half-dose plasma exchange (PE) (DPMAS+PE)
and full-dose PE in patients with HBV-ACLF.
Methods: A total of 131 hospitalized patients who were diagnosed with HBV-ACLF
and underwent DPMAS+PE or PE were retrospectively analyzed. According to the
treatment methods used, they were divided into PE group (n = 77) and DPMAS+PE
group (n = 54). The main evaluation indexes included the change of liver function
and the 28-days liver transplant-free survival rates after the different treatments.
Results: There were no significant differences on severity of illness between PE group
and DPMAS+PE group (P > 0.05). The total bilirubin (TBIL) levels immediately after
treatment, and at 24 and 72 hours after treatment were markedly decreased in DPMAS
+PE group than that in PE group (52.3 ± 9.4% vs 42.3 ± 7.2%, P < 0.05; 24.2 ±
10.0% vs 13.5 ± 13.0%, P < 0.05; 24.8 ± 13.1% vs 14.9 ± 14.9%, P < 0.05; respec-
tively). The 28-days survival rates was 62.3% and 72.2% in PE and DPMAS+PE
groups (P = 0.146). Furthermore, the 28-days survival rates were significantly higher in
DPMAS+PE group than that in PE group (57.4% vs 41.7%, P = 0.043) in the
intermediate-advanced stage patients.
Conclusion: Compared with PE alone, DPMAS+PE might more effectively
improve temporary TBIL in ACLF patients, and improve the 28-days survival rates
in HBV-ACLF patients with intermediate-advanced stage. Therefore, DPMAS+PE
may be an available ALSS treatment for HBV-ACLF patients.
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(Asahi Kasei Medical Co., Ltd, Tokyo, Japan) was applied.
Blood pumping speed was 120 to 150 mL/min, the plasma sep-
arating speed was 25 to 30 mL/min, and the plasma separation
ratio was 30%. Prior to PE, 25 mg promethazine hydrochloride
was routinely administered via intramuscular injection to pre-
vent plasma allergy. DPMAS was applied using the Plasauto
IQ-21 device. Briefly, the blood first flowed through the
Plasmaflo-OP-08W plasma separator after being pumped out
of the body at a plasma separation speed of 25 to 30 mL/min,
and the plasma then flowed sequentially through the ion
exchange resin (BS330) and the neutral macroporous adsorp-
tion resin (HA330-II), and was mixed with the blood cells and
infused back into the patient, with a blood pumping speed of
≈160 mL/min during the treatment. The plasma volume for a
single treatment by DPMASwas approximately 5.5 to 6 L. The
PE group was treated with PE alone, and the amount of fresh
frozen plasma was 2200 to 2400 mL per treatment, and the
time for a single treatment was about 2 hours. The DPMAS
+PE group was treated with DPMAS first, followed by sequen-
tial PE treatment, with the fresh frozen plasma volume of 1100
to 1200 mL for each treatment, and the time for a single treat-
ment was about 3 to 4 hours. According to the severity of the
disease, each patient received 1 to 4 times of artificial liver sup-
port therapy.

2.3 | Observation indicators

The main biochemical indicators were measured before and
after treatment, included alanine aminotransferase (ALT),
aspartate aminotransferase (AST), total bilirubin (TBIL), direct
bilirubin (DBIL), albumin (ALB), globulin (GLO), prothrom-
bin activity (PTA), international normalized ratio (INR), creati-
nine (Cr), urea nitrogen (Urea), white blood cells (WBC),
hemoglobin (HGB), platelets (PLT), K+, Na+, and Cl−; and
TBIL at 24 and 72 hours after treatment. The second evaluation
indexes included the liver transplant-free survival at 28-days
after treatment between PE group and DPMAS+PE group. The
rates of decline of TBIL immediately after treatment and the
rates of decrease in TBIL at 24 and 72 hours after treatment
were calculated. The calculation formula were as follows:
the immediate decline rate after treatment = [(value before
treatment − value immediately after treatment)/value before
treatment] × 100%; the decline rate at 24/72 hours after treat-
ment = [(value before treatment − value at 24 or 72 hours
after treatment)/value before treatment] × 100%. The severity
of the disease was assessed by the Model for End-Stage Liver
Disease (MELD) score.16

