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Abstract: Critical clinical forms of COVID-19 infection often include Acute Kidney Injury (AKI),
requiring kidney replacement therapy (KRT) in up to 20% of patients, further worsening the outcome
of the disease. No specific medical therapies are available for the treatment of COVID-19, while
supportive care remains the standard treatment with the control of systemic inflammation playing a
pivotal role, avoiding the disease progression and improving organ function. Extracorporeal blood
purification (EBP) has been proposed for cytokines removal in sepsis and could be beneficial in
COVID-19, preventing the cytokines release syndrome (CRS) and providing Extra-corporeal organ
support (ECOS) in critical patients. Different EBP procedures for COVID-19 patients have been
proposed including hemoperfusion (HP) on sorbent, continuous kidney replacement therapy (CRRT)
with adsorbing capacity, or the use of high cut-off (HCO) membranes. Depending on the local
experience, the multidisciplinary capabilities, the hardware, and the available devices, EBP can be
combined sequentially or in parallel. The purpose of this paper is to illustrate how to perform EBPs,
providing practical support to extracorporeal therapies in COVID-19 patients with AKI.

Keywords: acute kidney injury (AKI); kidney replacement therapy (KRT); extra-corporeal organ
support (ECOS); continuous kidney replacement therapy (CRRT); COVID-19; SARS-CoV-2; high
cut-off (HCO) membranes; hemoperfusion (HP); cytokines release syndrome (CRS); extracorporeal
membrane oxygenation (ECMO)

1. Introduction

On 11 February 2020, the WHO announced a new and complex disease caused by
a new Coronavirus (CoV), the SARS-CoV-2 [1], and its infection named “COVID-19”,
which soon resulted in a pandemic for its very high diffusion capacity [2]. Currently, the
emergence of variants of the virus continues to fuel the infection in the world population,
highlighting the problem of population immunization and reinfection. Symptomatic and
asymptomatic individuals may contribute to up 80% of COVID-19 transmission in the
general population, challenging the health systems of all countries to an unsustainable long-
term use of human, logistic, and economic resources. The need to rationalize resources
is vital to ensure the best treatment in COVID-19. The pathogenesis of SARS-CoV-2
pneumonia produces an excessive immune-reaction depending on the host, determining in
some cases a cytokines release syndrome (CRS) followed by extensive tissue damage and
dysfunctional coagulation, as documented since the first disease reports [3,4]. The term
“MicroCLOTS” (microvascular COVID-19 lung vessels obstructive thrombo-inflammatory
syndrome) also well describes the lung viral injury [5].
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In details, activated leukocytes produce IL-6 that acts on a large number of cells and
tissues, stimulating the production of acute phase proteins with a proinflammatory effect.
Recently, the role of endotoxin, both as a component of superinfections and as a result
of translocation from the gastrointestinal tract injured by the virus, has been postulated.
From these it is clear how the COVID-19 inflammation is complex [6,7], involving all
organs. The COVID-19 clinical spectrum varies from asymptomatic forms to respiratory
failure needing mechanical ventilation in intensive care units (ICU), to multiorgan and
systemic manifestations such as sepsis and septic shock for concomitant superinfections
during hospitalization [8,9]. During multiple organ dysfunction syndromes (MODS), acute
kidney injury (AKI) is emerging, worsening patients’ outcomes. AKI ranges from mild
proteinuria [10] to acute progressive forms and represents a marker of MODS and disease
severity, requiring kidney replacement therapy (KRT) in up to 20% of patients, confirming
the relationship between alveolar and renal tubular damage in acute respiratory distress
syndrome (ARDS) [11] due to organ cross-talk. In COVID-19, the possible use of cytokine
removal techniques [12] appears to be useful in selected cases. Therefore, in AKI, the extra-
corporeal purification therapy, for both renal purification and cytokine removal, results in
being highly effective [13], while the use of extra-corporeal membrane oxygenation (ECMO),
invasive mechanical ventilation and continuous kidney replacement therapy (CRRT) could
also contribute to cytokine generation, causing further inflammation that is deleterious to
these patients. In this setting, it is very important to investigate the early AKI detection
via specific markers of kidney injury [14–17] to treat patients early; prevent further AKI;
and control the volume overload that may deteriorate pulmonary gas exchange, requiring
mechanical ventilation. To date, there is no specific antiviral treatment and monoclonal an-
tibodies recommended for COVID-19, consequently the medical treatment is symptomatic,
and oxygen therapy represents the first step for addressing respiratory impairment. Of par-
ticular note for the antiviral use is that remdesivir use in COVID-19 excluded patients with
stage 4 CKD or those requiring dialysis (i.e., eGFR < 30 mL/min/1.73 m2). Non-invasive
(NIV) and invasive mechanical ventilation (IMV) may be necessary in cases of respiratory
failure refractory to oxygen therapy [18]. At the moment, the therapeutic strategies are only
supportive and directed to systemic inflammation reduction to stabilize organ function
and reduce the requests for intensive cares to save ICU resources [19]. Extracorporeal
blood purification therapies (EBP) have also been proposed as useful approaches to remove
cytokines in patients with sepsis [20] and could potentially be beneficial in COVID-19 [21],
preventing CRS-induced organ damage [22]. COVID-19 patients, in fact, develop severe
forms of MODS that may not be adequately supported only by pharmacologic therapies,
and EBP can have a potential role in the so called extra-corporeal organ support (ECOS) [23].
In case of single organ failure, heart, lungs, kidneys, and liver can be partially replaced or
at least sustained using specific extracorporeal devices. This support can be also provided
in a more complex setting of multiple organs failure using combined or sequential EBP. A
single form of ECOS may be required, but multiple organ support therapy (MOST) [24] is
currently a feasible approach with the combination of EBPs to provide a personalized ECOS.
In critical patients, it is recognized that severe renal dysfunction is a typical syndrome
requiring kidney replacement therapy (KRT) and during MODS, ECOS is not seen as an
extraordinary or particularly aggressive technique, although the perceived complexity
depends on local resources, experience, and the possibility to provide a multidisciplinary
approach. Much of the current experience on MOST has been gained upon the KRT con-
nected to ECOS. The evolution of KRT in CRRT combined or in sequential modality with
special devices can better support patients under ECMO, extracorporeal carbon dioxide
removal, or hemoperfusion (HP). In this view, physicians should be familiar with the
concept that EBP represents today an important strategy in critically ill patients, playing an
important role in the COVID-19 management. In EBP, HP, CRRT with adsorbing capacity,
or the use of high cut-off (HCO) membranes are effective therapies. Depending on the
local experience, it is possible to combine EBP sequentially or in parallel to provide ECOS
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according to clinical needs. This paper describes the most common EBPs in order to provide
effective support in their management.

2. The Extracorporeal Blood Purification (EBP)
2.1. Hemoperfusion (HP)

Hemoperfusion refers to the circulation of anticoagulated blood through an extracor-
poreal circuit with a disposable cartridge adsorbing specific molecules. The HP circuit is
simpler (Figure 1) than that used for hemodialysis but, due to a direct contact between
blood and sorbent, requires adequate anticoagulation and a biocompatible sorbent. In the
past, charcoal has been extensively used for its high adsorbing capacity, especially for rela-
tively hydrophobic and low molecular weight solutes retained in the case of kidney or liver
failure. Synthetic polymers have been made available with remarkable adsorption capacity
due to the widened pores on the granules surface with minor size exclusion impact [25].
These devices have demonstrated efficiency in removing poisons, bilirubin, cytokines,
and endotoxin. They are divided into selective (e.g., polymyxin B in hemoperfusion) and
non-selective types (e.g., CytoSorb) [26]. The selectivity may be important for treatment, as
non-selective cartridges cannot adsorb endotoxins for their cutoff point (~60 kDa) below
the endotoxin molecular weight (~100 kDa) [27]. In clinical practice, the HP can play an
important role in the treatment of patients suffering from initial CRS with no severe organ
damage. This approach could therefore limit the severity of organ damage, preventing
the progression from dysfunction to organ failure with the need for artificial organs use
such as mechanical ventilation, KRT, cardiac support devices, and ECMO. In this simple
configuration, it is possible to perform a single treatment to remove cytokines by HP using
devices such as CytoSorb, HA-330 cartridge, and Toraymyxin (Figure 1).
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Figure 1. Hemoperfusion (HP).

