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Abstract: The accumulation of blood proteins and cells on extracorporeal membrane oxygenation
(ECMO) circuits has been proposed as a contributing factor to the coagulopathic state of many
patients. This systematic review aims to summarize and discuss the existing knowledge of blood
components binding to the ECMO circuits in human patients. A systematic review was conducted
using the Medline, PubMed and Embase databases following the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines. Seven studies were included in this
review. Three studies identified a leukocyte adhesion, three studies observed von Willebrand factor
accumulation and four studies identified bound platelets on the surface of the circuits. Other identified
components included fibrin, albumin, hemoglobin, erythrocytes, progenitor cells, fibronectin and IgG.
This systematic review demonstrates the limited state of knowledge when it comes to adsorption to the
ECMO circuits in humans. Most of the studies lacked insight or detail into the mechanisms of binding
and the interactions between different components bound to the ECMO circuits. Further research is
required to comprehensively characterize surface adsorption to ECMO circuits in humans and to
define the specific mechanisms of binding, enabling improvements that increase biocompatibility
between the blood-circuit interface in this important clinical setting.

Keywords: ECMO; adsorption; membrane oxygenator; circuit; binding

1. Introduction

Extracorporeal membrane oxygenation (ECMO) is a modified form of cardiopulmonary bypass
(CPB), which provides cardiac and/or respiratory support for critically ill patients. ECMO is associated
with a high incidence of bleeding and thrombotic events, which may contribute to morbidity and
mortality. For example, in one large study [1], 38% of patients on ECMO experienced bleeding and
31% of patients experienced thrombosis, which were associated with decreased survival outcomes of
40% and 33%, respectively.

One of the primary causes hypothesized to initiate a coagulopathic state in ECMO patients is
the increased contact of blood components with the artificial ECMO circuit. Blood circulates within
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an ECMO circuit under different hemodynamic conditions to the patients’ body, altering the shear
stress experienced during flow [2] and activating hemostatic components [3], which may adversely
affect the patient’s health [1,4,5]. One consequence of ECMO support that has not been investigated
in detail is the adsorption of blood components to the surface of the ECMO circuit. Whilst previous
studies detailing surface binding in non-ECMO settings [6] and animal models do exist [7,8], limited
ECMO circuit binding studies have been conducted in an ex vivo ECMO setting (e.g., circuits obtained
from former ECMO patients) in humans. This systematic review aims to summarize the current
understanding of cellular and protein adsorption in the setting of ECMO in humans by identifying
and examining the studies that have experimentally confirmed adherence of blood components to
ECMO circuit surfaces.

2. Methods

2.1. Study Design

This systematic review was conducted based on the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines [9].

2.2. Search Strategy and Selection Criteria

We searched Medline, Embase and PubMed indexed online databases for studies published from
January 1985 to December 2019. The specific search terms used for each database search are detailed
in Appendix A. Briefly, studies summarized in this review were identified using the search terms
['ECMO’ OR ‘membrane oxygenator’] AND [‘adsorption” OR ‘deposit’] AND [‘blood proteins” OR
‘blood cells’] as well as using derivatives of these terms. Both veno-venous (VV) and veno-arterial (VA)
ECMO were included in the search. Studies were limited to those performed with human samples and
those written in the English language. Studies retrieved using these search parameters were screened
by two authors (SC and TC) focusing on titles and abstracts for eligibility based on the inclusion and
exclusion criteria. Full texts of the chosen articles were assessed by both SC and TC to confirm this.

2.3. Inclusion and Exclusion Criteria

Inclusion criteria: (I) ECMO circuit, (II) deposit composition or binding assessed, (III) blood
components (cells or proteins) analyzed, (IV) English language and (V) human study.

Exclusion criteria: (I) CPB or other non-ECMO extracorporeal circulation, (II) deposit volume
rather than composition assessed, (III) binding of administered drugs analyzed, (IV) study did not
investigate deposit composition in the context of ECMO circuit surface and (V) conference abstract.