2.4 | Statistical analysis

The data were presented as mean ± SD, median, and percent-
age based on data characteristics. For the measurement data
with normal distribution, the paired sample t test was used for
comparison within the group, and the independent sample t test
was used for comparison between groups. For the measurement

data with non-normal distribution, Wilcoxon rank sum test for
paired sample comparison was used for comparison within the
group, and independent sampleMann-Whitney U rank sum test
was used for comparison between groups. The comparison of
the rates of count data was performed using the χ2 test. The sur-
vival analysis was tested by Kaplan-Meier method and log-rant
test. Statistical analysis was performed using SPSS 24.0 soft-
ware (SPSS Inc., Chicago, Illinois), and P < 0.05 was consid-
ered statistically significant.

3 | RESULTS

3.1 | General characteristics of the patients

The baseline data for the patients are shown in Table 1. There
were no statistically significant differences in disease severity
(MELD score) between the 131 enrolled patients and the
13 excluded patients (24.1 ± 5.9 vs 24.7 ± 4.3, P = 0.351).
Among the 77 patients in the PE group, with an average age of
43.8 years. Among the 54 patients in the DPMAS+PE group,
with an average age of 47.6 years. There were no significant
differences in age, gender (male, 70.1% vs 70.4%), number of
treatments per patient and severity (1.6 ± 0.8 vs 1.5 ± 1.0) of
disease between the two groups (P > 0.05).

3.2 | Changes in serum biochemical parameters before
and after treatment in PE group and DPMAS+PE group

The changes of biochemical indicators before and after treat-
ment were similar in PE group and DPMAS+PE group
(Table 2). After treatment, the ALT, AST, TBIL, DBIL, ALB,
and GLO were significantly lower than those before treatment
in the two groups, and the difference was statistically signifi-
cant (P < 0.05). In the two groups, PTA was significantly
increased after treatment (P < 0.05), and INRwas significantly
lower than that before treatment (P < 0.05). There was no sig-
nificant difference in Cr and Urea before and after treatment
(P > 0.05) in the two groups.

3.3 | Comparison of immediate decline rates in serum
biochemical parameters after treatment between PE
group and DPMAS+PE group

After treatment, the decrease rates of TBIL andDBIL in DPMAS
+PE group were significantly higher than those in PE group
(52.3 ± 9.4% vs 42.3 ± 7.2%, 48.6 ± 11.7% vs 41.2 ± 8.2%,
P < 0.05). There were no significant differences in the decrease
rates of ALT, AST, ALB, GLO, PTA, and INR between PE
group andDPMAS+PE group (P > 0.05) (Table 3).

3.4 | Changes in total bilirubin at 24 hours and
72 hours after treatment in PE and DPMAS+PE groups

In the two groups, the TBIL level decreased significantly after
treatment compared with that before treatment, but rebounded
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ACLF, and save the PE volume by 50%, which helps to
overcome plasma shortage.

The detoxification function of the liver in patients with
ACLF is significantly reduced, and a large amount of toxic
substances accumulate in the body, including various water-
soluble toxins, protein-bound toxins and metabolites, which
seriously affect the regeneration and function recovery of the

liver cells. As a few important organs can be involved simul-
taneously, multi-organ dysfunction can occur, resulting in
high mortality and extremely poor prognosis.17,18 Although
PE cannot directly improve the synthesis and detoxification
functions of the liver, it can eliminate the medium and small
molecular metabolic toxins and macromolecules such as pro-
teins and immune complexes in the body, and at the same
time it can supplement the essential substances such as albu-
min and coagulation factors that are lacking in the body, thus
it can replace some functions of the liver.19 A randomized
controlled trial has shown that a large amount of PE can

TABLE 3 Comparison of decline rates of liver function and coagulation
indexes after treatment between PE group and DPMAS+PE group

PE group
(n = 77)

