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Highlights:

e  ECMO could provide an alternative solution for treating patients with respiratory or
cardiac failure.

e  The pores in the membrane wall play a more significant role in determining the
resistance to plasma leakage than the surface pores.

e  PMP membrane oxygenators can be used for long-term operation.

e  Surface modification can successfully improve membrane biocompatibility.

Abstract. Extracorporeal blood oxygenation has become an alternative to supply
0, and remove CO; from the bloodstream, especially when mechanical ventilation
provides insufficient oxygenation. The use of a membrane oxygenator offers the
advantage of lower airway pressure than a mechanical ventilator to deliver oxygen
to the patient’s blood. However, research and development are still needed to find
appropriate  membrane materials, module configuration, and to optimize
hydrodynamic conditions for achieving high efficient gas transfer and excellent
biocompatibility of the membrane oxygenator. This review aims to provide a
comprehensive description of the basic principle of the membrane oxygenator and
its development. It also discusses the role and challenges in the use of membrane
oxygenators for extracorporeal oxygenation on respiratory and cardiac failure
patients.
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Membrane Oxygenator for Extracorporeal Blood Oxygenation

1 Introduction

Mechanical ventilation is widely used as a primary management tool for patients
with respiratory failure to supply O, and remove CO; from the bloodstream. It is
the medical term for artificial ventilation where mechanical means are used to
assist or replace spontaneous breathing. The oxygen is forced into the lungs
through a tube inserted into the trachea. The ventilator pumps oxygen and the
lungs inflate to mimic the process of breathing. The essential goals of ventilatory
support to achieve safe treatment are stabilizing hydrodynamic, patient-ventilator
synchrony, preserving muscle strength, minimizing dynamic hyperinflation, and
limiting tissue damage [1,2]. Lung injury can occur due to high airway pressure
and oxygen concentration without excessive lung strain or damage due to
restricted chest wall movement [1].

When mechanical ventilation is not sufficient to provide oxygenation,
extracorporeal blood oxygenation is an alternative rescue therapy with beneficial
results [3]. Extracorporeal membrane oxygenation (ECMO) wuses a
semipermeable membrane to facilitate the transfer of oxygen to the blood of the
patient. In a membrane oxygenator, gas exchange between the blood and gas
streams occurs with non-dispersive contact, preventing the entrainment of the
blood to the gas stream [4]. Since the gas exchange occurs in non-dispersive
contact, the blood and the gas streams can be controlled independently to prevent
damage to blood constituents. In addition, the membrane has a high packing
density [5-8], resulting in a compact membrane oxygenator. Compared to a
mechanical ventilator, the ECMO system provides an adequate amount of oxygen
(O2) to the bloodstream without high pressure, which also simultaneously
removes carbon dioxide (CO,). There are two types of commercially available
ECMO systems, namely venous-arterial (VA) ECMO systems and venous-
venous (VV) ECMO systems. VA-ECMO is used for patients with various
etiologies of cardiogenic shock and entails either central or peripheral cannulation
[9]. Meanwhile, VV-ECMO is used mainly for patients with severe respiratory
failure [10]. A part that plays a vital role in ECMO systems is the membrane
oxygenator, which acts as an artificial lung for gas exchange to maintain
physiologic O> and CO:; levels in the blood [11]. The membrane oxygenator has
to meet a number of criteria, including high gas transfer performance, high
mechanical property, low plasma leakage, high anti-thrombogenic properties,
low protein adsorption, and low platelet adhesion [12-14].

Membrane oxygenators are usually fabricated using polymeric materials, such as
polysulfone [15], polyurethane [16], polypropylene [17], polyimide [18], and
silicon [19-22]. Among these polymers, non-porous silicon-based hollow fiber is
used in commercial ECMO systems due to its ability to avoid plasma leakage
during the long time of extracorporeal circulation. Recently, a silicone hollow
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fiber membrane with ultra-thin wall thickness has been developed, which exhibits
high oxygen and carbon dioxide transfer rates [5]. During the ECMO treatment,
clot formation on the membrane surface is the main challenge due to interaction
of the vascular endothelium with plasma proteins and platelets. Surface
modification of the membrane oxygenator with anticoagulants, such as heparin
or hydrophilization of the membrane surface, has been proposed to reduce clot
formation [16,17,23].

In the last 20 years, numerous scientific studies have focused on membrane
oxygenator development and several applications have been published (Figure
1(a)). Most of these articles were published in medical and health or biomedical
journals, followed by engineering and biochemistry journals. In 2009, the
application of membrane oxygenators was further increased to treat severe acute
respiratory distress syndrome (ARDS) patients during the influenza A (HIN1)
and SARS (Severe Acute Respiratory Syndrome) pandemic. Since
polymethylpentene (PMP) oxygenators were developed in the same year as
bearingless centrifugal pumps and better cannula technology, the number of
research articles on the application of membrane oxygenator in ECMO systems
increased significantly [24]. Recently, Coronavirus Disease 2019 (COVID-19)
has spread in more than 200 countries and infected more than 140 million people
in the world, with more than 3,000,000 deaths [25].

COVID-19 is caused by a novel SARS-CoV-2 virus, which enters the human
body through the respiratory tract, oral mucosa, and conjunctival epithelium
[26,27]. Most COVID-19 patients suffer worsening breathing difficulties due to
respiratory failure and acute respiratory distress syndrome (ARDS) [28,29].
Several research papers on the role of ECMO in COVID-19 patient treatment
have been published. Based on the number of publications in the last 20 years,
the study on ECMO applications for patients with respiratory or lung failure is
higher than those for cardiac failure (Figure 1b).

Previously, several reviews have discussed the ECMO and its importance during
the COVID-19 pandemic. Alentiev and co-workers [30] elaborated on the
progress of ECMO technology by discussing membrane materials, methods for
increasing compatibility, and rational approaches for designing the membrane
contactor. Savarimuthu, et al. [31] emphasized that the use of an ECMO should
be prioritized for critically ill patients that have been selected carefully due to the
limited number of ECMO units.

They also provide the prospect of ECMO playing an important role in the near
future for combatting COVID-19. This paper aims to provide a comprehensive
review of a wide spectrum of membrane oxygenators and their application in
extracorporeal blood oxygenation. This includes the fundamental background,
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system and materials’ development, and the crucial role of the membrane
oxygenator in ECMO systems during the treatment of patients with respiratory
and cardiac failure.
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Figure 1 Number of publications per year: (a) related to membrane oxygenator
or extracorporeal membrane oxygenation (ECMO), and (b) its applications. The
number of publications was collected by using Elsevier’s Scopus database with
the query ‘TITLE (membrane oxygenator or extracorporeal membrane
oxygenation)’; attn: 6th Dec 2020.

2 Fundamental Background of Membrane Oxygenator

2.1 Blood Oxygenation in ECMO

An ECMO module has two compartments, which are separated by a
semipermeable membrane. The patient’s blood flows into the first compartment
or the shell side of the module, while a rich-oxygen gas passes through the second
or lumen side of a hollow fiber (HF) membrane. The membrane serves as a
contactor and facilitates the gas exchange between the blood and the fresh gas,
where both oxygen delivery to the blood and carbon dioxide removal from the
blood occur [32,33]. The VV-ECMO process replaces the native lung function.
Unlike a conventional bubble oxygenator, an ECMO system prevents direct
contact between the blood and the fresh gas, allowing one to optimize both
streams independently and minimizing blood trauma.

The gas transfer between the blood and the gas through the membrane is a crucial
step in the oxygenation process. A natural lung membrane has a surface area of
150 m? [34] or 70 m* [35], is 1 to 3 um thick, and has a surface/blood volume
ratio of 300 cm™, leading to 3,000 mL/min oxygenation and carbon dioxide
removal. In contrast, an ECMO membrane has a lower surface area (<4 m?), a
thicker membrane (10 to 30 um), and a lower packing density (30 cm™) than a
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natural lung. Consequently, an ECMO can only carry a maximum gas exchange
0f250-200 mL/min [34].

Aside from the gas diffusion process, plasma leakage and activation of
coagulation are significant concerns in ECMOs [34]. Constant contact of the
blood with non-biological artificial material, i.e. the membrane oxygenator
material may trigger coagulation activation, resulting in thrombosis, bleeding,
and device problems during oxygenation [36].

ECMO generally uses two types of membranes, dense (or non-porous) and
microporous membranes, as selective barrier. A solution-diffusion mechanism
usually governs the gas transport in the dense membrane. The flux of gas through
the membrane, J;, is expressed by Fick’s law [37]:

Ji= -D; (1
where C; is the concentration of species i in the membrane, D is the diffusion
coefficient of species 7 in the membrane, and x is the gas flow direction across the
membrane. According to Henry’s law, the gas concentration in the membrane is
proportional to pressure p and gas solubility S in the membrane (C = S p). This is
based on the assumption that the gas solubility in the polymer is very low. The
product of D x S is known as the gas permeability (P). By introducing P;, Eq. (1)
can be integrated and rewritten as [37]:

Ji = =0 = Pp) @)

where / is the membrane thickness, pr and p, are the pressure in the feed and
permeate sides, respectively. According to this mechanism, selective transport
occurs for gases with different permeability. For ECMOs, the membrane should
allow high permeation of O, and CO; during the oxygenation while retaining
other gasses like N, in the fresh gas.