2.4. Data Extraction and Quality Assessment

The included studies were reviewed by VI and PM, with disagreement resolved by discussion.
Data extracted included study design, study length, patient age group, ECMO duration and mode,
sample types, analysis technique/s and outcomes of any confirmed identification of bound blood
components to the ECMO circuits from each study. The risk of bias assessment of each included study
was performed in accordance with the Integrated quality Criteria for the Review Of Multiple Study
designs (ICROMS) quality assessment tool [10]. All of the studies met the mandatory criteria and
minimum score required. The detailed criteria of assessment for each study is presented in Table A1l
and the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2009 Checklist
is presented in Table A2 as part of Appendix B.

3. Results

We identified 581 unique studies using our systematic search strategy. Papers were initially
screened on their titles and abstracts with the majority of studies (n = 565) excluded for not fulfilling
the inclusion parameters. Many of the excluded articles were either conducted in the setting of
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cardiopulmonary bypass circuits (CPB) or in the context of ECMO but focusing on aspects such as the
outcomes of anticoagulation strategies or assessing the feasibility of different ECMO circuit designs
rather than specifically investigating surface adsorption on ECMO surfaces. Sixteen studies were
reviewed for the full text screening with nine studies excluded for either only investigating drug
binding to the circuit (n = 2), for not analyzing the surface deposition in the context of ECMO circuits
(n = 2), for being animal studies (1 = 1) or for being conference abstracts (n = 4). Figure 1 shows the
PRISMA flow diagram for study inclusion and exclusion of the studies.

Records identified through
Duplicates removed

(n=270)

database searching  —

(n=851)

Records after

duplicates removed

(n=581)
Records excluded
(n=565)
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for eligibility ——— - Binding of drugs only =2
(n=16) - Study did not investigate clot
composition in context of
ECMO circuitry surface =2
- Animal study =1

Studies included in
qualitative synthesis

(n=7)

Figure 1. Summary of the study selection process for the systematic review.
3.1. Description of Included Studies

A total of seven studies matched the inclusion criteria and are outlined in detail in this systematic
review with a summary provided in Table A3 in Appendix B. Six of the seven studies included in this
review were ex vivo whilst the seventh study was conducted in an in vitro environment. The seven
studies analyzed the adsorption of blood proteins and cells to the blood-circuit interface of the ECMO
membrane oxygenators and primarily the polymethylpentane (PMP) oxygenators. Identified plasma
proteins included fibrin [11,12], von Willebrand factor (vWF) [13-15] and other plasma proteins [13,16]
as well as blood cells, which included erythrocytes [11,12], leukocytes [14,15,17], platelets [11,12,15]
and progenitor cells [17]. Five of the seven studies utilized immunofluorescent techniques (e.g.,
flow cytometry, fluorescence microscopy, western blotting) to label specific blood components that
adhered to the circuit [11,13-15,17]. One study used two-dimensional (2-D) electrophoresis as a method
for the identification of specific blood components [16] whilst two studies implemented scanning
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electron microscopy (SEM) to visualize biomass accumulations. However, in three of the seven studies,
the identification of the blood components bound to the ECMO circuit were not the main aim of the
studies. Wilm et al. [14] and Steiger et al. [15] observed ECMO oxygenator accumulations as potential
predictors for coagulation abnormalities whilst Lehle et al. [11] identified surface deposits as indicators
for increased blood flow resistance in ECMO circuits. These articles were therefore limited in terms of
the detail that was specified in relation to the ECMO circuit adsorption.

3.2. Plasma Protein Binding

3.2.1. Fibrin

Two of the seven studies observed the accumulation of fibrin strands in PMP ECMO oxygenators
taken from human patients [11,12]. A third study by Niimi et al. also detected the adhesion of
fibrinogen, a precursor for fibrin, to the blood-circuit interface of oxygenators [13].

Lehle et al. and Dornia et al. implemented SEM to directly visualize biomass accumulations in
ECMO oxygenators [11,12]. Both studies identified extensive fibrin networks formed on the artificial
surfaces with blood cells such as platelets and erythrocytes embedded in the fibrin. Niimi et al.
implemented targeted immunofluorescence to identify fibrinogen presence in residue eluted from
ECMO oxygenators [13].