DPMAS+PE
group (n = 54) P value

ALT (%) 37.3 (29.6, 48.2) 34.1 (22.2, 41.8) 0.135

AST (%) 41.4 ± 11.2 36.8 ± 17.1 0.086

TBIL (%) 42.3 ± 7.2 52.3 ± 9.4 0.000

DBIL (%) 41.2 ± 8.2 48.6 ± 11.7 0.001

ALB (%) 7.8 (0.2, 11.9) 9.8 (1.0, 14.8) 0.108

GLO (%) 13.4 (7.8, 20.8) 9.2 (−0.7, 18.8) 0.204

PTA (%) −21.1 (−27.5, −12.9) −19.4 (−21.3, −11.6) 0.406

INR (%) 12.9 (8.0，19.7) 11.2 (7.2, 18.2) 0.803

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase;
DBIL, direct bilirubin; HBG: hemoglobin; INR, international normalized ratio;
MELD, model end-stage liver disease; PLT: platelets; PTA, prothrombin activ-
ity; TBIL, total bilirubin; WBC, white blood cells. P-values are acquired by t test
or Mann-Whitney U rank sum test.

FIGURE 1 Changes in total bilirubin before and after treatment in the
DPMAS+PE group and PE group

FIGURE 2 Comparison of the decline rates of total bilirubin (TBIL) at
24 and 72 hours after treatment between the DPMAS+PE group and PE
group

FIGURE 3 Comparison of liver transplantation free hospital survival at
28-days after treatment between PE group and DPMAS+PE group. (A)The
included patients. (B) The early stage patients; (C) The intermediate-
advanced stage patients
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FIGURE 3 Comparison of liver transplantation free hospital survival at
28-days after treatment between PE group and DPMAS+PE group. (A)The
included patients. (B) The early stage patients; (C) The intermediate-
advanced stage patients
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Abstract

Background: Therapeutic plasma exchange (TPE) and double plasma molecular
absorption system (DPMAS) were two extracorporeal liver support systems. Few
studies compared their efficacy profile.

Objective: This study was to compare the efficacy of TPE and DPMAS on acute-
on-chronic liver failure (ACLF) caused by hepatitis B virus (HBV-ACLF).

Methods: 60 HBV-ACLF patients were enrolled and prospectively studied. All
patients received entecavir therapy, and were assigned to TPE group (n5 33) and
DPMAS group (n5 27). Primary end-points were the effects of TPE and DPMAS
on liver function and serum inflammatory markers.

Results: Serum procalcitonin, interleukin (IL)26, and high sensitive C-reactive protein
(hsCRP) were significantly elevated in patients with HBV-ACLF. TPE achieved signifi-
cantly higher removal rates of total bilirubin (TBIL, P5 .002), direct bilirubin (DBIL,
P5 .006), and hsCRP (P5 .010) than DPMAS, but DPMAS displayed lower loss rate
of albumin (P5 .000). TPE and DPMAS resulted in similarly increased serum IL-6 lev-
els and comparable 12-week survivals (P> .05). Multivariate analysis showed that
hospital stay (Relative Risk [RR]: 1.062, 95% Confidence Interval [CI]: 1.011-1.115,
P5 .016), prothrombin time (RR: 1.346, 95% CI: 1.077-1.726, P5 .010), and interna-
tional normalized ratio (RR: 0.013, 95% CI: 0.006-0.788, P5 .041) were independent
predictors for 12-week survival. Both TPE and DPMAS treatments were well-tolerated.

Conclusion: Compared to DPMAS, TPE was more efficient in eliminating TBIL,
DBIL, and hsCRP, but it was associated with higher loss rate of albumin. TPE and
DPMAS were similar in improving 12-week survivals in HBV-ACLF.
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acute-on-chronic liver failure, artificial liver support system, C-reactive protein, double plasma molecular
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1 | INTRODUCTION

Acute-on-chronic liver failure (ACLF) is defined as an
acute and severe deterioration of liver function in a
patient with chronic liver disease, and it remains a thera-
peutic challenge with a 28-day mortality rates ranging

from 29.7 to 40%.1–3 In China, over 80% of ACLF cases
were caused by acute exacerbation of chronic hepatitis B
due to a high prevalence of hepatitis B virus (HBV)
infection.4,5 Up to date, liver transplantation (LT) remains
the only definitive therapeutic option to salvage patients
with ACLF. However, it is hampered by donor organ
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baseline PT (RR: 1.308, 95% CI: 1.140-1.500, P5 .000),
ALT (RR: 0.998, 95% CI: 0.997-1.000, P5 .009), AST
(RR: 0.998, 95% CI: 0.997-1.000, P5 .035), TBIL (RR:
1.004, 95% CI: 1.001-1.007, P5 .009), DBIL (RR: 1.005,
95% CI: 1.001-1.009, P5 .007), and CTP score (RR:1.246,
95% CI: 1.003-1.548, P5 .047) were significant predictors
for 12-week survival. However, multivariate analysis showed
that only hospital stay (RR: 1.062, 95% CI: 1.011-1.115,