CytoSorb (CytoSorbents Corporation, Princenton, NJ, USA) is a developed polystyrene-
based hemoadsorber with non-selective capacity. It is composed of biocompatible porous
polymer beads in polystyrene divinylbenzene copolymer with a biocompatible
polyvinylpyrrolidone coating, which acts like tiny sponges removing substances from
whole blood based on pore capture and surface adsorption. Molecules ranging from 5 to
60 KDa can be trapped in the beads channels and pores and are permanently removed.
CytoSorb can be a solution to treat a cytokine storm and inflammation as cytokines and
inflammatory mediators fall within this size spectrum. Cytosorb is an option to support
and treat COVID-19 [23,28] in ICU with the objective of reducing the “cytokine storm” [29],
receiving the FDA Emergency Use Authorization on 10 April 2020. This device has been
routinely used in clinical practice in the EU for other conditions where an excess of cytokine
occurs. According to its absorptive characteristic, this device can also be integrated into a
bypass circuit in the ECMO or CRRT (combined therapy). The device duration is up to 24 h
and its efficacy is concentration dependent. The standard treatment protocol in COVID-19
involves performing HP using one device every 12 h on day 1, then one device for 24 h on
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day 2, and eventually an additional device for 24 h on day 3. The recommended blood flow
rate is 150–500 mL/min (maximum flow 700 mL/min) with a minimum of 100 mL/min.
It has to be highlighted that flow rates below 150 mL/min may be required due to the
catheter access limitations, but higher caution should be used with low flow rates due to
the increased potential for device clotting. Focal points of this treatment are the need for
anticoagulation with a recommended aPTT between 60 and 80 s (or ACT of 160–210 s) and
the treatment duration that requires the device to operate for at least 12 h with the goal of
24 h. In COVID-19 patients, a loading dose of heparin of 50–70 IU/kg and a maintenance
dose of 15–20 IU/kg/h should be evaluated according to the patient’s clinical condition and
bleeding risk. Patients undergoing ECMO should be anticoagulated according to standard
clinical practice for those procedures. Definitely, the blood flow can be set in wide range
(100–700 mL/min) according to the central venous catheter (CVC) performance and the
device use in HP alone or combined with other treatments (CRRT or ECMO). In order to
achieve an effective purification with all these modalities of blood purification, at least a
standard temporary 12 F double lumens CVC catheter for hemodialysis that can guarantee
a blood flow up to 300 mL/min is required.

Summarizing, critical points of this procedure are the patient’s blood coagulation state
and the maintenance of the patency of the extracorporeal circulation over time, despite the
problems linked with the vascular access and the need for pronation and supination of
ICU patients.

- The Jafron HA cartridge (Jafron Biomedical Company, Zhuhai, China) belongs to the
non-selective group of non-ionic styrene divinylbenzene copolymers and consists of
several types of cartridges (HA-130, HA-230, and HA-330). The cartridges contain
neutro-macroporous resin-adsorbing beads. The average diameter of the resin beads
is 0.8 mm, ranging from 0.6 to 1.18 mm. The pore size resin distribution determines
the range of molecules removal: 500 D–40 kD in HA130, 200–10 kD in HA230, and
500–60 kD in HA330, which has the possibility to remove endogenous and exogenous
materials: hydrophobic or protein-bound exogenous substances, cytokines, protein
bound uremic toxins, middle uremic toxins, free hemoglobin, and myoglobin [30]. The
removal of a wide spectrum of molecular weights is due to differences in resin pore size
that make them applicable in settings varying from reduction of uremic symptoms in
chronic hemodialysis (HA-130) and the treatment of paraquat and organophosphorus
poisoning (HA-230), to modulation of severe inflammatory syndrome (HA-330 and its
evolution HA-380) [31–34], allowing its use in COVID-19. The HP requires a blood
flow rate of 100–250 mL/min; the anticoagulation and the therapy duration is similar
to that required by CytoSorb (one device every 12 h in the first day, then 24 h in the
second and third day, even if other protocols of use are described) [21,31,35]. The
clinical experience with the Jafron HA cartridges is mainly limited to China and the
counterpart of HA-330/HA-380 is the equally non-selective extracorporeal cytokine
adsorber CytoSorb that is clinically available from 2011 and is currently approved for
the extracorporeal adsorption technique in Europe. The advantages and disadvantages
appear to be similar to those of other styrene divinylbenzene copolymers HP devices.

- Toraymyxin (Toray Industries Ltd., Tokyo, Japan) is an extracorporeal hemoperfusion
cartridge designed to remove blood endotoxin and is indicated for patients with
sepsis or septic shock caused by suspected Gram-negative bacterial infection or en-
dotoxemia. This device is composed of polymyxin B-immobilized on polystyrene
derivative fibers [36]. Polymyxin B is able to bind endotoxins selectively. In the device,
Polymyxin B is covalently bound to the fibers, preserving them from systemic toxic ef-
fects. More than 150,000 patients treated with this innovative therapy demonstrate the
safety and effectiveness of Polymyxin B hemoperfusion therapy. With an endotoxin
removal capacity of 640,000 endotoxin units, the high affinity binding may remove
up to 90% of circulating endotoxin after two hemoperfusion treatments (2 h of HP
treatment repeated after 24 h) [37]. Although Polymyxyn-B Hemoperfusion (PMX-HP)
therapy was designed to adsorb endotoxins [38], other mechanisms of immunomodu-
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lation have been demonstrated resulting from the direct adsorption of inflammatory
mediators, cytokines, and the activated monocytes and neutrophils apheresis [39]
with positive impact on sepsis [35,40]. On 14 April 2020, the FDA (US Food and Drug
Administration) and Health Canada approved Toraymyxin to treat COVID-19 patients
suffering from septic shock. Toraymyxin has successfully been used for treatment in
COVID-19 patients in the USA, Japan, and Italy. Toraymyxin can neutralize an endo-
toxin and remove activated immune cell by apheresis decreasing the CRS, improving
lung function, and facilitating the weaning from ventilator in patients who developed
severe ARDS. The recommended protocol for HP is one session of HP of 2 h (Blood
flow of 100 mL/min, maximum blood flow 120 mL/min) repeated after 24 h. Focal
points of this treatment are the need for anticoagulation with a desired aPTT between
60 and 80 s and the duration of the treatment that requires the device to operate for 2 h
with a reduced risk of bleeding compared to a treatment that lasted for 24 h. Moreover,
a 2 h HP treatment per day allows to schedule the therapy and avoid dysfunctions
of the extracorporeal circulation due to patients’ position (pronation and supination)
or the CVC dysfunctions by the patient’s displacement. Critical points are patient’s
blood coagulation and the maintenance of the extracorporeal circulation patency over
time despite the vascular access problems and the need for patients’ pronation and
supination. Compared to more prolonged treatments requiring anticoagulation, the
anticoagulation window is only 2 h for 2 consecutive days, allowing for Toraymyxin
use even in patients with a relative bleeding risk.