3.2.2. Von Willebrand Factor

Three of the seven studies identified the accumulation of vVWF in the ECMO oxygenators collected
from adult patients following the termination of the ECMO support or replacement of the membrane
oxygenator [13-15]. Targeted immunofluorescence was performed using monoclonal antibodies to
identify vWF deposits on the gas exchange fibers of the membrane oxygenators.

Wilm et al. reported that 11 of 27 PMP oxygenators studied presented with vWE-positive,
filament-like structures [14]. Steiger et al. identified accumulation of vWF on all 21 analyzed PMP
ECMO oxygenators with high vWF-loading observed in nine circuits [15]. The highest intensity of
vWF aggregation was identified at the crossing points of the gas exchange fibers in the oxygenators.
The structures of the vWF deposits observed by Steiger et al. were fibrous, cobweb-like, granular or
spotty with the type of structures independent of the extent (low or high) of vWF-loading. Niimi et al.
also observed vWF adsorption in three different types of oxygenators with the silicone oxygenator
adsorbing less vWF than the polypropylene or double polyolefin oxygenators [13].

3.2.3. Other Plasma Proteins

Two of the seven studies analyzed the adsorption of different blood proteins to ECMO oxygenators
at the blood-circuit interface.

The study by Owen et al. contained in vitro and ex vivo experiments; however, only the ex vivo
component was in the context of ECMO [16]. Circulating plasma protein concentrations in a neonatal
patient were analyzed by taking blood samples at different times during the ECMO run (1 h, 17 h,
24 h, 72 h, 96 h and 116 h). Protein residue from the two ECMO oxygenators used by the patient
during treatment was eluted and analyzed. Two-dimensional (2-D) electrophoresis was applied to
separate the proteins present in the samples for the subsequent identification. There was a consecutive
decrease of IgG circulating in the patient’s blood over the course of the ECMO run. Correspondently,
the 2-D electrophoresis from the ECMO oxygenator eluate detected a high level of IgG light chains
adsorbed to the membrane oxygenator. Albumin and hemoglobin were also identified as dominant
blood components present in the eluate removed from the membrane oxygenator, which was estimated
due to the inoculation of albumin and the potential lysis of the bound erythrocytes, respectively.

Niimi et al. similarly detected protein adsorption in the ECMO oxygenators [13]. Under in vivo
conditions, three different types of ECMO oxygenators (polypropylene, double polyolefin, silicone)
were exposed to human whole blood samples. After exposure concluded, the binding materials
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from the oxygenators were eluted and targeted immunofluorescence was performed on the eluate to
characterize the blood proteins that had adhered to the oxygenator surface. Identified blood proteins
included vWE, albumin, fibronectin and fibrinogen, which were observed to have the lowest adsorption
to the silicone oxygenator compared with the other two oxygenator types.

3.3. Blood Cell Binding

3.3.1. Erythrocytes

Lehle et al. and Dornia et al. observed an accumulation of erythrocytes on PMP oxygenator
capillaries in an ECMO circuit [11,12]. Lehle et al. performed SEM on 36 dismantled oxygenators
whilst Dornia et al. only analyzed one ECMO oxygenator using SEM. Both studies identified networks
of fibrin with embedded erythrocytes.

3.3.2. Leukocytes

Three of the seven studies investigated leukocyte adhesion to PMP oxygenators in adults during
ECMO support [14,15,17] with one of the studies identifying leukocytoid cells through cells cultivated
from PMP oxygenators using flow cytometry [17] and two of the studies visualized cell binding using
DAPI (4’ ,6-diamidino-2-phenylindole) staining [14,15].