P5 .016), PT (RR: 1.346, 95% CI: 1.077-1.726, P5 .010),
and INR (RR: 0.013, 95% CI: 0.006-0.788, P5 .041)
remained significant predictors for 12-week survival.

3.6 | Adverse events

Of the 173 sessions of TPE and DPMAS treatment, 2 ses-
sions of TPE and 1 session of DPMAS were prematurely

FIGURE 2 (A, B, C) Serum PCT, IL-6, hsCRP before and after TPE
and DPMAS

FIGURE 3 Cumulative survival rates after treatment by TPE and
DPMAS (P5 .887, log-rank test)

TABLE 4 Univariate and multivariate analysis for predictors of
12-week survival

Univariate Multivariate

Factors RR 95%CI P RR 95%CI P

Hospital
stay (day)

1.066 1.026-1.108 .001 1.062 1.011-1.115 .016

PT (s) 1.308 1.140-1.500 .000 1.346 1.077-1.726 .010

INR 0.281 0.062-1.272 .090 0.013 0.006-0.788 .041

ALT (U/l) 0.998 0.997-1.000 .009

AST (U/l) 0.998 0.997-1.000 .035

TBIL
(mmol/l)

1.004 1.001-1.007 .009

DBIL
(mmol/l)

1.005 1.001-1.009 .007

CTP score 1.246 1.003-1.584 .047

Abbreviations: Gender*, 05 female, 15male; Ascites†, 05 none, 15mild,
25moderate to severe; ALT, alanine aminotransferase; AST, aspartate aminotrans-
ferase; CI, confidence interval; CTP, child–turcotte–pugh; DBIL, direct bilirubin; PT,
prothrombin; INR, international normalized ratio; PLT, platelets; RR, relative risk;
TBIL, total bilirubin.
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P5 .006), and hsCRP (P5 .010) than DPMAS, but DPMAS displayed lower loss rate
of albumin (P5 .000). TPE and DPMAS resulted in similarly increased serum IL-6 lev-
els and comparable 12-week survivals (P> .05). Multivariate analysis showed that
hospital stay (Relative Risk [RR]: 1.062, 95% Confidence Interval [CI]: 1.011-1.115,
P5 .016), prothrombin time (RR: 1.346, 95% CI: 1.077-1.726, P5 .010), and interna-
tional normalized ratio (RR: 0.013, 95% CI: 0.006-0.788, P5 .041) were independent
predictors for 12-week survival. Both TPE and DPMAS treatments were well-tolerated.

Conclusion: Compared to DPMAS, TPE was more efficient in eliminating TBIL,
DBIL, and hsCRP, but it was associated with higher loss rate of albumin. TPE and
DPMAS were similar in improving 12-week survivals in HBV-ACLF.
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ALT (24.06 18.5 vs. 22.06 17.3, P5 .479), AST (29.16
15.3% vs. 29.86 16.0%, P5 .541), and TBA (21.56 20.6
vs. 19.06 16.1, P5 .384) were similar between the two
groups (Table 3).

3.3 | Impacts of a single treatment with TPE
or DPMAS on inflammatory markers

After TPE treatment, serum PCT, IL-6 and hsCRP changed
from 0.7206 0.809 ng/ml, 23.326 19.03 pg/ml, and
22.016 20.01 mg/l to 0.5466 0.548 ng/ml, 33.576 30.00

pg/ml, and 12.256 8.88 mg/l, respectively. Similar patterns
were observed in DPMAS treatment (Table 2). In other
words, TPE and DPMAS treatments resulted in marked
reduction in serum PCT and hsCRP and significant incre-
ment in serum IL-6 (P< .05, Figure 2A-C). And the RRs of
hsCRP were significantly higher in TPE group than DPMAS
group (P5 .010), whereas those of PCT and IL-6 were simi-
lar between the two groups (P> .05, Table 3).