2.2. The High and Middle Cut-Off Filter for Hemodialysis

When the patient’s inflammatory state determines a worsening in the clinical con-
ditions with MOFS, EBP can be addressed in a combined way to remove cytokines and
provide KRT reaching both cytokine removal and renal replacement. The use of medium
cut-off (MCO) or high cut-off membranes (HCO) in diffusion is simple and easy to perform.
HCO filters allow cytokines and other inflammatory factors to be removed [41], ensuring at
the same time the renal purification [42]. MCO filters provide a lower removal spectrum of
higher molecular weight molecules so that during CRS it is preferable using HCO devices
only that appear to have relevance for the removal of cytokines and inflammatory media-
tors also during AKI requiring KRT. Due to their high cut-off, these filters should be used
in diffusive modality only, while convection (hemofiltration or hemodiafiltration) could
cause a clinically significant albumin loss [43]. These filters can be used in continuous diffu-
sive modality with a regional citrate anticoagulation (RCA) performing the so called high
cut-off-continuous veno-venous hemodialysis in regional citrate anticoagulation (HCO-
CVVHD-RCA, Figure 2). A protocol for the Septex set use in HCO-CVVHD-RCA was
reported [43] with a positive impact both on the clinical conditions of COVID-19 patients
and circuit patency for the entire life of the device (72 h). The possibility of using concen-
trate citrate solution (4% trisodium citrate) as anticoagulation makes HCO-CVVHD-RCA
easy to perform, allowing lower blood flows (90–100 mL/min) and decreasing the number
of alarms and circuit clotting due to CVC dysfunctions or patient’s mobilization for the
prono-supination.

- Septex (Baxter, Round Lake, IL, USA) is a high cut-off filter with a polyarylethersulfone
membrane of 1.1 m2 for the use in CVVD (continuous veno-venous hemodialysis).
According to its characteristics, Septex can be used in RCA with 4% citrate solution
to decrease the pre-blood pump infusion, limiting convection to less than 200 mL/h
to avoid significant albumin losses as the device allows a maximal convection of
500 mL/h. The resulting HC-CVVHD-RCA treatment is able to remove cytokines and
inflammatory mediators and provide a renal replacement therapy by diffusion the
ensuring circuit and filter patency even at low blood flows (80–120 mL/min) until 72 h,
which is the device expiration, as per the manufacturer’s instructions [44]. The use of
sodium citrate does not expose the patient to any risk of bleeding as anticoagulation
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is limited at the extracorporeal circuit where it determines an antinflammatory effect
on the circuit and membrane surface [45].

- Emic-2 (Fresenius Medical Care, Bad Homburg, Germany), is a high cut-off filter
with Fresenius polysulfone membrane of 1.8 m2. This device is used in CVVHD.
Anticoagulation can be performed in RCA with high citrate concentration solution. In
this technique, the required blood flow for purification is lower, thus it may be set low
enough (100–200 mL/min) to prevent extracorporeal circulation malfunction in the
case of CVC dysfunction, not allowing higher blood flow or sometimes inadequate
blood flow due to patient mobilization.
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With HCO-CVVHD-RCA, both Septex and EMIC-2 are used in CVVHD, while they are
excluded from the use in continuous veno-venous hemofiltration (CVVH) due to possible
albumin losses. In fact, with a filter with MCO or HCO, in the presence of convective
therapies, such as CVVH and CVVHDF, the convective flow can cause a significant loss of
albumin for its entrainment through the pores of these membranes, while this fact is not
present in diffusive treatments such as CVVHD also using MCO or HCO. Furthermore, the
CVVHD treatments has low filtration fractions (FF), as it is based on diffusion, only allowing
the use of relatively low blood flows while ensuring the septic depurative dose [46]. Low
FF together with sodium citrate anticoagulation results in the lowest risk of clotting. In
case of unavailability of these devices to treat AKI and CRS simultaneously, it is possible to
provide CRRT with standard membranes to which, according to the technical specifications
of the CRRT monitor, the HP can be combined in series (HP + CRRT), or sequentially (HP
→ CRRT), (Figure 3); if strictly necessary, it is possible to perform the HP and CRRT also in
parallel using two distinct vascular accesses (Figure 4).
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2.3. The Membrane Adsorption

Further evolution of CRRT treatment involves the use of membranes able to remove
cytokines and endotoxins. These treatments, operated by devices with a membrane char-
acterized by surface adsorbing capacity, can be effective in the treatment of COVID-19
patients with a high blood level of endotoxin for superinfections [7] or for its translocation
from the gastrointestinal tract [6,47], which is not otherwise removed with other standard
devices for CRRT. The advantage of this technology concerns the possibility of providing
a KRT removing at the same time cytokines and endotoxin; therefore, these types of de-
vices (CRRT filter with a specific membrane) are addressed to AKI patients in which it is
necessary to also treat CRS and sepsis. In fact, the possibility of combining CRRT with the
removal of endotoxin plays a crucial role in the treatment of AKI COVID-19 patients, in
particular when it is not possible to provide HP treatments for endotoxin.

- oXiris (Baxter, Round Lake, IL, USA) is a filter in an AN69-based membrane with
a treated surface. In detail, the membrane is composed of acrylonitrile and sodium
methallyl-sulfonate-copolymer and as a surface treatment agent polyethyleneImine
(PEI) and heparin. This device is intended for use in CVVH, CVVHD, and CVVHDF
(continuous veno-venous hemodiafiltration), with or without heparin use, but it can be
also used in RCA. This latest Acrylonitrile-69 (AN69-based generation) filter presents
unique features as, due to the high concentration of PEI in the inner membrane surface,
it presents an increased potential to adsorb endotoxins from the blood and, in addi-
tion, the immobilized heparin on the membrane surface gives an anti-thrombogenic
property [48]. Due to these characteristics, this filter has been shown to adsorb endo-
toxin and cytokines [49,50]. EBP with this device showed to be effective with no ad-
verse events on serum IL-6 level reduction, attenuation of systemic inflammation, mul-
tiorgan dysfunction improvement, and reduction in ICU mortality rate [48]. In vitro,
oXiris displayed a similar adsorption effect for endotoxins of those by Toraymyxin
and CytoSorb for the removal of most cytokines and other inflammatory
mediators [51]. Early CRRT initiation with this filter in critically ill COVID-19 [48]
patients provided a decline in inflammatory markers and prevented multi-organ dys-
function from “cytokine storm” [52]. The versatility of this device allows to prescribe
the most indicated CRRT treatment (CVVH, CVVHD, and CVVHDF) to choose the
anticoagulation modality according to patient’s bleeding risk and to reach the depu-
rative dose based on the patient’s body weight and clinical need. In order to keep
the adsorbing capacity higher, it is recommended to replace the device every 24 h
to overcome the limitation of membrane surface saturation over time. Advantages
of this device are the possibility of having KRT and the endotoxin and cytokines re-
moval simultaneously. The chance of using sodium citrate as an anticoagulant allows
to minimize the device clotting. Disadvantages are the presence of heparin on the
device membrane, which contraindicates its use in patients with heparin-induced
thrombocytopenia (HIT) type II [53]. Moreover, despite the RCA, the high FF required
by some CVVH treatments such as in heavy weight patients and CVC dysfunction,
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could lead to coagulation of the device, as in the case of reduced blood flows due to
CVC dysfunctions or patient mobilization.

Regarding the role of CRRT with standard filters, they provide KRT, and consequently
an indirect organ support by treating the fluid overload and compensating the electrolyte
and acid-base balance. As described for oXiris, special filters with high absorptive capacity
allow to treat the patient’s inflammatory state, also reducing endotoxin levels, but their use
is not always available in all ICUs. Valid alternatives are filters which, although classically
addressed to renal purification, can play a minor role in purifying from cytokines and
other inflammation factors. The final efficacy of these devices is certainly lower than those
primarily addressed to cytokines removal, but they can be a valid support in those care
settings where it is not possible to provide combined, sequential, or single treatments with
specific devices for economic and human resources reasons.