Lehle et al. [17] applied CD31 and CD45, two of the leukocytoid cell markers, to identify the
presence of leukocytes from cell cultures that had outgrown from the oxygenator eluent. By using
the flow cytometry, Lehle et al. detected CD45-positive/CD31-positive leukocytes as the one of the
dominant cell types in cell cultures. Wilm et al. [14] also labelled CD45 receptors and marked endothelial
vWE-structures to differentiate leukocytes from other nucleated cells (DAPI stained only) by using
immunofluorescence microscopy. Wilm et al. characterized the extent of the leukocyte colonizations as
(1) uniform, low-density, (2) high-density, particularly around the crossing points of membrane fibers
and (3) uniform, high-density pseudomembranous colonies. For regions of low cell density, analysis
by fluorescent microscopy identified the majority of adhered nucleated cells in the oxygenators to be
CD45-positive leukocytes. These findings were confirmed using flow cytometry. Steiger et al. [15]
implemented DAPI staining to identify nucleated cells adjacent to platelet and vWF accumulations
with the structures concluded to be platelet-leukocyte aggregates (PLAs). One third of adherent cells
on the gas exchange fibers were confirmed to be PLAs with densely populated fibers reporting lower
quantities of PLAs. Steiger et al. also fluorescently labelled vVWF and platelets within the surface
accumulations. High concentrations of the immunofluorescent signals labelling PLA structures were
observed to be co-localized in close proximity to the gas exchange fibers, potentially showing evidence
for leukocyte adhesion being influenced by/influencing other blood component adsorption to the
blood-circuit interface.

3.3.3. Platelets

Four of the seven studies identified the adherence of platelets on the gas exchange surface of the
oxygenators used during adult ECMO support [11-13,15]. Lehle et al. and Dornia et al. visualized
the deposits on the gas exchange membrane using scanning electron microscopy (SEM), identifying
platelets embedded in fibrous networks on the PMP oxygenator surface [11,12]. Two of the studies
confirmed platelet adherence by using immunofluorescent antibodies to mark platelet receptors,
with Steiger et al. labelling receptors for vVWF and p-selectin substrates [15] whilst Niimi et al. labelled
CD42b and CD61 receptors specifically [13]. Niimi et al. also observed greater platelet accumulation in
a double polyolefin oxygenator than in silicone or polypropylene oxygenators. These studies only
identified platelets present in accumulations on membrane oxygenator surfaces, not in other ECMO
circuit components.
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3.3.4. Other Blood Cell Binding

Except for erythrocytes, leukocytes and platelets, other blood cells were also identified accumulated
on the surface of PMP ECMO oxygenators by Lehle et al. [17]. The study collected five membrane
oxygenators from adult patients at the end of ECMO support or at the time that technical problems
arose. Samples taken from adherent cell layers in the oxygenators were subjected to growth factors to
promote the proliferation of the collected cells. Immunofluorescence and flow cytometry analysis were
used to mark and identify cell receptors such as CD45, CD31, CD90 and CD105 on the cellular growths.
Three distinct cell populations cultivated from the membrane oxygenator were identified. Except
for the leukocyte population (CD45+/CD31+), which has been mentioned above, an endothelial-like
cell population (CD45—-/CD31+) and a mesenchymal-like cell population (CD90+/CD105+) were
also identified in the cultures. The distribution of these subpopulations depended on the type of
membrane oxygenator and cultivation time. The subsequent functional analysis of endothelial-like cells
showed the uptake Dil-acetylated low-density lipoprotein and expressed Ulex europaeus I agglutinin,
which confirmed the angiogenetic potential of these endothelial progenitor cells.

4. Discussion

This systematic review revealed a small pool of studies investigating the characteristics of blood
component binding to the ECMO circuit in an ex vivo and in vitro context in humans.

Three studies identified bound components using indirect methods (e.g., 2-D electrophoresis,
flow cytometry, fluorescent microscopy), which offered minimal information beyond the presence
of particular components [13,16,17]. Although several plasma proteins such as fibrin, fibrinogen,
fibronectin, vWEF, albumin and hemoglobin were detected [13,16,17], no insight was provided for the
order nor mechanism in which the blood components adhered to the artificial surfaces or perhaps
influencing other components to bind [3]. The relationship between protein adsorption and subsequent
platelet adhesion was discussed by Niimi et al., but these conclusions were inferred in the data according
existing knowledge rather than from direct evidence. Extensive studies in non-ECMO specific settings
have revealed that fibrinogen is usually the first protein to bind to artificial surfaces [18,19] and
vWF was found to bind to fibrinogen layers coated on biomaterials [20] but no current study exists
that confirms this in an ECMO context. Establishing temporality of component binding could assist
researchers in identifying the proteins that should be targeted when designing new biomaterials or
coatings in order to prevent causation from being established for which components are initiating
deposit formation.