The dense homogenous membrane exhibits high mass transfer resistance due to
the small membrane pores. Therefore, a microporous hydrophobic membrane has
been introduced [38]. The flux of the gas into the liquid stream, ./, in microporous
membranes is defined as [39]:

J =KAC 3

where AC is the overall concentration difference across the membrane and K is
the overall average mass-transfer coefficient. The mass-transfer coefficient can
be determined experimentally by measuring the gas concentration in the liquid
phase. The average mass-transfer coefficient is then expressed by [39]:
K=2m(=) 4)

Co—Cx
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In Eq. (4), 4 is the membrane surface area, C is the gas concentration, Cp is the
initial gas concentration, C* is the equilibrium gas concentration, and Q is the
volumetric flow rate of the liquid. It should be noted that the main resistance to
gas transfer in the blood oxygenation using microporous membranes is the liquid
side concentration boundary layer. Hence, K, the overall average mass transfer
coefficient can be represented by the liquid side mass-transfer coefficient. Here,
the hydrodynamic condition is one of the main parameters that affect the
efficiency of mass transfer.

2.2 Membranes and Module Design for ECMO

ECMO requires a hemocompatible membrane that can perform efficient gas
exchange [40]. Various membrane types used in membrane oxygenators are
illustrated in Figure 2(a). Non-porous membranes can be free from plasma
leakage since they have very small pores, preventing the intrusion of blood cells
[41], however, they are usually limited by low gas permeability [42]. This poses
another challenge, because the larger membrane area must achieve sufficient gas
transfer to the patient’s blood. Therefore, the recent development of non-porous
membranes for ECMO application is directed at obtaining highly permeable
membranes (discussed in Section 3).

For ECMOs that use a microporous membrane, a hydrophobic membrane
material is required to prevent liquid penetrating into membrane pores. This is
because liquid penetration will wet the membrane, leading to a dramatic decrease
in the gas exchange rate and increased mass-transfer resistance (see Figure 2(b))
[38]. As a result, the long-term blood oxygenation performance will be
compromised. In addition to the membrane’s hydrophobic/hydrophilic property,
a recent study has revealed that liquid infiltration is related to the pore size in the
membrane wall [38].

This study then suggests that the membrane pore size distribution and the
presence of surfactants in the patient’s blood determines the membrane’s
resistance to plasma leakage. Lastly, membrane leaking and plasma leakage could
also occur because of the formation of a hydrophilic surface at the membrane
pore openings by blood phospholipids [43]. The hydrophilic surface allows
plasma to infiltrate the membrane pores, leading to further formation of a
hydrophilic surface along the pore walls, which leads to membrane wetting
[44,45]. Increasing the gas flow rate can be used as a countermeasure, but this
risks introducing a gas embolism in the bloodstream [43].

Based on the module design, membrane oxygenators can be classified into three

types, i.e. parallel-plate, spiral-wound (cylindrical), and HF membrane
oxygenators. In the parallel-plate type, the flat-sheet membranes are separated by
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screens. This is the simplest arrangement, but the diffusion is limited. In the
spiral-wound type, the flat-sheet membranes are wrapped around a central
cylinder [46,47], in which the blood flows parallel to the axis of the cylinder
between the membrane folds, while oxygen flows through the cylinder. The latter
type has the advantage of the best flow control [30], where the blood can flow
inside the fiber or outside the fiber. In addition, there are several option for
optimizing the flow direction and fiber arrangement.
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Figure 2 Membrane types and wetting in membrane oxygenator: (a) various
membrane types used for membrane oxygenator, (b) wetting decreases the gas
transfer rate significantly (reprinted with permission from [48], © 2012 John
Wiley and Sons; the plasma leakage in the inserted figure is from this work).
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In 2005, Wickramasinghe, et al. [39] reported the mass-transfer and friction-
factor correlations to predict the gas transfer rate and pressure loss of blood in
microporous HF and flat-sheet membrane oxygenators. By considering the
average shear stress of the blood (5-20 Pa), the shear-thinning behavior of blood
was taken into account using the Generalized Graetz, Reynolds, and Schmidt
numbers. Meanwhile, a mass-transfer enhancement factor based on film theory
was used to capture the role of the oxygen-hemoglobin reaction, which occurs in
real conditions.

Both experimental and numerical simulations were carried out using blood analog
fluids, i.e. Newtonian and non-Newtonian fluids and bovine blood. For the flat-
sheet membrane module, the mass-transfer correlation is defined by the Graetz
(Gr) and Sherwood (Sh) numbers (see Figure 3(a)):

_ K(4B)
Sh="2 (5)
Sh=0.5 Gr(0.5< Gr<10) (6)
Sh=3.0 G*** (10 < Gr < 500) (7

where B is the average half-thickness of the rectangular channels, D is the
diffusion coefficient of O,, and Gr is a function of module geometry (thickness
and length of the channel), the diffusion coefficient of the gas, and liquid velocity.
For microporous HF membrane, the mass-transfer correlation is defined by
dimensionless numbers (the Sherwood, Reynolds, and Schmidt numbers, see
Figure 3(b)):

Sh=0.8 Re"**Sc"33 (8)

According to these equations, the efficiency of the oxygen transfer in an ECMO
not only relies on the membrane’s properties but also on the module design and
the hydrodynamic conditions. The results show that the Sherwood number is
significantly affected by the liquid flow rate.

The concentration of the liquid boundary layer limits the mass transfer, which
applies to all fluid types used. This issue is typically addressed by placing a
passive mixing unit in the ECMO module so that the liquid boundary layer can
be disrupted. Increasing the liquid flow rate leads to improved oxygen transfer,
but increases the risk of pressure loss. Furthermore, the oxygen transfer rate and
the pressure loss appear to depend on the module design [49].
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Figure 3 Membrane oxygenator modules: (a) Sh vs. Gr of flat sheet module, (b)
Sh/Sc!? vs. Re of hollow fiber module (reprinted with permission from [39],

© 2005 John Wiley and Sons)
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3 Recent Development of Membrane Oxygenators

The ECMO has been introduced in 1944 when Kolff & Berk [50,51] came up
with the idea to add a protective membrane between the blood and the air in
extracorporeal oxygenators to decrease the potential of blood trauma inherent in
direct-contact oxygenators. The emphasis in early membrane oxygenator
development was on finding suitable biomaterials. However, most biomaterials
had low gas exchange performance and poor mechanical properties, thus limiting
the development of membrane oxygenators [52].

In the 1950s, Clowes investigated polyethylene as the oxygenator membrane
material [46,53]. The polyethylene membrane had good mechanical properties
but relatively low permeability. In the recent development of membrane
oxygenators for application in ECMOs, silicone, polypropylene (PP), and
polymethylpentene (PMP) have been studied predominantly. Membrane
oxygenators based on these materials are individually reviewed in this section.

3.1 Silicone-based Membrane Oxygenators

Silicone is an attractive material for medical devices such as membrane
oxygenators because of its excellent biocompatibility [54]. In addition, since the
silicone membrane is typically homogenous, plasma leakage can be avoided.
However, it is necessary to minimize membrane resistance to enhance the gas
transfer rate and, on the other hand, it is quite challenging to fabricate thin-walled
silicone HFs because of the poor mechanical strength of conventional silicone.

Researchers from Baylor College of Medicine and Fuji Systems Corporation have
developed a fine silicone HF membrane oxygenator for ECMOs. In 1996, as
reported by Funakubo, et al. [55], a novel silicone material was developed using
methylvinylsiloxane as the base polymer, vinyl resin, and hydrogen siloxane. The
new silicone has sufficient mechanical strength with a wall thickness that is
approximately half that of a conventional one. As a result, fibers with a surface
area of 2 m* exhibited a high O, and CO, rate of 195 ml/min and 165 ml/min,
respectively, at a blood flow rate of 3 L/min, which are values comparable to
those of a microporous membrane oxygenator. Moreover, with a much smaller
surface area, its performance was similar to that of the silicone sheet oxygenator
[56].

A preclinical evaluation showed that the silicone HFs should be considered for
one week of ECMO application [57]. A two-week long-term experiment showed
that the silicone HFs exhibited excellent efficiency, with less blood trauma, but
further improvement was required to prevent the occurrence of hemolysis [58].
In a more recent study, it was revealed that a silicone HF-type module had a
higher gas transfer rate than a silicone coil-type module [59].
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A different way to reduce the gas transfer resistance has been proposed by
Kachab, et al. [60]. Mimicking the bee comb structure, they fabricated a hollow
silicone sphere. In the presence of microspheres, gas can diffuse easily, resulting
in a higher gas transfer rate. Other studies used a silicone micropore membrane
as the support structure for a thin layer of gas-permeable polydimethylsiloxane
(PDMS) [19,42]. The membrane had an oxygen transfer rate of 0.03 mL/min at a
liquid flow rate of 10 mL/min with a membrane area of 6.5 x 10 m? [42]. Gas
transfer performances of membrane oxygenators based on silicone material are
summarized in Table 1.

3.2 Polypropylene-based Membrane Oxygenators

Polypropylene (PP) membrane oxygenators for ECMO systems have been
reported since the 1980s [61,62]. The adoption of microporous PP was able to
reduce coagulation issues associated with silicone [43]. In addition, PP membrane
oxygenators offer high gas transfer rates, low priming volume, and low
resistance.