3.4 | Impacts of TPE and DPMAS on
patients’ survival
During the study, a total of 42 patients died, with 24 in TPE
group and 18 in DPMAS group. The median survival times
were 12 weeks (95% confidence interval (CI):10.7-13.3) in
TPE group and 11 weeks in DPMAS Group (95%CI: 9.3-
12.7). The 4-week and 12-week survival rates in TPE group
and DPMAS group were 87.9% and 88.9%, 34.6% and
33.3%, respectively. There was no marked difference in sur-
vival between the two groups (P5 .887, by Kaplan-Meier
method and log-rank test) (Figure 3).

3.5 | Baseline predictors for survival at 12
weeks

To identify the independent predictors for 12-week survival,
we performed both univariate and multivariate analyses
(Table 4). Baseline laboratory test results were taken as the
date when the first session of TPE or DPMAS was per-
formed. Univariate analysis revealed that hospital stay (rela-
tive risk (RR): 1.066, 95%CI: 1.026-1.108, P5 .001),

TABLE 2 Changes of key serum parameters before and after a
single treatment with TPE or DPMAS

TPE (n5 104) DPMAS (n5 69) aP value

Albumin(35-50 g/l)

pretreatment 28.26 3.5 28.96 3.8 .161
post-treatment 19.86 3.4 24.36 2.9 .000

ALT(5-40 U/l)

pretreatment 94.96 109.3 138.36 134.0 .027
post-treatment 67.26 75.7 104.26 98.1 .009

AST(8-40 U/l)

pretreatment 119.66 154.4 152.36 128.4 .147
post-treatment 79.06 84.5 118.56 95.0 .006

TBA(0-10.0 mmol/l)

pretreatment 209.56 76.9 268.56 113.9 .000
post-treatment 160.06 64.1 214.96 96.5 .000

TBIL(3.4-17.1 mmol/l)

pretreatment 271.96 93.2 291.96 81.8 .150
post-treatment 160.56 64.8 184.56 56.0 .015

DBIL(0-5.1 mmol/l)

pretreatment 222.66 74.2 255.56 72.9 .004
post-treatment 130.26 55.7 160.56 52.4 .000

PCT(<0.05 ng/ml)

pretreatment 0.7206 0.809 0.4596 0.219 .002
post-treatment 0.5466 0.548 0.3806 0.176 .005

IL-6(0-7.00pg/ml)

pretreatment 23.326 19.03 26.826 30.69 .355
post-treatment 33.576 30.00 37.646 37.40 .429

hsCRP(<10 mg/l)

pretreatment 22.016 20.01 19.646 14.85 .401
post-treatment 12.256 8.88 12.006 8.29 .854

aP, by Student’s t test.
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransfer-
ase; DPMAS, double plasma molecular absorption system; hsCRP, high-
sensitivity C-reactive protein; IL-6, interleukin-6; PCT, procalcitonin; TBA,
total bile acid; TBIL, total bilirubin; TPE, therapeutic plasma exchange.

TABLE 3 Removal rates of key serum parameters by a single
treatment with TPE or DPMAS