2.4. The Polyacrylonitrile and Polymethyl-Methacrylate Membranes

The use of filters in polyacrylonitrile (PAN) or polymethyl-methacrylate (PMMA) can
enhance the cytokines removal by adsorption [54,55]. In particular, AN69 surface-treated
membrane (AN69ST) is a derivative of AN69 (native AN69) [56] prepared by the surface
treatment with polyethyleneimine (PEI). AN69 membrane adsorbs cytokines via ionic
binding between its sulfonate group and the amino group on the cytokine molecules surface;
in addition, its hydrogel structure allows the adsorption to this membrane within the bulk
layer, thereby exhibiting a high adsorption capacity more than polysulfone membranes [57].
The CRRT use, only apparently and reductively aimed to the renal replacement therapy, if
administered with these membranes [26], can be considered as a broader treatment to treat
COVID-19 patients with AKI and CRS, although with more limited adsorption. In general,
for all devices, the timing and the renal dose for CRRT to treat AKI should be according
to KDIGO guidelines [58]. Furthermore, given the peculiarity of COVID-19 patients, the
depurative dose administered should be guaranteed at least at 35 mL/kg/h as there is no
evidence that higher doses may have an impact on survival [46]. In Table 1, all devices for
EBP are shown for comparison.
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Table 1. EBPs comparison.

Device Manufacturer Composition Device Type Specificity If
Removal

Target in
COVID-19 Treatment Type Blood Flow

(mL/min) Anticoagulation Duration of Single
Device

Use with Other
Treatment

CytoSorb
CytoSorbents
Corporation,

Princenton, NJ, USA

beads in polystyrene
divinylbenzene copolymer with

a biocompatible
polyvinylpyrrolidone coating

hemoadsorber non-selective
capacity

cytokines and
inflammatory

mediators
HP

150–500 mL/min
(maximum flow

700 mL/min) with a
minimum of
100 mL/min

Heparin; aPTT
between 60 and 80 s

(or ACT of
160–210 s)

24 h CRRT/ECMO

HA-330
Jafron Biomedical
Company, Zhuhai,

China

neutro-macroporous resin
adsorbing beads in non-ionic

styrene divinylbenzene
copolymers

hemoadsorber non-selective
capacity

hydrophobic or
protein-bound

exogenous
substances,
cytokines,

protein-bound
uremic toxins,
middle uremic

toxins, free
hemoglobin, and

myoglobin

HP 100–250 mL/min

Heparin; desired
aPTT between 60

and 80 s (or ACT of
160–210 s)

24 h CRRT/ECMO

Toraymyxin Toray Industries
Ltd., Tokyo, Japan

polymyxin B-immobilized on
polystyrene derivative fibers hemoadsorber selective capacity

endotoxin (direct
adsorption of
inflammatory

mediators,
cytokines, and the

activated monocytes
and neutrophils

apheresis)

HP 100–120 mL/min
Heparin; desired
aPTT between 60

and 80 s
2 h -

Septex Baxter, Round Lake,
IL, USA

polyarylethersulfone membrane
of 1.1 m2

High Cut-Off filter
for CVVHD

non-selective
capacity

cytokines and
inflammatory

mediators

CVVHD in RCA or
with Heparin 80–200 mL/min Trisodium citrate or

heparin 72 h -

Emic-2
Fresenius Medical

Care, Bad Homburg,
Germany

polysulfone membrane of 1.8 m2 High Cut-Off filter
for CVVHD

non-selective
capacity

cytokines and
inflammatory

mediators

CVVHD in RCA or
with Heparin 100–200 mL/min Trisodium citrate or

heparin 72 h -

oXiris Baxter, Round Lake,
IL, USA

acrylonitrile and sodium
methallyl-sulfonate-copolymer
and as surface treatment agent
polyethyleneImine (PEI) and

heparin

Filter for all CRRT non-selective
capacity

endotoxins,
cytokines, and
inflammatory

mediators

CRRT in RCA or
with Heparin

80–200 mL/min in
RCA Trisodium citrate or

heparin 72 h -

120–200 mL/min
with Heparin
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3. Discussion

There is currently no specific therapy for SARS-CoV-2 infection universally recognized
and standardized. The adopted treatments and the results on the efficacy of their protocols
are not yet fully available. The variability of the inflammatory state severity induced by
SARS-CoV-2 determines a broad spectrum of disease ranging from asymptomatic to severe
forms of MOFS requiring EBP. Nowadays, ECOS is not seen as an extraordinary or particu-
larly aggressive technique in MODS patients in ICU, although the perceived complexity
depends on local resources, experience, and the possibility to provide a multidisciplinary
approach to the patients. The lack of knowledge in the field of blood purification and
the fear in the management of extracorporeal circulation could lead to a lack of use of
EBP, especially in those clinical settings with less experience in the extracorporeal blood
circulation and circuit anticoagulation. In our experience, the more the multidisciplinary
team is prone to perform EBPs, the more treatments are performed safely thanks to the
experience gained and the introduction of management protocols. The possibility to use
specific extracorporeal purification devices for the removal of cytokines, inflammatory
mediators, endotoxins, and for the renal replacement therapy allows to support COVID-19
patients with one or multiple EBP [59] to reach ECOS [20] to integrate with the medical
therapy and the ICU (Figure 5). According to the patient’s clinical condition, treating
physicians can apply a tailored EBP configuration, regularly assessing the patient for CRS,
AKI, and MOFS that can require devices such as ECMO or ECCO2-R.
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The SARS-CoV-2 pathogenesis is based on systemic inflammation with organs damage,
thus it seems useful to monitor patients for organ dysfunction to treat with EBP to reduce
systemic inflammation [36] before the organ failure [23,48]. In MODS, the application of
EBP may lead to clinical stabilization, avoiding progression towards MOFS. The treatment
type is based on the presence or absence of MODS and the local experience in providing
these treatments. In the case of the presence of inflammation with organ damage, it
appears effective to initiate HP to reduce the inflammation [59]. Also, in the presence of
AKI, a sequential HP treatment followed by CRRT (sequential approach) or a combined
HP treatment integrated into the CRRT circuit (combined approach) could be considered
(Figure 3) to treat AKI and CRS. According to our experience, the possibility to use a
sequential approach is safer in the setting with lower experience and few personnel, as the
caregivers can focus on the single treatment providing the best effectiveness and safety
in terms of purification and circuit patency. The combined approach for its complexity
requires personnel with experience and advanced technical skills for the management
of the integrated devices, the circuits patency, and the technical problems inherent in
the treatment combinations (Figure 3b). We propose a COVID-19 patient algorithm to
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guide the treating physician in the choice of the treatment(s) in the most common COVID-
19 clinical settings of AKI and/or CRS (Figure 6). COVID-19 patients are complex and
subject to rapid clinical evolution due to the organs injury; in fluid overload, CRRT can
be initiated to support the lungs, to improve the pulmonary gas exchanges and heart
function, achieving the best hydration status [60]. In this case, the choice of performing
CRRT with absorptive filters for cytokines and endotoxin can be useful for the CRS control.
Also, in this case, CRRT can be combined with or follow an HP treatment (Figure 3).
As previously reported, different devices for HP require different treatment durations:
to remove cytokines, CytoSorb/HA330-380 provide a continuous treatment of 24 h a
day for at least 2 or 3 days, exposing the patient to a system bleeding risk due to the
anticoagulation; while, to remove endotoxins, Toraymyxin for 2 h a day per 2 days exposes
the patient to a reduced bleeding risk for a time window of 2 h only. As regards the
clotting risk of these devices, Cytosorb/HA330-380 are more affected by an improper
state of patient’s anticoagulation, as a treatment time of at least 12–24 h is required, while
Toraymyxin requires a narrow anticoagulation window of 2 h that allows the patient to be
anticoagulated, reducing the risk of bleeding over time. If ECMO is indicated, it is possible
to further customize EBP by integrating the HP device in the ECMO circuit (CytoSorb)
(combined treatment) [61,62]; while in the case of endotoxin removal it is possible to
perform HP with Toraymyxin, in parallel exploiting the systemic anticoagulation required
by the ECMO. If AKI is also present in a patient under ECMO, the EBP treatment can
include CRRT combined to HP to remove cytokines (CRRT + HP with CytoSorb), or HP
followed by CRRT (HP with CytoSorb followed by CRRT). In case of needing to remove an
endotoxin, Toraymyxin can be provided before CRRT. The CRRT application with a device
with absorptive capacity for cytokines, inflammatory factors, and endotoxins should also
be considered, but given the rapid device saturation, it has to be replaced at least every 24 h.
This treatment is simple and requires limited personnel experience, allowing to be safely
provided even in ICU settings in which EBPs are rarely performed. In our experience, in
the event of high bleeding risk with contraindicated systemic anticoagulation, the use of
devices such as Cytosorb and Toraymyxin is challenging due to the early device clotting
and the loss of treatment effectiveness. In these clinical situations, a filter with absorptive
capacity, such as oXiris, in CRRT, can be used in RCA.
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ECCO2-R [63] is another EBP available for the COVID-19 management that allows
to treat hypercapnic patients with a less complex hardware than ECMO and, therefore, is
usable in settings with less experience or a limited multidisciplinary approach.
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In the case of malfunctioning CVCs or the need for regular patient mobilization, the
need for reduced blood flows (100–120 mL/min) requires to re-evaluate the applicable EBPs
to maximize their effectiveness and reduce the risk of coagulation of the devices. According
to our experience, it is necessary to evaluate the maximum blood flow obtainable from
the vascular access before deciding which EBP to use, as low blood flows are exposed to a
higher risk of coagulation and reduced effectiveness of EBP.