Fried & Bell-Thomson [63] compared the performance of a PP oxygenator
configured with a flat sheet and an HF (PPHF). They reported that the PPHF
oxygenator showed a superior trade-off between factors such as diffusion
distance, surface area, priming volume, and blood flow rate. Besides that, the
flow configuration also affects the efficiency of the gas transfer. In an HF
membrane oxygenator where the blood flows inside the fibers, it is possible to
create laminar blood flow without diffusion limitations. However, blood flow
inside the fibers can generate an increase in the hydrodynamic resistance of the
channels, which could lead to an increase in the pressure differential in the
oxygenator.

Meanwhile, in an HF arrangement where the blood flows on the outside and gas
flows on the inside of the fibers, it is possible to control the packing of the fibers
for the creation of small-thickness channels with a turbulent blood flow [30]. The
turbulent blood flow leads to an intensification of the convective mass transfer,
thus increasing the efficiency of the gas transfer. Another study revealed that
based on theory for tube banks, different PP fiber arrangements (parallel or
crossed) resulted in a different mass transfer performance [64].

Even though a PPHF membrane oxygenator is able to provide high gas transfer
performance, it is not appropriate for use over prolonged periods because of the
wetting phenomenon [43]. As can be seen in Table 1, PPHF membrane
oxygenators have a very short operation life. To overcome this problem, efforts
have been made to modify the structure of the PPHF membrane from
microporous to non-microporous by silicone coating [62]. The study by Shimono,
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et al. [65] reported that a silicone coated PPHF oxygenator is more durable and
offers greater gas transfer capabilities than an uncoated PPHF oxygenator. The
silicone layer could reduce the contact activation of the oxygenator due to its
good biocompatibility and complete prevention of contact between blood and
gas.

33 Polymethylpentene-based Membrane Oxygenator

In the early 2000s, a new generation of polymethylpentene (PMP) membrane
oxygenators has been introduced to avoid complications linked to HF
oxygenators, such as plasma leakage. Different from PPHFs, which are typically
microporous, PMPHFs have an asymmetric pore structure with a dense outer skin
that provides complete physical separation between the blood and the gas phases,
thus avoiding plasma leakage [66,67]. In addition, the asymmetric structure of
the PMPHF also allows for efficient gas exchange to take place for extended
periods [68,69].

Table 1 Gas transfer performance of silicone-based, PP, and PMP membrane

oxygenators.
Membrane Membrane Priming Blood flow O: transfer rate  CO2 transfer rate  Operation life Ref.
area (m?) volume (L)  rate (L/min) (L/min) (L/min) (day) .
Silicone-based (HF*) 2 0.230 3 0.195 0.165 - [55]
Silicone-based (HF¥) 1.1 0.228 2 0.1182 + 0.005 0.066 = 0.009 - [56]
Silicone-based (HF*) Ls 0.175 A Gvple MWL B DO 1571
1 0.200 12 0.072 £ 0.001 0.0399 £ 0.003 -
Silicone-based (HF*) - 2= 0.128 +0.001 0.047 £ 0.005 - [58]
1* 0.042 £ 0.004 0.041+0.014
Silicone-based (HSF*) 0.0197 0.00174 0.2 0.0126 0.010 - [60]
PP (Terumo™*) 2.5 0.25 0.5-7.0 0.05-0.55 0.02-0.60 0.25 [71]
PP (Medtronic**) 2.5 0.26 1.0-7.0 0.05-0.40 0.10-0.35 0.25 [72]
PP (Medtronic**) 2:5 0.27 1.0-7.0 - - 0.25 [73]
PP (Eurosets™*) 1.65 0225 <70 - = 0.25 [74]
PP (MicroPort**) 2.0 0.16 <6.0 - - 0.2s [75]
PMP (Maquet**) 1.8 0.273 0.5-7.0 - - 30 [76]
PMP (Sorin**) 1.2 0.15 =50 0.08-0.35 0.05-0.20 5 [77]
PMP (Eurosets™*) 135 0.19 0.3-4.0 - - 14 [74.78]

“in vitro study; ® one-week ex vivo experiment; °two-week ex vivo experiment.
*module type: HF — hollow fiber; HSF — hollow sphere fiber; ** manufacturer

Thiara, et al. [70] evaluated the performance of PP and PMP-based membrane
oxygenators. The results showed that the lifespan of the oxygenators was
significantly longer for PMP than for PP membrane oxygenators. In addition,
plasma leakage was observed in the PP-based oxygenators but did not appear in
PMP-based oxygenators. This is because PP fibers have a microporous structure,
while PMP fibers are covered with a dense but very thin outer skin. Therefore,
PMP membranes have a longer operating life than PP membranes. Furthermore,
gas permeability for oxygen and carbon dioxide in PMP membranes is excellent,
with the gas exchange capability remaining equivalent to that of microporous
membranes [66].
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In commercially available HF membrane oxygenators, PP microporous
membranes are mainly used for short-term operation, while PMP non-porous
membranes can be used for long-term operation. The main characteristics of
commercial PP and PMP membrane oxygenators are presented in Table 1. It can
be seen that PP membrane oxygenators are only able to survive up to 6 hours.
Meanwhile, the operation life of PMP membrane oxygenators varies from 5 to 30
days.

34 Surface Modification of Membrane Oxygenator

To improve the biocompatibility of the membrane oxygenator, the existing
membrane surface can be modified with biocompatible materials. One of the most
widely used methods is the covalent binding of heparin molecules with the
membrane surface [79]. It has been found that a heparin coating could decrease
the activation of platelets and also possesses anti-inflammatory properties
[17,30,80]. A heparin coating can also decrease thrombin generation by binding
to circulating antithrombin [36].

Zheng, et al. [81] compared different materials, i.e. acrylic acid with heparin
(AA-Hep), 2-methacryloyloxyethyl phosphorylcholine (MPC), and collagen, to
study their biocompatibility. A series of low-temperature plasma treatments
(LTPT) was used for grafting onto the polysulfone HF membrane. It was found
that grafting with AA-Hep provided the best hemocompatibility, indicated by the
lowest protein adsorption, which was consistent with the platelet adhesion
evaluation that was done. Moreover, the AA-Hep-modified PSF could maintain
a high gas transfer rate compared to the unmodified PSF. However, heparin
exposure during long-term ECMO can lead to heparin-induced thrombocytopenia
(HIT) [82,83]. Therefore, a biomimetic coating with alternative materials is
encouraged.

A bioline coating has been used to imitate human endothelial tissue. This reagent
plays an important role in decreasing the interaction of clotting factors with the
plastic tubing, thus leading to less activation of the coagulation cascade. Daniel
and co-workers [67] reported that a bioline coating on a PMP membrane
oxygenator could reduce the heparin required by patients. Another option is a
phosphorylcholine coating, as used by Agati, et al. [84], to improve the
hemocompatibility of a PMP membrane oxygenator. It was observed that neither
plasma leakage nor device failure occurred in the PMP oxygenators after 105
hours of operation. A great improvement in hemocompatibility with high stability
was then successfully obtained by using poly(MPC-co-BMA-co-TSMA)(PMBT)
coating [85]. The cross-linkable PMBT film formed on the membrane surface
exhibits strong resistance to protein adsorption as well as platelet adhesion. As a
result, no adhered thrombus was observed on the PMBT-coated membrane
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surface, while a dense thrombus layer covered the bare membrane. MPC coating
on the PMP membrane oxygenator also reduced the protein and platelet
interaction on the membrane surface [86]. Studies on biocompatibility
modification of membrane oxygenators are summarized in Table 2.

Table 2 Surface Modification of Membrane Oxygenators to Improve Their
Biocompatibility

Membr'ane Modifying Modification method Ref.
material component
PSF AAI;?;%arm Low-temperature plasma [81]
treatment

Collagen
PEG Graft polymerization [87]
Silicone Coating [65]
PP Heparin Coating { ég}
Carmeda Coating [70]

PMBT Dip-coating
Poly(MeOEGMA)
Poly(HEMA)
TPX Poly(HPMA) Single electron transfer-living [88]
Poly(PCMA) radical polymerization
Poly(SBMA)
Poly(CBMAA)

MPC Plasma-induced grafting [86]

PMP Heparin
. . [84]
Phosphorylcholine Coating 89]

TPX — poly(4-methyl-1-pentene); PMP — polymethyl pentene; PEG — polyethylene glycol;
MPC — 2-methacryloyloxyethyl phosphorylcholine; PMBT — poly(MPC-co-BMA-co-TSMA);

4 ECMO Applications

Registration of the use of ECMOs across the world is organized by an
international non-profit consortium called the Extracorporeal Life Support
Organization (ELSO). Members of this consortium are known as ECMO centers.
A steady increase in the establishment of ELSO-registered ECMO centers began
about a decade ago, dominated by the North American region. To date, ECMO
centers have spread in five regions, i.e. North America (2 countries), Latin
America (26 countries), Asia Pacific (11 countries), South and West Asia, and
Africa (12 countries).

ECMO systems have been applied for treating patients with respiratory or cardiac
failure. The use of ECMOs for both conditions is discussed below. Besides that,
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the role of ECMOs in treating COVID-19 patients is discussed separately in the
last part of this section.