TPE(n5 104) DPMAS (n5 69) aP value

Albumin (%) 29.36 9.7 15.86 6.0 .000

ALT (%) 24.06 18.5 22.06 17.3 .479

AST (%) 29.16 15.3 29.86 16.0 .541

TBA (%) 21.56 20.6 19.06 16.1 .384

TBIL (%) 41.36 8.3 37.06 9.1 .002

DBIL (%) 41.96 10.9 37.36 10.6 .006

PCT (%) 19.56 12.8 16.56 9.8 .104

IL-6 (%) 245.76 41.2 247.26 43.2 .826

hsCRP (%) 41.06 9.9 37.1 69.2 .010

aP, by Student’s t test.
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransfer-
ase; DBIL, direct bilirubin; DPMAS, double plasma molecular absorption sys-
tem; hsCRP, high-sensitivity C-reactive protein; IL-6, interleukin-6; PCT,
procalcitonin; TBA, total bile acid; TBIL, total bilirubin; TPE, therapeutic
plasma exchange.
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patients received entecavir therapy, and were assigned to TPE group (n5 33) and
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on liver function and serum inflammatory markers.
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(hsCRP) were significantly elevated in patients with HBV-ACLF. TPE achieved signifi-
cantly higher removal rates of total bilirubin (TBIL, P5 .002), direct bilirubin (DBIL,
P5 .006), and hsCRP (P5 .010) than DPMAS, but DPMAS displayed lower loss rate
of albumin (P5 .000). TPE and DPMAS resulted in similarly increased serum IL-6 lev-
els and comparable 12-week survivals (P> .05). Multivariate analysis showed that
hospital stay (Relative Risk [RR]: 1.062, 95% Confidence Interval [CI]: 1.011-1.115,
P5 .016), prothrombin time (RR: 1.346, 95% CI: 1.077-1.726, P5 .010), and interna-
tional normalized ratio (RR: 0.013, 95% CI: 0.006-0.788, P5 .041) were independent
predictors for 12-week survival. Both TPE and DPMAS treatments were well-tolerated.

Conclusion: Compared to DPMAS, TPE was more efficient in eliminating TBIL,
DBIL, and hsCRP, but it was associated with higher loss rate of albumin. TPE and
DPMAS were similar in improving 12-week survivals in HBV-ACLF.
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Objective.!is study aims to investigate the clinical e"cacy of plasma exchange in treating acute-on-chronic liver failure (ACLF)
through meta-analysis. Method. PubMed, Web of Science, Embase, China National Knowledge Infrastructure (CNKI), and
Wanfang databases were searched using a computer for all relevant Chinese and English literature from 2000 to 2021 in each
database. At the same time, a large number of related papers and materials were manually consulted. Randomized controlled trials
of plasma exchange (PE, control group) and combined double plasma molecular absorption system (DPMAS+PE, observation
group) for the treatment of ACLF were collected. Meta-analysis was performed with Stata16.0 software. Result. A total of 474
articles were retrieved, and 11 papers were #nally included for research after screening. Meta-analysis results showed that the
e$ective rate of treatment in the experimental group was signi#cantly higher than that in the control group. At the same time, the
observation group’s prothrombin activity (PTA) level was better than that of the control group after treatment. After treatment,
there was no signi#cant di$erence in prothrombin time (PT) and international normalized ratio (INR) between the two groups. In
addition, after treatment, the alanine aminotransferase (ALT) level of the observation group was signi#cantly lower than that of
the control group. However, TBIL levels and albumin (ALB) levels did not change signi#cantly between the two groups. Regarding
blood routine indexes, there were no signi#cant changes in creatinine (Cr) levels and platelet counts (PLT) in the two groups after
treatment, but hemoglobin (HGB) levels in the observation group were signi#cantly lower than those in the control group.
Conclusion. DPMAS combined with plasma exchange therapy can improve liver function, coagulation function, and blood routine
level of ACLF patients and increase the e$ective rate of treatment. It is an e$ective treatment for acute-on-chronic liver failure.

1. Introduction

Liver failure is a common clinical syndrome of severe liver
disease [1]. Among them, acute-on-chronic liver failure
(ACLF) is a common severe acute liver function damage
disease, which refers to clinical manifestations of acute
(usually within 4 weeks) liver function decompensation on
the basis of chronic liver disease, such as coagulopathy,
jaundice, hepatic encephalopathy, multiple organ failure,

and so on [2]. ACLF is the most common type of liver failure
in China. !e disease progresses very rapidly. Even after
active treatment, the mortality rate is still very high, with a
short-term mortality rate of 50% to 90% [3, 4]. Liver
transplantation is currently the only e$ective treatment for
ACLF, but due to the lack of a healthy liver source, liver
transplantation has not been widely used in clinical practice
[5]. Arti#cial liver support system (ALSS) has become the
current #rst-line clinical treatment method of ACLF due to
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Figure 7: Forest plot analysis of blood routine in patients with acute-on-chronic liver failure treated with DPMAS combined with PE. Forest
plot compares the changes of creatinine (Cr) levels (a), platelet count (PLT) levels (b), and hemoglobin (HGB) levels (c) in patients with
acute-on-chronic liver failure patients treated with DPMAS combined with PE.
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Figure 8: Continued.
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Abstract 
Background The release of toxic bile acids (BAs) in the blood of critically ill patients with cholestatic liver dysfunction 
might lead to the damage of various organs. Their extracorporeal elimination using the cytokine adsorber  Cytosorb® 
(CS) (adsorption of especially hydrophobic molecules < 60 kDa) might be promising, but data proving a potential 
adsorption are missing so far.