In order to conciliate the reduction of blood flow and the achievement of treatment
efficacy with a minimum risk of circuit clotting, the HCO-CVVHD-RCA can be used as the
high cut-off filter is used in diffusive modality with low FF, allowing the use of relatively
low blood flows, ensuring an appropriate depurative dose in the case of CVC dysfunctions
and during patient’s mobilization. The HCO-CVVHD-RCA determines a loco-regional
anticoagulation that does not alter the patient’s systemic circulation, exposing him to the
bleeding risk as in the technique that requires the use of heparin or low molecular weight
heparin. Finally, the low FF, the low blood flow, and the sodium citrate anticoagulation
result in the lowest clotting risk. All these elements determine a longer circuit patency, a
minor number of circuit alarms requiring maintenance, lower volume of hemodiafiltration
fluids for the blood purification, fewer staff interventions for changing fluid bags, and
finally reduced workload that is very useful in the case of lack of human resources [44].

The EBP technology can easily provide sequential or combined treatments of HP and
CRRT if needed to remove endotoxin, cytokines, and inflammatory mediators, and simul-
taneously to treat AKI. A valid alternative to the use of specific CRRT adsorptive device
could also be the use of standard filters for CRRT with less adsorbing capacity but always
in regional citrate anticoagulation to maintain their patency over time. In this case, given
the lower adsorptive capacity of the membranes used (AN69, Polysolfone, PMMA), high-
volume CVVH allows for an increased removal of cytokines and inflammatory factors [64].
However, this convective treatment requires high volumes [65] of hemodiafiltration so-
lutions and certainly higher blood flows to keep the FF below 20–25% [66]. Moreover,
despite the RCA, the high FF required by some CVVH treatments (overall in patients
with body weight higher than 80–90 kg) could lead to device clotting, in particular in the
case of reduced blood flows due to CVC dysfunctions or patient mobilization. Therefore,
this approach could result in continuous alarms and early circuits and filter clotting with
increased workload and reduced depurative doses provided to patients.

Devices for ECCO2-R, according to their easy use in a similar HP modality, can be easily
used by personnel involved in the management of CRRT in ICU using the nephrologist’s
experience for the extracorporeal circulation management. Interestingly, a new device
(Seraph 100, Fresenius Medical Care Deutschland GmbH) is promising for the reduction
of pathogen SARS-CoV-2 by filtering it from the bloodstream in adjunction to the medical
therapy; this device can be used in the early phase of SARS-CoV-2 damage to reduce the
CRS and organs damage [67]; thanks to its characteristics, it can be used alone in HP or
combined in the CRRT to support AKI patients. The possibility of having such EBP and
organ support can be useful in supporting and treating COVID-19 patients [59].

Given the management complexity of EBPs and the need for specific knowledge
and experience in the field of extracorporeal circulation, a multidisciplinary approach is
required and the need to codify and regulate treatments by introducing protocols becomes
fundamental to minimize clinical risk, especially in the lack of human recourses requiring
untrained personnel use. The need to better understand the purifying characteristics of
such devices in terms of molecules removal requires standardization and future studies
to provide users with specific information and to confirm the device’s intended use and
the real effectiveness in these patients’ population. In critical clinical settings, such as the
COVID-19 ICUs, the continuous request for extra-corporeal treatments supervision should
not be underestimated in term of work overload, complexity of treatments, and safety [68].
In fact, parameters, such as the weight loss per hour, have to be entered continuously
into the device user interface by caregivers according to the dynamic clinical condition,
leading to increased risk of cross-contamination, use of personal protective equipment,



Biomedicines 2022, 10, 2017 13 of 16

and the need for stringent and demanding protocols. In the future, the possibility of the
remote control of these devices may decrease the frequency of unnecessary interventions
and reduce the risk of exposure for both patients and healthcare personnel [68].

4. Conclusions

The variability of SARS-CoV-2 infections depends on the patient’s inflammatory state
that determines a broad spectrum of diseases ranging from asymptomatic form to severe
MOFS requiring the use of artificial organs and EBP. It is clear that the ICU staff and treating
physicians should be familiar with the concept that EBP represents today an important
lifesaving strategy in the COVID-19 management. This is important not only in the single
patient treatment, but also to rationalize resources in the context of a global emergency. To
prevent patients from worsening allows to save resources for treating a greater number of
patients and reserving ICUs for the most critical patients. As a limitation, the techniques
described in this paper were tested for sepsis, but few results achieved seem encouraging.
Even if there are no standardized protocols, the familiarity and ability to perform EBP can
play an essential role in tailoring the appropriate EBP for COVID-19 patients in order to
design future randomized studies to analyze their efficacy and impact on patients’ outcome
and mortality. For now, these techniques can be configured as a valid extracorporeal
support in the critically ill patient affected by COVID-19, providing valid help in the
patient’s ICU treatment according to the local skills and experience.
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6. Belančić, A. Gut microbiome dysbiosis and endotoxemia–Additional pathophysiological explanation for increased COVID-19
severity in obesity. Obes. Med. 2020, 20, 100302. [CrossRef] [PubMed]

7. Giacobbe, D.R.; Battaglini, D.; Ball, L.; Brunetti, I.; Bruzzone, B.; Codda, G.; Crea, F.; De Maria, A.; Dentone, C.; Di Biagio, A.; et al.
Bloodstream infections in critically ill patients with COVID-19. Eur. J. Clin. Invest. 2020, 50, e13319. [CrossRef]

8. Garcia-Vidal, C.; Sanjuan, G.; Moreno-García, E.; Puerta-Alcalde, P.; Garcia-Pouton, N.; Chumbita, M.; Fernandez-Pittol, M.;
Pitart, C.; Inciarte, A.; Bodro, M.; et al. Incidence of co-infections and superinfections in hospitalized patients with COVID-19: A
retrospective cohort study. Clin. Microbiol. Infect. 2020, 27, 83–88. [CrossRef]

9. Fattorini, L.; Creti, R.; Palma, C.; Pantosti, A. Bacterial coinfections in COVID-19: An underestimated adversary. Ann. Dell’istituto
Super. Di Sanita 2020, 56, 359–364.