4.1 ECMO for Respiratory Failure

Respiratory failure occurs when the respiratory system fails to perform the gas
exchange functions, i.e. oxygenation, carbon dioxide removal, or both. This then
results in hypoaxemia (the arterial oxygen tension is less than 8.0 kPa) with or
without hypercapnia (arterial carbon dioxide tension is more than or equal to 6.5
kPa) [90]. Patients with respiratory failure often require respiratory support,
especially when simple measures such as supplemental oxygen therapy, secretion
control, and antibiotic therapy are unsatisfactory. Mechanical ventilation can be
used as respiratory support. However, the use of mechanical ventilation can cause
lung injury, which is ascribed to excessive energy delivered to the lung, resulting
from excessive pressure, volume, or respiratory rate [91]. An ECMO is then
considered as an attractive alternative way of treating patients with severe
respiratory failure, in which the gas exchange functions of the lung are expected
to be taken over by the ECMO so that the lung can rest. Besides that, high airway
pressure on the patient’s respiratory organs is no longer necessary, preventing
lung injury.

Patients with respiratory failure who need an ECMO are generally indicated by a
reversible pulmonary disease [92]. Acute respiratory distress syndrome (ARDS)
is a respiratory indication for ECMO treatment, which is also the most widely
studied. Early trials have demonstrated that ECMOs do not provide greater
survival in ARDS patients compared to conventional mechanical ventilation
[93,94]. A study conducted by Suchyta, ef al. [95] then found increased survival
of ARDS patients meeting the blood-gas criteria of ECMOs, which could be due
to different patient selection, advances in medical technology, and hospital-
specific reasons. A study conducted by Liao, et al. [96] revealed the efficacy of
7 days of ECMO supplementation for the treatment of ARDS patients caused by
scrub typhus. Also ECMO was compared with conventional treatment for
patients (180 in total) with severe adult respiratory failure (CESAR), showing
that 63% of patients who received ECMO treatment could survive for 6 months
without disability, in contrast to only 47% for the conventional treatment [97].
The success of ECMO in suppressing the mortality rate has also been shown when
this system was used for treating patients with ARDS during the influenza A
(HIN1) pandemic in 2009, the avian influenza A (H7N9) pandemic, and for the
middle east respiratory syndrome (MERS) [98,99]. However, there are multiple
risk factors in ARDS. Thus, appropriate selection of ARDS patients to be treated
using an ECMO is an important factor for success. To address this issue, an
algorithm to guide which ARDS patients should be treated with an ECMO has
been suggested by Bullen, et al. [100].
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4.2 ECMO for Cardiac Failure

There are wide indications for ECMO treatment for patients with cardiac failure,
which have been comprehensively reviewed by Bermudez, et al. [101]. For
treating patients with cardiac indications, venoarterial ECMO (VA-ECMO),
which provides not only respiratory support but also hemodynamic support, is
recommended to use rather than venovenous ECMO (VV-ECMO), which
provides no direct hemodynamic support [102]. In addition to providing
circulatory support, VA-ECMO may provide a bridge to recovery or may be used
as a bridge to a more durable mechanical solution [103]. However, careful
consideration of patient selection, the cannulation strategy, and other cardinal
considerations should be taken when implementing VA-ECMO.

A medical record review of patients treated with VA-ECMO for cardiac support
showed a high proportion of survivors, where out of 22 patients, 16 patients
(72%) survived to hospital discharge [104]. Moreover, 15 discharged patients
were in good neurological condition. Another medical report by Luo and co-
workers [105] showed that of the 45 patients supported with ECMO during
cardiac failure, 27 could be successfully weaned. A recent study on VA-ECMO
for post-cardiotomy cardiogenic shock revealed a significant difference in nadir
lactate levels between survivors and non-survivors, which could be helpful in
predicting early survival [106]. Despite the proven efficacy, it should be noted
that ECMO is suggested to be employed as soon as possible before any organ
failure develops in cardiac failure patients [105]. For example, a high mortality
rate was reported when patients were treated with a combination of continuous
renal replacement therapies (CRRT) and ECMO [107]. In such cases, the acute
renal failure suffered by the patients may deteriorate the health condition of the
patient before their condition could be improved through ECMO intervention.

43 ECMO for COVID-19

Based on the successful experiences on respiratory failure treatment, ECMO has
been considered as a potential therapy for COVID-19 patients. For centers
capable of providing ECMO, the World Health Organization recommends the
treatment of ARDS using ECMO [108]. However, there is also a concern related
to the limited usefulness of and the lack of evidence for supporting critically ill
patients suffering from ARDS due to COVID-19 [109]. Initial experiences in
Japan and South Korea with ECMO in more than 50 COVID-19 cases had
survivors, though many were still receiving treatment at the time of study.

Several studies have recently been performed to study the use of ECMO as
therapy for patients with ARDS induced by COVID-19. The results varied among
the reported cases. Yang, et al. [110] reported six severely ill patients in Wuhan,
China who were treated with ECMO. At the endpoint of the study period of 28
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days, five patients had died, while one patient was still on ECMO. Zhang, et al.
[111] conducted a single-center, retrospective case series investigation of 221
hospitalized patients in Wuhan, China, with confirmed COVID-19, from January
2" to February 10", 2020. Out of 55 patients in severe condition, ECMO was
utilized for ten patients with refractory hypoxemia. At the time of data collection,
two patients exhibited clinical benefits and were subsequently discharged, five
patients were still under ECMO support, and the other three were non-survivors.
Other studies also mention ECMO cases; unfortunately, the outcomes were not
available [112-114]. A weaning rate of 50% was reported by Haye, et al. [115],
who studied the impact of a mobile ECMO team during the first three weeks of
the COVID-19 outbreak in France.

A more comprehensive investigation based on pool analysis of 331 COVID-19
cases supported with ECMO showed a mortality rate of 46% (95%CI = 34-59%)
[116], which was smaller compared to the mortality rate of severely ill COVID-
19 patients who received conventional treatment, around 59-71% [110-117].
Based on the abovementioned results, it should be stressed that the efficacy of
ECMO treatment in COVID-19-induced ADRS conditions is not yet clear. This
is because several challenging factors affect the success of ECMO. One of the
important requirements is more data on the death mechanism and disease, from
which the appropriateness of the use of ECMO to treat COVID-19 patients is
determined [108].

However, more promising results are being reported by researchers. Wang et al.
[118] reported a COVID-19 patient with cytokine storm who fully recovered
using ECMO support after four times negative results of nucleic acid testing and
was then discharged on day 38. Ikuyama, et al. [119] reported the successful
recovery of a 76-year-old female patient in Matsumoto, Japan from acute
COVID-19 pneumonia via ECMO treatment. While the use of lopinavir-ritonavir
and premivir treatment did not show significant benefits, the application of
ECMO from symptom onset day (SOD) 19 to 31 led to complete recovery. A
similar successful recovery case was also found in a 45-year old male patient in
Tokyo, Japan [120]. It was suggested that risk factors, e.g. old age and other
comorbidities (hypertension, diabetes, and asthma) may correspond to the
mortality after ECMO treatment rather than ECMO itself [119]. Another report
indicates that early ECMO treatment could have more considerable benefits than
that applied after conventional therapies [121]. Since ECMO usage can also
inflict adverse side effects on patients, judicious selection of patients who
urgently need ECMO support is necessary to optimize the treatment of COVID-
19 patients with ECMO [99].
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5 Conclusions and Future Outlook

ECMO treatment has great potential to provide sufficient oxygenation for
respiratory failure patients with decreasing pulmonary function, which
conventional ventilation can no longer manage. As the key to ECMO, the
membrane oxygenator must be biocompatible and able to perform efficient gas
exchange. Research and development have been devoted to finding appropriate
membrane materials, module types, and flow configurations to achieve these
goals. Silicones have been long used as membrane material because of their blood
compatibility and ability to avoid plasma leakage, but they have poor gas
permeability. Hence, microporous PP membrane oxygenators have then been
developed. However, the wetting phenomena hinder their use for prolonged
periods; thus, a modification such as silicone coating is required. In a recent
development, PMP membrane oxygenators have been fabricated for long-term
usage. Membrane oxygenators have dramatically evolved, from plate-type and
spiral-wound-type to HF module with different fiber arrangements and flow
directions. In addition, surface modification using biocompatible materials has
also been attempted. It is imperative to consider the mean pore size of the
membrane oxygenator rather than the maximal pore size since the pores in the
membrane wall play a more significant role in determining the resistance to
plasma leakage than the surface pores. Two membranes may have the same
maximal pore size, but their mean pore differs significantly, leading to a severe
problem during the ECMO treatment. However, to be applied successfully, an
adequate preclinical evaluation is needed, including determining surface-active
species in the patient’s blood, e.g. phospholipid, alcohol, and drug molecules.
These strategies should be able to minimize the health risk during the ECMO
treatment. Unfortunately, not all existing studies have addressed them.