Methods The prospective Cyto-SOVLE study (NCT04913298) included 20 intensive care patients with cholestatic liver 
dysfunction, continuous kidney replacement therapy, total bilirubin concentration > 10 mg/dl and the application 
of CS into the dialysis circuit. Bilirubin and different BAs were measured pre- and post-CS at defined timepoints 
(10 min, 1, 3, 6, and 12 h after initiation). Relative reduction (RR, %) was calculated with: 
1 −

(

concentration(pre−post)
concentration(pre)

)

∗ 100.

Results The median RR for total and conjugated bilirubin after initiation was − 31.8% and − 30.3%, respectively, 
and decreased to − 4.5% and − 4.8% after 6 h. A high initial RR was observed for the toxic BAs GCA (− 97.4%), TCA 
(− 94.9%), GCDCA (− 82.5%), and TCDCA (− 86.0%), decreasing after 6 h to − 32.9%, − 32.7%, − 12.8%, and − 14.3%, 
respectively. The protective hydrophilic BAs showed a comparable RR after initiation (UDCA: − 77.7%, GUDCA: 
− 83.0%, TUDCA: − 91.3%) dropping after 6 h to − 7.4%, − 8.5%, and − 12.5%, respectively.

Conclusions Cytosorb® can adsorb bilirubin and toxic as well as protective BAs. However, a fast satura-
tion of the adsorber resulting in a rapid decrease of the RR was observed. Furthermore, no relevant difference 
between hydrophobic toxic and hydrophilic protective BAs was detected regarding the adsorption amount. The clini-
cal benefit or harm of the BA adsorption needs to be evaluated in the future.
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Introduction
While primary acute liver failure is a rare clinical entity 
in critical care, secondary acquired liver dysfunction is 
commonly found in critically ill intensive care unit (ICU) 
patients [1]. !e causes vary, whereby hypoxia, inflam-
mation, or toxic side effects are the most common trig-
gers [2]. !e manifestation may be as primary cholestatic 
or hypoxemic liver function impairment that both have 
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6  h. No significant reduction was observed after 12  h 
(GUDCA: p = 0.35, TUDCA: p = 0.15). "e median RR 
for GUDCA and TUDCA after 10 min were − 83.0% and 

− 91.3% both dropping to − 8.5 and − 12.5 after 6 h. "e 
results of all protective BA concentrations can be found 
in Additional file 1: Table S3a–c. Figure 2 illustrates the 

Fig. 1 Relative reduction (%) of toxic bile acids with  Cytosorb®. D1: 10 min after initiation of  Cytosorb®, D2: 1 h after initiation of  Cytosorb®, D3: 3 h 
after initiation of  Cytosorb®, D4: 6 h after initiation of  Cytosorb®, D5: 12 h after initiation of  Cytosorb®, blue boxplots represent the relative reduction 
of GCA, orange ones of TCA, grey ones of GCDCA, and yellow ones of TCDCA. The boxes of the boxplots represent the interquartile range (IQR) 
and the line the median. Whiskers were limited to 1.5 times the IQR. The cross represents the mean

Fig. 2 Relative reduction (%) of protective bile acids with  Cytosorb®. D1: 10 min after initiation of  Cytosorb®, D2: 1 h after initiation of  Cytosorb®, 
D3: 3 h after initiation of  Cytosorb®, D4: 6 h after initiation of  Cytosorb®, D5: 12 h after initiation of  Cytosorb®, blue boxplots represent the relative 
reduction of UDCA, orange ones of GUDCA, and grey ones of TUDCA. The boxes of the boxplots represent the interquartile range (IQR) and the line 
the median. Whiskers were limited to 1.5 times the IQR. The cross represents the mean