Though the remaining four studies utilized immunofluorescent microscopy and SEM for direct
visualization of the ECMO adsorption [11,12,14,15], as blood cells adhere to the circuit surface by
binding to blood proteins already adsorbed to the artificial surfaces [3], observing cellular adsorption
still offers little insight into which proteins are initially bound. These studies only superficially observed
the binding patterns of thrombotic deposits but lacked detailed investigation into the relationship
between protein binding and cell adhesion during thrombotic deposits formation. Only one of the four
studies investigated the relationships of these coagulation proteins with platelets during binding in the
ECMO circuit [13]. However, these conclusions were made using existing knowledge and were inferred
from the data rather than from direct evidence. Studies that have been conducted in a non-ECMO
setting showed that the binding of platelets to synthetic biomaterials required pre-adsorbed proteins
on the surface such as fibrinogen and vWF [20-22]. Therefore, further study is required to confirm a
possible causation from protein adsorption influencing platelet adhesion to ECMO circuits.

Four of the seven studies analyzed adhesion during adult ECMO support with only a single
neonatal case explored. The findings of these studies are therefore limited to adult ECMO patients
and may not translate to pediatric or neonatal patients especially in the context of Developmental
Hemostasis. The studies also limit their analysis exclusively to components binding in the membrane
oxygenators and do not investigate other circuits such as tubing or pumps, which are known to also
accumulate deposits in animal model studies [7,8]. Furthermore, the biomaterials used in ECMO
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circuits have changed throughout the last thirty years [3,23,24] with the modern studies included in this
review exclusively implementing PMP oxygenators compared with the silicone oxygenators preferred
in earlier studies. This could implicate that some of the data analyzed in this review is irrelevant to
current ECMO oxygenators.

5. Conclusions

The binding of blood cells and proteins to ECMO surfaces is likely associated with ECMO
complications responsible for high morbidity including thrombosis and bleeding. The current state of
knowledge on blood component adsorption to ECMO circuits in humans is limited to a small selection
of studies. Several proteins and cells were identified involving ECMO adsorption by either protein
identification through sample elution or direct microscopy visualization but none of these extensively
characterized the root cause of adherence with the sample restricted to the membrane oxygenator
only. Hence, there is a need for future studies. SEM, TEM, confocal microscopy, SWATH-MS and
Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) could be first applied to characterize
the different blood components (soluble and cellular elements) involved in the surface adherence
during ECMO support and how they interact with the circuit and with each other. In addition,
the association between the circuit adsorption and patient demographics, the pathway onto ECMO,
the duration of ECMO, clinical events (e.g., bleeding and thrombosis) and therapies such as blood
product administration during an ECMO run should be investigated. Once we understand this key
knowledge and insight into the mechanism of initiation of the ECMO circuit binding and thrombus
formation, we can progress to design circuits that may reduce bleeding and clotting complications
during ECMO and improve clinical outcomes on ECMO.

Funding: This research received no external funding.

Conflicts of Interest: The authors have no relevant affiliations or financial involvement with any organization
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grants or patents received or pending or royalties.

Appendix A. Search Strategies

Appendix A.1. Medline Database

1.  *extracorporeal membrane oxygenation/

2. *Oxygenators, Membrane/

3. (ecls or ecmo or extracorporeal adj3 life adj3 support * or extracorporeal adj3 membrane adj3
oxygenation *).tw, kf.

Protein Binding/

Adsorption/

Cell Adhesion/

(bind or binding or adsorption or adhesion or adherence or adhere or accumulation * or deposit *
or biomass or thrombosis or coagulat * or clot or clots or clotting or structure or composition).tw, kf.