ECMO could provide an alternative solution for treating patients with respiratory
or cardiac failure. Reported studies have shown that there were improved
outcomes when using ECMO compared to conventional treatments. However,
careful consideration should be taken, especially with regard to patient selection.
ECMO has also been considered to use as therapy for patients with respiratory
failure induced by COVID-19. Although the effect of ECMO on severely ill
COVID-19 patients has not yet been established, more cases are continuously
being reported in which the ECMO treatment exhibited a positive impact on the
recovery of COVID-19 patients. In this regard, the presence of comorbidities
should also be taken into account, since they play a significant role in determining
the mortality rate of COVID-19 patients. After all, COVID-19 is a challenging
novel disease, where all treatments including ECMO must be performed with
vital precautions. An effective organization comprising a synergy of the aspects
of personnel, equipment, facilities, and systems will improve the efficacy of
ECMO deployment.

831



Enny Ratnaningsih, et al.

References

[1]

(2]

(3]

(4]

(7]

(9]

[10]

[11]

[12]

Gattinoni, L., Marini, J.J., Collino, F., Maiolo, G., Rapetti, F., Tonetti, T.,
Vasques, F. & Quintel, M., The Future of Mechanical Ventilation: Lessons
From the Present and the Past, Critical Care, 21(1), 183, 2017. DOI:
10.1186/s13054-017-1750-x.

Mosier, J.M. & Hypes, C.D., Mechanical Ventilation Strategies for the
Patient with Severe Obstructive Lung Disease, Emergency Medicine
Clinics of North America, 37(3), pp. 445-458, 2019.

Savarimuthu, S., Bin Saeid, J. & Harky, A., The Role of ECMO in COVID-
19: Can it Provide Rescue Therapy in Those Who are Critically 1112,
Journal of Cardiac Surgery, 35(6), pp. 1298-1301, 2020.

Bergman, R.M. & Nerem, R.M., The Cardiovascular Technology Industry:
Past, Present, and Future, Cardiovascular Engineering and Technology,
1(1), pp. 4-9, 2010.

Kawahito, S., Motomura, T., Glueck, J., & Nosé, Y., Development of a
New Hollow Fiber Silicone Membrane Oxygenator for ECMO: The Recent
Progress, Annals of Thoracic and Cardiovascular Surgery, 8(5), pp. 268-
274,2002.

Prasetya, N., Himma, N.F., Sutrisna, P.D., Wenten, [.G. & Ladewig, B.P.,
A Review on Emerging Organic-Containing Microporous Material
Membranes for Carbon Capture and Separation, Chemical Engineering
Journal, 391, 123575, 2020.

Makertihartha, 1.G.B., Kencana, K.S., Dwiputra, T.R., Khoiruddin, K.,
Lugito, G., Mukti, R.R. & Wenten, 1.G., SAPO-34 Zeotype Membrane for
Gas Sweetening, Reviews in Chemical Engineering,
000010151520190086, 2020. DOI: 10.1515/revce-2019-0086.

Himma, N.F., Wardani, A.K., Prasetya, N., Aryanti, P.T.P. & Wenten, 1.G.,
Recent Progress and Challenges in Membrane-Based O./N> Separation,
Reviews in Chemical Engineering, 35(5), pp. 591-625, 2019.

Khan, M.H., Corbett, B.J. & Hollenberg, S.M., Mechanical Circulatory
Support in Acute Cardiogenic Shock, F1000Prime Reports, 6, pp. 1-11,
2014.

Sharma, N., Barrett, A., Gupta, A. & Nair, A., Utilisation of CT Imaging
in Patients on Extracorporeal Membrane Oxygenation (ECMO), European
Congress of Radiology-ECR, C-0791, 2016.

Finney, S.J., Extracorporeal Support for Patients with Acute Respiratory
Distress Syndrome, European Respiratory Review, 23(133), pp. 379-389,
2014.

Kawahito, S., Maeda, T., Motomura, T., Takano, T., Nonaka, K.,
Linneweber, J., Mikami, M., Ichikawa, S., Kawamura, M., Glueck, J. &

832



Membrane Oxygenator for Extracorporeal Blood Oxygenation

[13]

[14]

[15]

[16]

[17]

[18]

[19]

(20]

(21]

(22]

Sato, K., Development of a New Hollow Fiber Silicone Membrane
Oxygenator: In Vitro Study, Artificial Organs, 25(6), pp. 494-498, 2001.
Niimi, Y., Yamane, S., Yamaji, K., Tayama, E., Sueoka, A. & Nosé, Y.,
Protein Adsorption and Platelet Adhesion on the Surface of an Oxygenator
Membrane, ASAIO Journal, 43(5), pp. M706-10, 1997.

Sun, S., Yue, Y., Huang, X. & Meng, D., Protein Adsorption on Blood-
contact Membranes, Journal of Membrane Science, 222(1-2), pp. 3-18,
2003.

Zheng, Z., Wang, W., Huang, X., Fan, W. & Li, L., Surface Modification
of Polysulfone Hollow Fiber Membrane for Extracorporeal Membrane
Oxygenator using Low-temperature Plasma Treatment, Plasma Processes
and Polymers, 15(1), 1700122, 2018.

Wu, Y., Simonovsky, F.I., Ratner, B.D. & Horbett, T.A., The Role of
Adsorbed Fibrinogen in Platelet Adhesion to Polyurethane Surfaces: A
Comparison of Surface Hydrophobicity, Protein Adsorption, Monoclonal
Antibody Binding, and Platelet Adhesion, Journal of Biomedical Materials
Research Part A, 74(4), pp. 722-738, 2005.

Niimi, Y., Ichinose, F., Ishiguro, Y., Terui, K., Uezono, S., Morita, S. &
Yamane, S., The Effects of Heparin Coating of Oxygenator Fibers on
Platelet Adhesion and Protein Adsorption, Anesthesia & Analgesia, 89(3),
pp- 573-579, 1999.

Khosravifard, S., Hosseini, S.S. & Boddohi, S., Development and Tuning
of Matrimid Membrane Oxygenators with Improved Biocompatibility and
Gas Permeance by Plasma Treatment, Journal of Applied Polymer
Science, 137(24), 48824, 2020.

Dharia, A., Abada, E., Feinberg, B., Yeager, T., Moses, W., Park, J., Blaha,
C., Wright, N., Padilla, B. & Roy, S., Silicon Micropore-based Parallel
Plate Membrane Oxygenator, Artificial Organs, 42(2), pp. 166-173, 2018.
Mejak, B., Giacomuzzi, C., Heller, E., You, X., Ungerleider, R. & Shen,
I., Retrospective Analysis Comparing Hollow Fiber and Silicone
Membrane Oxygenators for Neonates on ECMO, Journal of Extra-
Corporeal Technology, 39(2), pp. 71-74, 2007.

Funakubo, A., Higami, T., Sakuma, I., Fukui, Y., Kawamura, T., Sato, K.,
Sueoka, A. & Nosé, Y., Development of a Membrane Oxygenator for
ECMO Using a Novel Fine Silicone Hollow Fiber, ASAIO Journal, 42(5),
pp- M837-M840, 1996.

Nakata, K.I., Maeda, T., Murabayashi, S., Yoshikawa, M., Takano, T.,
Iwasaki, A., Nonaka, K., Linneweber, J., Kawahito, S., Glueck, J. & Sato,
K., Development of A New Silicone Membrane Oxygenator for ECMO,
Annals of Thoracic and Cardiovascular Surgery: Official Journal of the
Association of Thoracic and Cardiovascular Surgeons of Asia, 6(6), pp.
373-377, 2000.

833



(23]

[24]

[25]

[26]

(27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Enny Ratnaningsih, et al.

Yang, Y.F., Wan, L.S. & Xu, Z.K., Surface Hydrophilisation and
Antibacterial ~ Functionalisation for  Microporous  Polypropylene
Membranes, Water Science and Technology, 61(8), pp. 2053-2060, 2010.

Bermudez, C.A. & Daneshmand, M.A., The Role of Extracorporeal
Membrane Oxygenation in Cardiac Support, in Mechanical Circulatory
Support: a Companion to Braunwald’s Heart Disease, Elsevier, pp. 53-70,
2020.

World-Health-Organization-(WHO), Coronavirus Disease (COVID-19),

Situation Report, https://www.who.int/indonesia/news/novel-coronavirus/
situation-reports, (16 April 2021).

Li, T., Lu, H. & Zhang, W., Clinical Observation and Management of
COVID-19 Patients, Emerging Microbes & Infections, 9(1), pp. 687-690,
2020.

Paces, J., Strizova, Z., Smrz, D. & Cerny, J., COVID-19 and the Immune
System, Physiological Research, 69, pp. 379-388, 2020.

Xu, Z., Shi, L., Wang, Y., Zhang, J., Huang, L., Zhang, C., Liu, S., Zhao,
P., Liu, H., Zhu, L. & Tai, Y., Pathological Findings of COVID-19
Associated with Acute Respiratory Distress Syndrome, The Lancet
respiratory medicine, 8(4), pp. 420-422, 2020.

Gattinoni, L., Chiumello, D., Caironi, P., Busana, M., Romitti, F., Brazzi,
L. & Camporota, L., COVID-19 Pneumonia: Different Respiratory
Treatments for Different Phenotypes?, Intensive Care Medicine volume
46, pp. 1099-1102, 2020.

Evseev, A.K., Zhuravel, S.V., Alentiev, A.Y., Goroncharovskaya, [.V. &
Petrikov, S.S., Membranes in Extracorporeal Blood Oxygenation
Technology, Membranes and Membrane Technologies, 1(4), pp. 201-211,
2019.