6 h
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Fig. 1 Relative reduction (%) of toxic bile acids with  Cytosorb®. D1: 10 min after initiation of  Cytosorb®, D2: 1 h after initiation of  Cytosorb®, D3: 3 h 
after initiation of  Cytosorb®, D4: 6 h after initiation of  Cytosorb®, D5: 12 h after initiation of  Cytosorb®, blue boxplots represent the relative reduction 
of GCA, orange ones of TCA, grey ones of GCDCA, and yellow ones of TCDCA. The boxes of the boxplots represent the interquartile range (IQR) 
and the line the median. Whiskers were limited to 1.5 times the IQR. The cross represents the mean

Fig. 2 Relative reduction (%) of protective bile acids with  Cytosorb®. D1: 10 min after initiation of  Cytosorb®, D2: 1 h after initiation of  Cytosorb®, 
D3: 3 h after initiation of  Cytosorb®, D4: 6 h after initiation of  Cytosorb®, D5: 12 h after initiation of  Cytosorb®, blue boxplots represent the relative 
reduction of UDCA, orange ones of GUDCA, and grey ones of TUDCA. The boxes of the boxplots represent the interquartile range (IQR) and the line 
the median. Whiskers were limited to 1.5 times the IQR. The cross represents the mean
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Figure 1 Time and decision for liver transplantation in acute liver failure patients. There appears to be a very limited optimal window of opportunity 
for liver transplantation (LT) in acute liver failure patients. In the event of too early LT, the patients who would otherwise have survived with medical treatment would 
be subject to needless transplantation. In the case of a very delayed decision, the patient may become too sick for LT, resulting in a potentially preventable death. For 
better results, serial assessment of prognostic models with early applicability is needed along with the expedited donor evaluation. LT: Liver transplantation.

which a decision should be made. Criteria for LT should also take into account the 
waiting time, and once the graft is available, indication for LT should be reassessed in 
real-time. Another concern is the absence of well-defined delisting criteria while 
patients are on the waiting list. It is not clear what degree of clinical deterioration 
predicts LT futility in order to abandon a scheduled LT.

ETHICAL ISSUES
LT in ALF patients is associated with many ethical dilemmas. A pre-operative 
psychosocial assessment is a critical problem in ALF patients due to the presence of 
HE. In certain ALF patients, such as those with a history of acetaminophen overdose, 
alcohol abuse, or suicide attempts, such evaluation is necessary because there may be 
some risk of underlying psychological issues in them. In addition, knowledge of 
patients’ financial and social support prior to LT is important. It can be difficult to 
predict compliance with post-LT treatment without a proper psychosocial assessment. 
The urgency of transplantation in ALF patients can result in the selection of unsuitable 
liver donors, and in the case of a living donor LT (LDLT), the fear of imminent death 
of the patient can easily influence the donor who is usually a close relative. A number 
of complications, such as biliary leaks, pleural effusion, bacterial infections, 
neuropraxia, incisional hernia, and venous thrombosis, are associated with donor 
hepatectomy[59-61]. Accordingly, the risk to the donor must be justified by the reci-
pient’s chance of recovery.

POST-TRANSPLANT OUTCOMES
The post-LT survival rates of ALF patients have improved over the last three decades. 
The 1- and 5-year post-LT survival rates are 79% and 72% in Europe and 84% and 73% 
in the United States, respectively[6,62]. In a recent study based on 30-year single-center 
experience from Sweden, the 1-year, 5-year, 10-year, and 20-year post-LT survival 
rates in ALF patients were 71%, 63%, 52%, and 40%, respectively[63]. Between 2000 
and 2014, the survival rates were even better (1 year-82%, 5 years-76%, and 10 years-
71%).However, 1-year post-LT survival rate is still approximately 10% lower for ALF 
patients than for other transplanted non-ALF patients[6,62-64]. There is an increased 
risk of complications and mortality during the early post-operative period for 
transplanted ALF patients. Infections remain the commonest cause of early mortality 
after LT. Multiple factors affect the outcomes of patients transplanted for ALF 
(Table 3). Among the causes of ALF, the best post-LT results are seen in Wilson disease 
whereas the worst results are seen in cases of drug-induced or autoimmune ALF[56,
65]. The prognosis of AALF is very distinct as survival with medical treatment is now 
approaching that of LT, creating a therapeutic dilemma in the management of such 
patients[66]. The age of the recipient has an important influence on the outcome of LT 
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