10. Cheng, Y.; Luo, R.; Wang, K.; Zhang, M.; Wang, Z.; Dong, L.; Li, J.; Yao, Y.; Ge, S.; Xu, G. Kidney disease is associated with
in-hospital death of patients with COVID-19. Kidney Int. 2020, 97, 829–838. [CrossRef]

http://doi.org/10.1016/j.idc.2019.07.001
http://www.ncbi.nlm.nih.gov/pubmed/31668196
http://doi.org/10.1001/jama.2020.2648
http://doi.org/10.1001/jamainternmed.2020.0994
http://doi.org/10.1016/S0140-6736(20)30183-5
http://doi.org/10.51893/2020.2.pov2
http://www.ncbi.nlm.nih.gov/pubmed/32294809
http://doi.org/10.1016/j.obmed.2020.100302
http://www.ncbi.nlm.nih.gov/pubmed/32984641
http://doi.org/10.1111/eci.13319
http://doi.org/10.1016/j.cmi.2020.07.041
http://doi.org/10.1016/j.kint.2020.03.005


Biomedicines 2022, 10, 2017 14 of 16

11. Panitchote, A.; Mehkri, O.; Hastings, A.; Hanane, T.; Demirjian, S.; Torbic, H.; Mireles-Cabodevila, E.; Krishnan, S.; Duggal, A.
Correction to: Factors associated with acute kidney injury in acute respiratory distress syndrome. Ann. Intensive Care 2019, 9, 84.
[CrossRef] [PubMed]

12. Ronco, C.; Reis, T.; Husain-Syed, F. Management of acute kidney injury in patients with COVID-19. Lancet Respir. Med. 2020, 8,
738–742. [CrossRef]

13. Nalesso, F.; Ricci, Z.; Ronco, C. Management of acute renal dysfunction in sepsis. Curr. Infect. Dis. Rep. 2012, 14, 462–473.
[CrossRef] [PubMed]

14. Di Leo, L.; Nalesso, F.; Garzotto, F.; Xie, Y.; Yang, B.; Virzì, G.M.; Passannante, A.; Bonato, R.; Carta, M.; Giavarina, D.; et al.
Predicting Acute Kidney Injury in Intensive Care Unit Patients: The Role of Tissue Inhibitor of Metalloproteinases-2 and
Insulin-Like Growth Factor-Binding Protein-7 Biomarkers. Blood Purif. 2018, 45, 270–277. [CrossRef]

15. Xie, Y.; Ankawi, G.; Yang, B.; Garzotto, F.; Passannante, A.; Breglia, A.; Digvijay, K.; Ferrari, F.; Brendolan, A.; Raffaele, B.; et al.
Tissue inhibitor metalloproteinase-2 (TIMP-2) • IGF-binding protein-7 (IGFBP7) levels are associated with adverse outcomes in
patients in the intensive care unit with acute kidney injury. Kidney Int. 2019, 95, 1486–1493. [CrossRef]

16. Bobek, I.; Gong, D.; De Cal, M.; Cruz, D.; Chionh, C.Y.; Haapio, M.; Soni, S.S.; Nalesso, F.; Lentini, P.; Garzotto, F.; et al. Removal
of neutrophil gelatinase-associated lipocain by extracorporeal therapies. Hemodial. Int. 2010, 14, 302–307. [CrossRef]

17. Levante, C.; Ferrari, F.; Manenti, C.; Husain-Syed, F.; Scarpa, M.; Danesi, T.H.; De Cal, M.; Corradi, V.; Virzì, G.M.; Brendolan, A.;
et al. Routine adoption of TIMP2 and IGFBP7 biomarkers in cardiac surgery for early identification of acute kidney injury. Int. J.
Artif. Organs 2017, 40, 714–718. [CrossRef]

18. Gattinoni, L.; Coppola, S.; Cressoni, M.; Busana, M.; Rossi, S.; Chiumello, D. COVID-19 Does Not Lead to a Typical Acute
Respiratory Distress Syndrome. Am. J. Respir. Crit. Care Med. 2020, 201, 1299–1300. [CrossRef]

19. Vardanjani, A.E.; Ronco, C.; Rafiei, H.; Golitaleb, M.; Pishvaei, M.H.; Mohammadi, M. Early Hemoperfusion for Cytokine Removal
May Contribute to Prevention of Intubation in Patients Infected with COVID-19. Blood Purif. 2021, 50, 257–260. [CrossRef]

20. Girardot, T.; Schneider, A.; Rimmelé, T. Blood Purification Techniques for Sepsis and Septic AKI. Semin. Nephrol. 2019, 39, 505–514.
[CrossRef]

21. Ronco, C.; Reis, T.; De Rosa, S. Coronavirus Epidemic and Extracorporeal Therapies in Intensive Care: Si vis pacem para bellum.
Blood Purif. 2020, 49, 255–258. [CrossRef]

22. Tang, L.; Yin, Z.; Hu, Y.; Mei, H. Controlling Cytokine Storm Is Vital in COVID-19. Front. Immunol. 2020, 11, 570993. [CrossRef]
[PubMed]

23. Rampino, T.; Gregorini, M.; Perotti, L.; Ferrari, F.; Pattonieri, E.F.; Grignano, M.A.; Valente, M.; Garrone, A.; Islam, T.; Libetta, C.;
et al. Hemoperfusion with CytoSorb as Adjuvant Therapy in Critically Ill Patients with SARS-CoV2 Pneumonia. Blood Purif. 2021,
50, 566–571. [CrossRef]

24. Ronco, C.; Ricci, Z.; Husain-Syed, F. From Multiple Organ Support Therapy to Extracorporeal Organ Support in Critically Ill
Patients. Blood Purif. 2019, 48, 99–105. [CrossRef] [PubMed]

25. Clark, W.R.; Gao, D.; Lorenzin, A.; Ronco, C. Membranes and Sorbents. Contrib. Nephrol. 2018, 194, 70–79. [PubMed]
26. Honore, P.M.; Jacobs, R.; Joannes-Boyau, O.; De Regt, J.; De Waele, E.; Van Gorp, V.; Boer, W.; Verfaillie, L.; Spapen, H.D. Newly

designed CKRT membranes for sepsis and SIRS—A pragmatic approach for bedside intensivists summarizing the more recent
advances: A systematic structured review. ASAIO J. 2013, 59, 99–106. [CrossRef]

27. Honoré, P.M.; De Bels, D.; Spapen, H.D. An update on membranes and cartridges for extracorporeal blood purification in sepsis
and septic shock. Curr. Opin. Crit. Care 2018, 24, 463–468. [CrossRef]

28. Rizvi, S.; Danic, M.; Silver, M.; LaBond, V. Cytosorb filter: An adjunct for survival in the COVID-19 patient in cytokine storm? a
case report. Heart Lung 2021, 50, 44–50. [CrossRef]

29. Masmouei, B.; Harorani, M.; Bazrafshan, M.-R.; Karimi, Z. COVID-19: Hyperinflammatory Syndrome and Hemoadsorption with
CytoSorb. Blood Purif. 2021, 50, 976–978. [CrossRef]

30. Montin, D.P.; Ankawi, G.; Lorenzin, A.; Neri, M.; Caprara, C.; Ronco, C. Biocompatibility and Cytotoxic Evaluation of New
Sorbent Cartridges for Blood Hemoperfusion. Blood Purif. 2018, 46, 187–195.