Savarimuthu, S., BinSaeid, J. & Harky, A., The Role of ECMO in COVID-
19: Can It Provide Rescue Therapy in Those Who Are Critically 1I?,

Journal of Cardiac Surgery, 35(6), pp. 1298-1301, 2020.

Chaves, R.C.D.F., Rabello, R., Timenetsky, K.T., Moreira, F.T., Vilanova,
L.C.D.S., Bravim, B.D.A., Serpa, A. & Corré€a, T.D., Extracorporeal
Membrane Oxygenation: a Literature Review, Revista Brasileira de
Terapia Intensiva, 31(3), pp. 410, 2019.

Brodie, D., Slutsky, A.S. & Combes, A., Extracorporeal Life Support for
Adults with Respiratory Failure and Related Indications: A Review, Jama,
322(6), pp. 557-568, 2019.

Scaravilli, V., Zanella, A., Sangalli, F. & Patroniti, N., Basic Aspects of
Physiology during ECMO Support, in ECMO-Extracorporeal Life Support
in Adults, Springer, pp. 19-36, 2014.

Wagner, W.R. & Griffith, B.P., Reconstructing the Lung, Science,
329(5991), pp. 520-522, 2010.

834



Membrane Oxygenator for Extracorporeal Blood Oxygenation

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

Doyle, A.J. & Hunt, B.J. Current Understanding of How Extracorporeal
Membrane Oxygenators Activate Haemostasis and Other Blood
Components, Frontiers in Medicine, 5, pp. 352, 2018.

Eusébio, T.M., Martins, A.R., Pon, G., Faria, M., Morgado, P., Pinto, M.L.,
Filipe, E.J. & de Pinho, M.N., Sorption/Diffusion Contributions to the Gas
Permeation Properties of Bi-soft Segment Polyurethane/Polycaprolactone
Membranes for Membrane Blood Oxygenators, Membranes, 10(1), 8,
2020. DOI: 10.3390/membranes10010008.

Fragomeni, G., Terzini, M., Comite, A. & Catapano, G., The Maximal Pore
Size of Hydrophobic Microporous Membranes Does Not Fully
Characterize the Resistance to Plasma Breakthrough of Membrane
Devices for Extracorporeal Blood Oxygenation, Frontiers in
Bioengineering and Biotechnology, 7, 461, 2020. DOI: 10.3389/
fbi0e.2019.00461.

Wickramasinghe, S.R., Han, B., Garcia, J.D. & Specht, R., Microporous
Membrane Blood Oxygenators, AIChE Journal, 51(2), pp. 656-670, 2005.
Stamatialis, D.F., Papenburg, B.J., Gironés, M., Saiful, S., Bettahalli, S.N.,
Schmitmeier, S. & Wessling, M., Medical Applications of Membranes:
Drug Delivery, Artificial Organs and Tissue Engineering, Journal of
Membrane Science, 308(1-2), pp. 1-34, 2008.

Wenten, 1.G., Aryanti, P.T.P., Khoiruddin, K., Hakim, A.N. & Himma,
N.F., Advances in Polysulfone-based Membranes for Hemodialysis,
Journal of Membrane Science and Research, 2(2), pp. 78-89, 2016.
Abada, E.N., B.J. Feinberg & S. Roy, Evaluation of Silicon Membranes for
Extracorporeal =~ Membrane  Oxygenation (ECMO), Biomedical
Microdevices, 20(4), 86, 2018. DOI: 10.1007/s10544-018-0335-z.
Yeager, T. & Roy, S., Evolution of Gas Permeable Membranes for
Extracorporeal Membrane Oxygenation, Artificial Organs, 41(8), pp. 700-
709, 2017.

Wardani, A.K., Ariono, D., Yespin, Y., Sihotang, D.R. & Wenten, 1.G.,
Preparation of Hydrophilic Polypropylene Membrane by Acid Dipping
Technique, Materials Research Express, 6(7), 075308, 2019.

Wardani, A.K., Ariono, D. & Wenten, 1.G., Hydrophilic Modification of
Polypropylene Ultrafiltration Membrane by Air-assisted Polydopamine
Coating, Polymers for Advanced Technologies, 30(4), pp. 1148-1155,
2019.

Drinker, Philip A.P.D., Progress in Membrane Oxygenator Design,
Anesthesiology: The Journal of the American Society of Anesthesiologists,
37(2), pp. 242-260, 1972.

Iwahashi, H., Yuri, K. & Nosé, Y., Development of the Oxygenator: Past,
Present, and Future, Journal of Artificial Organs, 7(3), pp. 111-120, 2004.
Di Paola, L., Terrinoni, A.R. & Vitale, F., Extracorporeal Membrane
Blood Oxygenators: Effect of Membrane Wetting on Gas Transfer and

835



[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

Enny Ratnaningsih, et al.

Device Performance, Asia-Pacific Journal of Chemical Engineering,
7(SUPPL. 3), pp. S348-S355, 2012.

Catapano, G., Papenfuss, H.D., Wodetzki, A. & Baurmeister, U., Mass and
Momentum Transport in Extra-luminal Flow (ELF) Membrane Devices for
Blood Oxygenation, Journal of Membrane Science, 184(1), pp. 123-135,
2001.

Melchior, R.W., Sutton, S.W., Harris, W. & Dalton, H.J., Evolution of
Membrane Oxygenator Technology for Utilization during Pediatric
Cardiopulmonary Bypass, Pediatric Health, Medicine and Therapeutics, 7,
pp- 45-56, 2016.

Kolff, W.J., Berk, H.T.J., Welle, N.M., Van Der Ley, A.J.W., Van Dijk,
E.C. & Van Noordwijk, J., The Artificial Kidney: A Dialyser with a Great
Area, Acta Medica Scandinavica, 117(2), pp. 121-134, 1944.

Lim, M.W., The History of Extracorporeal Oxygenators, Anaesthesia,
61(10), pp. 984-995, 2006.

Clowes Jr, G.H.A., Extracorporeal Maintenance of Circulation and
Respiration, Physiological Reviews, 40(4), pp. 826-919, 1960.
Kaliyathan, A.V., Mathew, A., Rane, A.V., Kanny, K. & Thomas, S.,
Natural Rubber and Silicone Rubber-Based Biomaterials, in Fundamental
Biomaterials: Polymers, Woodhead Publishing Series in Biomaterials,
Duxford, United Kingdom, pp. 71-84, 2018.

Funakubo, A., Higami, T., Sakuma, 1., Fukui, Y., Kawamura, T., Sato,
K., Sueoka, A. & Nosé, Y., Development of a Membrane Oxygenator for
ECMO Using a Novel Fine Silicone Hollow Fiber, ASAIO Journal, 42(5),
pp.- M837-M840, 1996.

Yamane, S., Ohashi, Y., Sueoka, A., Sato, K., Kuwana, J. & Nosé, Y.,
Development of a Silicone Hollow Fiber Membrane Oxygenator for
ECMO Application, ASAIO Journal (American Society for Artificial
Internal Organs: 1992), 44(5), pp. M384-M387, 1998.

Maeda, T., Iwasaki, A., Kawahito, S., Nakata, K.I., Nonaka, K.,
Linneweber, J., Schulte-Eistrup, S., Takano, T., Yoshikawa, M., Sato, K.
& Kuwana, J., Preclinical Evaluation of a Hollow Fiber Silicone
Membrane Oxygenator for Extracorporeal Membrane Oxygenator
Application, ASAIO Journal, 46(4), pp. 426-430, 2000.

Kawahito, S., Motomura, T., Glueck, J. & Nosé, Y., Development of a New
Hollow Fiber Silicone Membrane Oxygenator for ECMO: The Recent
Progress, Annals of Thoracic and Cardiovascular Surgery, 8(5), pp. 268-
274,2002.

Motomura, T., Maeda, T., Kawahito, S., Matsui, T., Ichikawa, S., Ishitoya,
H., Kawamura, M., Shinohara, T., Sato, K., Kawaguchi, Y. & Taylor, D.,
Development of Silicone Rubber Hollow Fiber Membrane Oxygenator for
ECMO, Artificial Organs, 27(11), pp. 1050-1053, 2003.

836



Membrane Oxygenator for Extracorporeal Blood Oxygenation

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Khachab, A., Tabesh, H., Kashefi, A. & Mottaghy, K., Novel Concept for
Pure Diffusive Capillary Membrane Oxygenators: Silicone Hollow Sphere
(SiHSp) Fibers, ASAIO Journal, 59(2), pp. 162-168, 2013.

Ohtake, S., Kawashima, Y., Hirose, H., Matsuda, H., Nakano, S., Kaku, K.
& Okuda, A., Experimental Evaluation of Pumpless Arteriovenous ECMO
with Polypropylene Hollow Fiber Membrane Oxygenator for Partial
Respiratory Support, ASAIO Journal, 29(1), pp. 237-241, 1983.

Matsuda, H., Nomura, F., Ohtake, S., Ohtani, M., Kaneko, M., Miyamoto,
Y., Nakano, S., Hirose, H. & Kawashima, Y., Evaluation of a New
Siliconized Polypropylene Hollow Fiber Membrane Lung for ECMO,
ASAIO Journal, 31(1), pp. 599-603, 1985.

Fried, D.W. & J. Bell Thomson, Oxygen Transfer Efficiency of Three
Microporous Polypropylene Membrane Oxygenators, Perfusion, 6(2), pp.
105-114, 1991.