31. Ankawi, G.; Fan, W.; Pomarè-Montin, D.; Lorenzin, A.; Neri, M.; Caprara, C.; De Cal, M.; Ronco, C. A New Series of Sorbent
Devices for Multiple Clinical Purposes: Current Evidence and Future Directions. Blood Purif. 2019, 47, 94–100. [CrossRef]
[PubMed]

32. Xu, X.; Jia, C.; Luo, S.; Li, Y.; Xiao, F.; Dai, H.; Wang, C. Effect of HA330 resin-directed hemoadsorption on a porcine acute
respiratory distress syndrome model. Ann. Intensive Care 2017, 7, 84. [CrossRef] [PubMed]

33. Huang, Z.; Wang, S.R.; Su, W.; Liu, J.Y. Removal of humoral mediators and the effect on the survival of septic patients by
hemoperfusion with neutral microporous resin column. Ther. Apher. Dial. 2010, 14, 596–602. [CrossRef] [PubMed]

34. Huang, Z.; Wang, S.R.; Yang, Z.L.; Liu, J.Y. Effect on extrapulmonary sepsis-induced acute lung injury by hemoperfusion with
neutral microporous resin column. Ther Apher Dial. 2013, 17, 454–461. [CrossRef]

35. Asgharpour, M.; Mehdinezhad, H.; Bayani, M.; Zavareh, M.S.H.; Hamidi, S.H.; Akbari, R.; Ghadimi, R.; Bijani, A.; Mouodi, S.
Effectiveness of extracorporeal blood purification (hemoadsorption) in patients with severe coronavirus disease 2019 (COVID-19).
BMC Nephrol. 2020, 21, 356. [CrossRef]

36. Ankawi, G.; Neri, M.; Zhang, J.; Breglia, A.; Ricci, Z.; Ronco, C. Extracorporeal techniques for the treatment of critically ill patients
with sepsis beyond conventional blood purification therapy: The promises and the pitfalls. Crit. Care 2018, 22, 262. [CrossRef]

http://doi.org/10.1186/s13613-019-0558-z
http://www.ncbi.nlm.nih.gov/pubmed/31338624
http://doi.org/10.1016/S2213-2600(20)30229-0
http://doi.org/10.1007/s11908-012-0274-4
http://www.ncbi.nlm.nih.gov/pubmed/22825964
http://doi.org/10.1159/000485591
http://doi.org/10.1016/j.kint.2019.01.020
http://doi.org/10.1111/j.1542-4758.2010.00452.x
http://doi.org/10.5301/ijao.5000661
http://doi.org/10.1164/rccm.202003-0817LE
http://doi.org/10.1159/000509107
http://doi.org/10.1016/j.semnephrol.2019.06.010
http://doi.org/10.1159/000507039
http://doi.org/10.3389/fimmu.2020.570993
http://www.ncbi.nlm.nih.gov/pubmed/33329533
http://doi.org/10.1159/000511725
http://doi.org/10.1159/000490694
http://www.ncbi.nlm.nih.gov/pubmed/31030203
http://www.ncbi.nlm.nih.gov/pubmed/29597218
http://doi.org/10.1097/MAT.0b013e3182816a75
http://doi.org/10.1097/MCC.0000000000000542
http://doi.org/10.1016/j.hrtlng.2020.09.007
http://doi.org/10.1159/000512199
http://doi.org/10.1159/000493523
http://www.ncbi.nlm.nih.gov/pubmed/30253409
http://doi.org/10.1186/s13613-017-0287-0
http://www.ncbi.nlm.nih.gov/pubmed/28808944
http://doi.org/10.1111/j.1744-9987.2010.00825.x
http://www.ncbi.nlm.nih.gov/pubmed/21118369
http://doi.org/10.1111/j.1744-9987.2012.01083.x
http://doi.org/10.1186/s12882-020-02020-3
http://doi.org/10.1186/s13054-018-2181-z


Biomedicines 2022, 10, 2017 15 of 16

37. Cutuli, S.L.; The EUPHAS 2 Collaborative Group; Artigas, A.; Fumagalli, R.; Monti, G.; Ranieri, V.M.; Ronco, C.; Antonelli, M.
Polymyxin-B hemoperfusion in septic patients: Analysis of a multicenter registry. Ann. Intensive Care 2016, 6, 77. [CrossRef]

38. Anspach, F.B. Endotoxin removal by affinity sorbents. J. Biochem. Biophys Methods 2001, 49, 665–681. [CrossRef]
39. Shimizu, T.; Miyake, T.; Tani, M. History and current status of polymyxin B-immobilized fiber column for treatment of severe

sepsis and septic shock. Ann. Gastroenterol. Surg. 2017, 1, 105–113. [CrossRef]
40. Cruz, D.N.; Perazella, M.A.; Bellomo, R.; de Cal, M.; Polanco, N.; Corradi, V.; Lentini, P.; Nalesso, F.; Ueno, T.; Ranieri, V.M.; et al.

Effectiveness of polymyxin B-immobilized fiber column in sepsis: A systematic review. Crit. Care 2007, 11, R47. [CrossRef]
41. Uchino, S.; Bellomo, R.; Morimatsu, H.; Goldsmith, D.; Davenport, P.; Cole, L.; Baldwin, I.; Panagiotopoulos, S.; Tipping, P.;

Morgera, S.; et al. Cytokine dialysis: An ex vivo study. ASAIO J. 2002, 48, 650–653. [CrossRef] [PubMed]
42. Haase, M.; Bellomo, R.; Baldwin, I.; Haase-Fielitz, A.; Fealy, N.; Davenport, P.; Morgera, S.; Goehl, H.; Storr, M.; Boyce, N.; et al.

Hemodialysis membrane with a high-molecular-weight cutoff and cytokine levels in sepsis complicated by acute renal failure: A
phase 1 randomized trial. Am. J. Kidney Dis. 2007, 50, 296–304. [CrossRef] [PubMed]

43. Morgera, S.; Slowinski, T.; Melzer, C.; Sobottke, V.; Vargas-Hein, O.; Volk, T.; Zuckermann-Becker, H.; Wegner, B.; Müller, J.M.;
Baumann, G.; et al. Renal replacement therapy with high-cutoff hemofilters: Impact of convection and diffusion on cytokine
clearances and protein status. Am. J. Kidney Dis. 2004, 43, 444–453. [CrossRef] [PubMed]

44. Nalesso, F.; Garzotto, F.; Cattarin, L.; Gobbi, L.; Qassim, L.; Sgarabotto, L.; Tiberio, I.; Calò, L.A. A Continuous Renal Replacement
Therapy Protocol for Patients with Acute Kidney Injury in Intensive Care Unit with COVID-19. J. Clin. Med. 2020, 9, 1529.
[CrossRef]

45. Oudemans-van Straaten, H.M.; Ostermann, M. Bench-to-bedside review: Citrate for continuous renal replacement therapy, from
science to practice. Crit. Care 2012, 16, 249. [CrossRef]

46. Joannes-Boyau, O.; Honoré, P.M.; Perez, P.; Bagshaw, S.M.; Grand, H.; Canivet, J.-L.; Dewitte, A.; Flamens, C.; Pujol, W.;
Grandoulier, A.-S.; et al. High-volume versus standard-volume haemofiltration for septic shock patients with acute kidney injury
(IVOIRE study): A multicentre randomized controlled trial. Intensive Care Med. 2013, 39, 1535–1546. [CrossRef]

47. Lin, L.; Jiang, X.; Zhang, Z.; Huang, S.; Zhang, Z.; Fang, Z.; Gu, Z.; Gao, L.; Shi, H.; Mai, L.; et al. Gastrointestinal symptoms of 95
cases with SARS-CoV-2 infection. Gut 2020, 69, 997–1001. [CrossRef]

48. Villa, G.; Romagnoli, S.; De Rosa, S.; Greco, M.; Resta, M.; Montin, D.P.; Prato, F.; Patera, F.; Ferrari, F.; Rotondo, G.; et al. Blood
purification therapy with a hemodiafilter featuring enhanced adsorptive properties for cytokine removal in patients presenting
COVID-19: A pilot study. Crit. Care 2020, 24, 605. [CrossRef]