Nagase, K., Kohori, F. & Sakai, K., Oxygen Transfer Performance of a
Membrane Oxygenator Composed of Crossed and Parallel Hollow Fibers,
Biochemical Engineering Journal, 24(2), pp. 105-113, 2005.

Shimono, T., Shomura, Y., Hioki, 1., Shimamoto, A., Tenpaku, H., Maze,
Y., Onoda, K., Takao, M., Shimpo, H. & Yada, 1., Silicone-Coated
Polypropylene Hollow-fiber Oxygenator: Experimental Evaluation and
Preliminary Clinical Use, The Annals of Thoracic Surgery, 63(6), pp.
1730-1736, 1997.

Borrelli, U. & Costa, C., Materials: Cannulas, Pumps, Oxygenators, in
ECMO-Extracorporeal Life Support in Adults, ed, Springer Milan, pp. 65-
76, 2014.

Daniel IV, J.M., Bernard, P.A., Skinner, S.C., Bhandary, P., Ruzic, A.,
Bacon, M K. & Ballard, H.O., Hollow Fiber Oxygenator Composition Has
a Significant Impact on Failure Rates in Neonates on Extracorporeal
Membrane Oxygenation: A Retrospective Analysis, Journal of Pediatric
Intensive Care, 7(1), pp. 7-13, 2018.

Toomasian, J.M., Schreiner, R.J., Meyer, D.E., Schmidt, M.E., Hagan,
S.E., Griffith, G.W., Bartlett, R.H. & Cook, K.E., A Polymethylpentene
Fiber Gas Exchanger For Long-Term Extracorporeal Life Support,
ASAIO Journal, 51(4), pp. 390-397, 2005.

Khoshbin, E., Roberts, N., Harvey, C., Machin, D., Killer, H., Peek, G.J.,
Sosnowski, A.W. & Firmin, R.K., Poly-Methyl Pentene Oxygenators Have
Improved Gas Exchange Capability and Reduced Transfusion
Requirements in Adult Extracorporeal Membrane Oxygenation, ASAIO
Journal, 51(3), pp. 281-287, 2005.

Thiara, A.P.S., Hoel, T.N., Kristiansen, F., Karlsen, H.M., Fiane, A.E. &
Svennevig, J.L., Evaluation of Oxygenators and Centrifugal Pumps for
Long-term Pediatric Extracorporeal Membrane Oxygenation, Perfusion,
22(5), pp. 323-326, 2007.

837



[71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

[80]

[81]

[82]

[83]

Enny Ratnaningsih, et al.

Terumo, CAPIOX®RX25 Oxygenators, http://www.cardion.cz/file/387/
brozura-rx25-oxygenator.pdf (14 June 2020).

Medtronic, Affinity Fusion™ Oxygenation System,
http://medtronic.com/content/dam/medtronic-com/products/
cardiovascular/cardiopulmonary/affinity-fusion-oxygenation/documents/
201303375cEN_Affinity Fusion Brochure.pdf (14 June 2020).
Medtronic, Trillium Affinity NT® Oxygenation System, accessed from
https://webroot146.s3.amazonaws.com/img/catalogues/1485754378-
Brochure%20-%20Trillium%20Affinity%20NT.pdf (14 June 2020).
Eurosets, Oxy 12-2017, www.eurosets.com/wp-content/uploads/
2016/07/AF_Plus_catalogue 12-2017.pdf (14 June 2020).

MicroPort, Membrane Oxygenation System, http://www.kewei.com.
cn/en/show_product.aspx?Productsld=172&CateID=100&ProductsCatel
D=100&O0Order=98., (14 June 2020).

Magquet, HLS Set Advanced, www.getinge.com/siteassets/products-a-z/hls-
set-advanced/hls_set advanced mcp br 10039 en 1 screen.pdf (14
June 2020).

Livanova, EOS ECMO - Hollow Fiber Oxygenator, accessed from
https://livanovamediaprod.azureedge.net/livanova-media/livanova-public/
media/resourcesO1/ous_only livanova_livanova eos_ecmo_09295-
85b.pdf?ext=.pdf (14 June 2020).

Eurosets, Oxy 52017, www.eurosets.com/wp-content/uploads/
2016/07/Adult_catalogue oxy 52017.pdf (14 June 2020).

Mostafavi, A.H., Mishra, A.K., Ulbricht, M., Denayer, J. & Hosseini, S.S.,
Oxygenation and Membrane Oxygenators: Emergence, Evolution and
Progress in Material Development and Process Enhancement for
Biomedical Applications, Journal of Membrane Science and Research,
DOI: 10.22079/JIMSR.2021.521505.1431, 2021.

Doll, N., Kiaii, B., Borger, M., Bucerius, J., Krdmer, K., Schmitt, D.V.,
Walther, T. & Mohr, F.W., Five-Year Results of 219 Consecutive Patients
Treated with Extracorporeal Membrane Oxygenation for Refractory
Postoperative Cardiogenic Shock, The Annals of Thoracic Surgery, 77(1),
pp. 151-157, 2004.

Zheng, 7., Wang, W., Huang, X., Fan, W. & Li, L., Surface Modification
of Polysulfone Hollow Fiber Membrane For Extracorporeal Membrane
Oxygenator Using Low-Temperature Plasma Treatment, Plasma Processes
and Polymers, 15(1), 1700122, 2018.

Silvetti, S., Koster, A. & Pappalardo, F., Do We Need Heparin Coating for
Extracorporeal ~ Membrane  Oxygenation? New  Concepts and
Controversial Positions about Coating Surfaces of Extracorporeal
Circuits, Artificial Organs, 39(2), pp. 176-179, 2015.

Pollak, U., Heparin-induced  Thrombocytopenia = Complicating
Extracorporeal Membrane Oxygenation Support: Review of the Literature

838



Membrane Oxygenator for Extracorporeal Blood Oxygenation

[84]

[85]

[86]

[87]

[88]

[89]

[90]
[91]

[92]

(93]

[94]

and Alternative Anticoagulants, Journal of Thrombosis and Haemostasis,
17(10), pp. 1608-1622, 2019.

Agati, S., et al., DIDECMO. A New Polymethylpentene Oxygenator for
Pediatric Extracorporeal Membrane Oxygenation, ASAIO Journal, 52(5),
pp- 509-512, 2006.

Wang, Y-B. et al., Hemocompatibility and Film Stability Improvement of
Crosslinkable MPC Copolymer Coated Polypropylene Hollow Fiber
Membrane, Journal of Membrane Science, 452, pp. 29-36, 2014.

Huang, X. et al., Surface Monofunctionalized Polymethyl Pentene Hollow
Fiber Membranes by Plasma Treatment and Hemocompatibility
Modification for Membrane Oxygenators, Applied Surface Science, 362,
pp- 355-363, 2016.

Abednejad, A.S., Amoabediny, G. & Ghaee, A., Surface Modification of
Polypropylene Blood Oxygenator Membrane by Poly Ethylene Glycol
Grafting, Advanced Materials Research, 816-817, pp. 459-463, 2013.
Obstals, F., Vorobii, M., Riedel, T., de los Santos Pereira, A., Bruns, M.,
Singh, S. & Rodriguez-Emmenegger, C., Improving Hemocompatibility of
Membranes for Extracorporeal Membrane Oxygenators by Grafting
Nonthrombogenic Polymer Brushes, Macromolecular Bioscience, 18(3),
1700359, 2018.

Pieri, M., Turla, O.G., Calabro, M.G., Ruggeri, L., Agracheva, N.,
Zangrillo, A. & Pappalardo, F., 4 New Phosphoryicholine-Coated
Polymethylpentene  Oxygenator  for  Extracorporeal = Membrane
Oxygenation: A Preliminary Experience, Perfusion, 28(2), pp. 132-137,
2013.

Prasad, S. & O'Neill, S. Respiratory Failure, Surgery (Oxford), 36(12), pp.
688-693, 2018.

Slattery, M., Vasques, F., Srivastava, S. & Camporota, L., Management of
Acute Respiratory Failure, Medicine, 48(6), pp. 397-403, 2020.
Frenckner, B. & Radell, P., Respiratory Failure and Extracorporeal
Membrane Oxygenation, Seminars in Pediatric Surgery, 17(1), pp. 34-41,
2008.

Zapol, W.M., Snider, M.T., Hill, J.D., Fallat, R.J., Bartlett, R.H., Edmunds,
L.H., Morris, A.H., Peirce, E.C., Thomas, A.N., Proctor, H.J. & Drinker,
P.A., Extracorporeal Membrane Oxygenation in Severe Acute Respiratory
Failure: A Randomized Prospective Study, JAMA, 242(20), pp. 2193-
2196, 1979.

Morris, A.H., Wallace, C.J., Menlove, R.L., Clemmer, T.P., Orme Jr, J.F.,
Weaver, L.K., Dean, N.C., Thomas, F., East, T.D., Pace, N.L. & Suchyta,
M.R., Randomized Clinical Trial of Pressure-controlled Inverse Ratio
Ventilation and Extracorporeal CO, Removal for Adult Respiratory
Distress Syndrome, American Journal of Respiratory and Critical Care
Medicine, 149(2), pp. 295-305, 1994.

839



Enny Ratnaningsih, et al.

[95] Suchyta, M.R., Clemmer, T.P., Orme Jr, J.F., Morris, A.H. & Elliott, C.G.,
Increased Survival of ARDS Patients with Severe Hypoxemia (ECMO
Criteria), Chest, 99(4), pp. 951-955, 1991.

[96] Liao, X., Cheng, Z., Wang, L., Xu, Z., Zheng, Q., Chen, R., Wu, G. & Li,
B., Application of Extracorporeal Membrane Oxygenation in Patients with
Scrub Typhus Complicated with Acute Respiratory Distress Syndrome, The
Heart Surgery Forum, 23(2), pp. E183-E186, 2020.

[97] Peek, G.J., Mugford, M., Tiruvoipati, R., Wilson, A., Allen, E., Thalanany,
M.M., Hibbert, C.L., Truesdale, A., Clemens, F., Cooper, N. & Firmin,
R.K., Efficacy and Economic Assessment of Conventional Ventilatory
Support Versus Extracorporeal Membrane Oxygenation for Severe Adult
Respiratory Failure (CESAR): A Multicentre Randomised Controlled
Trial, The Lancet, 374(9698), pp. 1351-1363, 20009.

[98] Hong, X., Xiong, J., Feng, Z. & Shi, Y., Extracorporeal Membrane
Oxygenation (ECMO): Does It Have a Role in the Treatment of Severe
COVID-19?, International Journal of Infectious Diseases, 94, pp. 78-80.
2020.

[99] Pravda, N.S., Pravda, M.S., Kornowski, R. & Orvin, K., Extracorporeal
Membrane Oxygenation Therapy in the COVID-19 Pandemic, Future
Cardiology, 16(6), pp. 543-546, 2020.

[100] Bullen, E.C., Teijeiro-Paradis, R. & Fan, E., How I Select which Patients
with ARDS Should Be Treated with Venovenous Extracorporeal
Membrane Oxygenation, Chest, 158(3), pp. 1036-1045, 2020.

[101] Bermudez, C.A. and M.A. Daneshmand, The Role of Extracorporeal
Membrane Oxygenation in Cardiac Support, in Kirklin, J. & Rogers, J.,
Mechanical Circulatory Support: A Companion to Braunwald’s Heart
Disease (Second Edition), Elsevier, pp. 53-70, 2020.

[102] King, C.S., Roy, A., Ryan, L. & Singh, R., Cardiac Support: Emphasis on
Venoarterial ECMO, Critical Care Clinics, 33(4), pp. 777-794, 2017.

[103] Rao, P., Khalpey, Z., Smith, R., Burkhoff, D. & Kociol, R.D., Venoarterial
Extracorporeal Membrane Oxygenation for Cardiogenic Shock and
Cardiac Arrest: Cardinal Considerations for Initiation and Management,
Circulation: Heart Failure, 11(9), 004905, 2018.

[104] Sun, T., Guy, A., Sidhu, A., Finlayson, G., Grunau, B., Ding, L., Harle, S.,
Dewar, L., Cook, R. & Kanji, H.D., Veno-Arterial Extracorporeal
Membrane Oxygenation (VA-ECMO) for Emergency Cardiac Support,
Journal of Critical Care, 44, pp. 31-38, 2018.

[105] Luo, X.J., Wang, W., Hu, S.S., Sun, H.S., Gao, H.W., Long, C., Song, Y.H.
& Xu, J.P., Extracorporeal Membrane Oxygenation for Treatment of
Cardiac Failure in Adult Patients, Interactive CardioVascular and
Thoracic Surgery, 9(2), pp. 296-300, 2009.

[106] Hu, R.T., Broad, J.D., Osawa, E.A., Ancona, P., Iguchi, Y., Miles, L.F. &
Bellomo, R., 30-Day Outcomes Post Veno-Arterial Extra Corporeal

840



Membrane Oxygenator for Extracorporeal Blood Oxygenation

Membrane Oxygenation (VA-ECMO) after Cardiac Surgery and
Predictors of Survival, Heart, Lung and Circulation, 29(8), pp. 1217-1225,
2020.

[107] Yap, H.J., Chen, Y.C., Fang, J.T. & Huang, C.C., Combination of
Continuous Renal Replacement Therapies (CRRT) and Extracorporeal
Membrane Oxygenation (ECMO) for Advanced Cardiac Patients, Renal
Failure, 25(2), pp. 183-193, 2003.

[108] MacLaren, G., Fisher, D. & Brodie, D., Preparing for the Most Critically
1l Patients With COVID-19: The Potential Role of Extracorporeal
Membrane Oxygenation, JAMA, 323(13), pp. 1245-1246, 2020.

[109] Namendys-Silva, S.A., ECMO for ARDS due to COVID-19, Heart & Lung:
The Journal of Cardiopulmonary and Acute Care, 49(4), pp.348-349, 2020.

[110] Yang, X., Yu, Y., Xu, J., Shu, H., Liu, H., Wu, Y., Zhang, L., Yu, Z., Fang,
M., Yu, T. & Wang, Y., Clinical Course and Outcomes of Critically 1l
Patients with SARS-Cov-2 Pneumonia in Wuhan, China: A Single-
centered, Retrospective, Observational Study, The Lancet Respiratory
Medicine, 8(5), pp.475-481, 2020.

[111] Zhang, G., Hu, C., Luo, L., Fang, F., Chen, Y., Li, J., Peng, Z. & Pan, H.,
Clinical Features and Outcomes of 221 Patients with COVID-19 in
Wuhan, China, Journal of Clinical Virology, 127, pp.104364, 2020.

[112] Guan, W.J., Ni, Z.Y., Hu, Y., Liang, W.H., Ou, C.Q., He, J.X., Liu, L.,
Shan, H., Lei, C.L., Hui, D.S. & Du, B., Clinical Characteristics of
Coronavirus Disease 2019 in China, New England Journal of Medicine,
382(18), pp. 1708-1720, 2020.

[113] Wang, D., Hu, B., Hu, C., Zhu, F., Liu, X., Zhang, J., Wang, B., Xiang, H.,
Cheng, Z., Xiong, Y. & Zhao, Y., Clinical Characteristics of 138
Hospitalized Patients with 2019 Novel Coronavirus-Infected Pneumonia
in Wuhan, China, JAMA, 323(11), pp. 1061-1069, 2020.

[114] Huang, C., Wang, Y., Li, X., Ren, L., Zhao, J., Hu, Y., Zhang, L., Fan, G.,
Xu, J., Gu, X. & Cheng, Z., Clinical Features of Patients Infected with
2019 Novel Coronavirus in Wuhan, China, The Lancet, 395(10223), pp.
497-506, 2020.

[115] Haye, G., Fourdrain, A., Abou-Arab, O., Berna, P. & Mahjoub, Y.,
COVID-19 Outbreak in France: Setup and Activities of a Mobile
Extracorporeal Membrane Oxygenation Team during the First 3 Weeks,
Journal of Cardiothoracic and Vascular Anesthesia, 34(12), pp. 3493-3495,
2020.

[116] Melhuish, T.M., Vlok, R., Thang, C., Askew, J. & White, L., Outcomes of
Extracorporeal Membrane Oxygenation Support for Patients with
COVID-19: A Pooled Analysis of 331 Cases, The American Journal of
Emergency Medicine, 29, pp. S0735-6757, 2020.

[117] Henry, B.M. & Lippi, G., Poor Survival with Extracorporeal Membrane
Oxygenation in Acute Respiratory Distress Syndrome (ARDS) due to

841



Enny Ratnaningsih, et al.

Coronavirus Disease 2019 (COVID-19): Pooled Analysis of Early
Reports, Journal of Critical Care, 58, pp. 27-28, 2020.

[118] Wang, F., Hou, H., Luo, Y., Tang, G., Wu, S., Huang, M., Liu, W., Zhu,
Y., Lin, Q., Mao, L. & Fang, M., The Laboratory Tests and Host Immunity
of COVID-19 Patients with Different Severity of Illness, JCI Insight, 5(10),
e137799, 2020.

[119] Ikuyama, Y., Wada, Y., Tateishi, K., Kitaguchi, Y., Yasuo, M., Ushiki, A.,
Urushihata, K., Yamamoto, H., Kamijo, H., Mita, A. & Imamura, H.,
Successful Recovery from Critical COVID-19 Pneumonia with
Extracorporeal Membrane Oxygenation: A Case Report, Respiratory
Medicine Case Reports, 30, 101113, 2020.

[120] Nakamura, K., Hikone, M., Shimizu, H., Kuwahara, Y., Tanabe, M.,
Kobayashi, M., Ishida, T., Sugiyama, K., Washino, T., Sakamoto, N. &
Hamabe, Y., 4 Sporadic COVID-19 Pneumonia Treated with
Extracorporeal Membrane Oxygenation in Tokyo, Japan: A Case Report,
Journal of Infection and Chemotherapy, 26(7), pp. 756-761, 2020.

[121] Combes, A., Hajage, D., Capellier, G., Demoule, A., Lavoué, S., Guervilly,
C., Da Silva, D., Zafrani, L., Tirot, P., Veber, B. & Maury, E.,
Extracorporeal Membrane Oxygenation for Severe Acute Respiratory
Distress Syndrome, New England Journal of Medicine, 378(21), pp. 1965-
1975, 2018.

842