49. Monard, C.; Rimmelé, T.; Ronco, C. Extracorporeal Blood Purification Therapies for Sepsis. Blood Purif. 2019, 47, 2–15. [CrossRef]
50. Broman, M.E.; Hansson, F.; Vincent, J.-L.; Bodelsson, M. Endotoxin and cytokine reducing properties of the oXiris membrane in

patients with septic shock: A randomized crossover double-blind study. PLoS ONE 2019, 14, e0220444. [CrossRef]
51. Feri, M. In vitro comparison of the adsorption of inflammatory mediators by blood purification devices: A misleading article for

clinical practice? Intensive Care Med. Exp. 2019, 7, 5. [CrossRef] [PubMed]
52. Padala, S.A.; Vakiti, A.; White, J.J.; Mulloy, L.; Mohammed, A. First Reported Use of Highly Adsorptive Hemofilter in Critically

Ill COVID-19 Patients in the USA. J. Clin. Med. Res. 2020, 12, 454–457. [CrossRef] [PubMed]
53. Greinacher, A. Heparin-Induced Thrombocytopenia. N. Engl. J. Med. 2015, 373, 252–261. [CrossRef] [PubMed]
54. Ooishi, Y.; Ishii, T.; Takahata, T.; Inagaki, N.; Akizuki, N.; Isakozawa, Y.; Takesawa, S.; Hirasawa, H. Efficacy of series double

continuous hemodiafiltration using two polymethyl methacrylate membrane hemofilters for patients with hypercytokinemia.
Ther. Apher. Dial. 2014, 18, 132–139. [CrossRef]

55. Chanard, J. Membrane biocompatibility in dialysis: The role of absorption. Nephrologie 2003, 24, 359–365. [PubMed]
56. Thomas, M.; Moriyama, K.; Ledebo, I. AN69: Evolution of the world’s first high permeability membrane. Contrib. Nephrol. 2011,

173, 119–129.
57. Rogiers, P.; Zhang, H.; Pauwels, D.; Vincent, J.-L. Comparison of polyacrylonitrile (AN69) and polysulphone membrane during

hemofiltration in canine endotoxic shock. Crit. Care Med. 2003, 31, 1219–1225. [CrossRef]
58. Kellum, J.A.; Lameire, N.; on behalf of the KDIGO AKI Guideline Work Group. Diagnosis, evaluation, and management of acute

kidney injury: A KDIGO summary (Part 1). Crit. Care 2013, 17, 204. [CrossRef]
59. Ronco, C.; Bagshaw, S.M.; Bellomo, R.; Clark, W.R.; Husain-Syed, F.; Kellum, J.A.; Ricci, Z.; Rimmelé, T.; Reis, T.; Ostermann, M.

Extracorporeal Blood Purification and Organ Support in the Critically Ill Patient during COVID-19 Pandemic: Expert Review and
Recommendation. Blood Purif. 2021, 50, 17–27. [CrossRef]

60. Bonello, M.; House, A.; Cruz, D.; Asuman, Y.; Andrikos, E.; Petras, D.; Strazzabosco, M.; Ronco, F.; Brendolan, A.; Crepaldi, C.;
et al. Integration of blood volume, blood pressure, heart rate and bioimpedance monitoring for the achievement of optimal dry
body weight during chronic hemodialysis. Int. J. Artif. Organs 2007, 30, 1098–1108. [CrossRef]

61. Akil, A.; Ziegeler, S.; Reichelt, J.; Rehers, S.; Abdalla, O.; Semik, M.; Fischer, S. Combined Use of CytoSorb and ECMO in Patients
with Severe Pneumogenic Sepsis. Thorac. Cardiovasc. Surg. 2021, 69, 246–251. [CrossRef] [PubMed]

62. Napp, L.C.; Ziegeler, S.; Kindgen-Milles, D. Rationale of Hemoadsorption during Extracorporeal Membrane Oxygenation Support.
Blood Purif. 2019, 48, 203–214. [CrossRef] [PubMed]

63. Gramaticopolo, S.; Chronopoulos, A.; Piccinni, P.; Nalesso, F.; Brendolan, A.; Zanella, M.; Cruz, D.N.; Ronco, C. Extracorporeal
CO2 removal– a way to achieve ultraprotective mechanical ventilation and lung support: The missing piece of multiple organ
support therapy. Contrib. Nephrol. 2010, 165, 174–184. [PubMed]

http://doi.org/10.1186/s13613-016-0178-9
http://doi.org/10.1016/S0165-022X(01)00228-7
http://doi.org/10.1002/ags3.12015
http://doi.org/10.1186/cc5780
http://doi.org/10.1097/00002480-200211000-00013
http://www.ncbi.nlm.nih.gov/pubmed/12455777
http://doi.org/10.1053/j.ajkd.2007.05.003
http://www.ncbi.nlm.nih.gov/pubmed/17660031
http://doi.org/10.1053/j.ajkd.2003.11.006
http://www.ncbi.nlm.nih.gov/pubmed/14981602
http://doi.org/10.3390/jcm9051529
http://doi.org/10.1186/cc11645
http://doi.org/10.1007/s00134-013-2967-z
http://doi.org/10.1136/gutjnl-2020-321013
http://doi.org/10.1186/s13054-020-03322-6
http://doi.org/10.1159/000499520
http://doi.org/10.1371/journal.pone.0220444
http://doi.org/10.1186/s40635-018-0214-1
http://www.ncbi.nlm.nih.gov/pubmed/30627970
http://doi.org/10.14740/jocmr4228
http://www.ncbi.nlm.nih.gov/pubmed/32655741
http://doi.org/10.1056/NEJMcp1411910
http://www.ncbi.nlm.nih.gov/pubmed/26176382
http://doi.org/10.1111/1744-9987.12075
http://www.ncbi.nlm.nih.gov/pubmed/14650747
http://doi.org/10.1097/01.CCM.0000060446.45080.C6
http://doi.org/10.1186/cc11454
http://doi.org/10.1159/000508125
http://doi.org/10.1177/039139880703001210
http://doi.org/10.1055/s-0040-1708479
http://www.ncbi.nlm.nih.gov/pubmed/32252114
http://doi.org/10.1159/000500015
http://www.ncbi.nlm.nih.gov/pubmed/31096211
http://www.ncbi.nlm.nih.gov/pubmed/20427968


Biomedicines 2022, 10, 2017 16 of 16

64. Schefold, J.C.; Hasper, D.; Jörres, A. Organ crosstalk in critically ill patients: Hemofiltration and immunomodulation in sepsis.
Blood Purif. 2009, 28, 116–123. [CrossRef]

65. Ratanarat, R.; Brendolan, A.; Piccinni, P.; Dan, M.; Salvatori, G.; Ricci, Z.; Ronco, C. Pulse high-volume haemofiltration for
treatment of severe sepsis: Effects on hemodynamics and survival. Crit. Care 2005, 9, R294–R302. [CrossRef]

66. Ronco, C.; Giomarelli, P. Current and future role of ultrafiltration in CRS. Heart Fail. Rev. 2011, 16, 595–602. [CrossRef]
67. Seffer, M.-T.; Cottam, D.; Forni, L.G.; Kielstein, J.T. Heparin 2.0: A New Approach to the Infection Crisis. Blood Purif. 2021, 50,

28–34. [CrossRef]
68. Garzotto, F.; Comoretto, R.I.; Ostermann, M.; Nalesso, F.; Gregori, D.; Bonavina, M.G.; Zanardo, G.; Meneghesso, G. Preventing

infectious diseases in Intensive Care Unit by medical devices remote control: Lessons from COVID-19. J. Crit. Care 2020, 61,
119–124. [CrossRef]

http://doi.org/10.1159/000223361
http://doi.org/10.1186/cc3529
http://doi.org/10.1007/s10741-010-9198-y
http://doi.org/10.1159/000508647
http://doi.org/10.1016/j.jcrc.2020.10.014

	Introduction 
	The Extracorporeal Blood Purification (EBP) 
	Hemoperfusion (HP) 
	The High and Middle Cut-Off Filter for Hemodialysis 
	The Membrane Adsorption 
	The Polyacrylonitrile and Polymethyl-Methacrylate Membranes 

	Discussion 
	Conclusions 
	References