N oG9

*®

Thrombosis/

9.  exp Blood Proteins/

10. exp Endothelial Cells/

11.  exp Blood Cells/

12.  (platelet * or erythrocyte * or leukocyte * or vVWF or von-willebrand or coagulation-factor *).tw, kf.
13. or2or*3)and (4or5or6or7or8)and (9 or 10 or 11 or 12).

14. exp animals/not human *.sh.

15. not 14.

16. limit 15 to (english language and yr = “1985-Current”).
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Appendix A.2. Embase Database

1.  *extracorporeal membrane oxygenation device/or * oxygenator/or * extracorporeal oxygenation/
2. (ecls or ecmo or extracorporeal adj2 life adj2 support * or extracorporeal adj2 membrane adj2
oxygenation *).tw, kw.

3. adsorption/

4.  bioaccumulation/
5.  cell adhesion/

6. thrombosis/

7.  protein binding/
8.

(bind or binding or adsorption or adhesion or adherence or adhere or accumulation * or deposit * or
biomass or thrombosis or coagulat * or clot or clots or clotting or structure or composition).tw, kw.
9.  exp plasma protein/

10. leukocyte adherence/

11.  thrombocyte aggregation/

12.  endothelium cell/

13.  exp blood cell/

14. (platelet * or erythrocyte * or leukocyte * or vVWF or von-willebrand or coagulation-factor *).tw, kw.
15. or2*) and (3or4or5or6or7or8)and (9 or 10 or 11 or 12 or 13 or 14)

16. exp animals/not human *.sh.

17. not16.

18. limit 17 to (english language and yr = “1985-Current”).

Appendix A.3. PubMed Database

((((“Oxygenators, Membrane”[majr]) OR (“Extracorporeal Membrane Oxygenation”[majr])) AND
((“Protein Binding”[Mesh]) OR (“Adsorption”[Mesh]) OR (“Cell Adhesion”[Mesh]) OR ((“bind”[tiab]
OR “bind”[ot]) OR (“binding”[tiab] OR “binding”[ot]) OR (“adsorption”[tiab] OR “adsorption”[ot]) OR
(“adhesion”[tiab] OR “adhesion”[ot]) OR (“adherence”[tiab] OR “adherence”[ot]) OR (“adhere”[tiab]
OR “adhere”[ot]) OR (accumulation *[tiab] OR accumulation *[ot]) OR (deposit *[tiab] OR deposit
*[ot]) OR (“biomass”[tiab] OR “biomass”[ot]) OR (“thrombosis”[tiab] OR “thrombosis”[ot]) OR
(coagulat *[tiab] OR coagulat *[ot]) OR (“clot”[tiab] OR “clot”[ot]) OR (“clots”[tiab] OR “clots”[ot]) OR
(“clotting”[tiab] OR “clotting”[ot]) OR (“structure”[tiab] OR “structure”[ot]) OR (“composition”[tiab]
OR “composition”[ot]))) AND ((“Thrombosis”[Mesh]) OR (“Blood Proteins”[Mesh]) OR (“Endothelial
Cells”[Mesh]) OR (“Blood Cells”[Mesh]))) AND (“1985/01/01”[PDat]: “2019/12/31”[PDat]) AND
Humans[Mesh] AND English[lang]).
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Appendix B. Table and Figure
Table A1. Risk of bias assessment of the studies included in the systematic review.
Quality Criteria Study and Scores
Dimension Specific Criteria 3 Owenetal. Niimietal. Lehleetal. Dorniaetal. Lehleetal. Wilm et al. Steiger et al.
P [16] [13] [11] [12] (171 [14] [15]
A. Clear statement of the aims of the research 2 2 2 2 2 2 2
B. Rationale for number of pre- and
post-intervention points or adequate baseline 0 0 0 0 0 0 0
1 Clear aims and measurement
justification C. Explanation for lack of control group 2 2 2 2 2 2 2
D. Appropriateness of qualitative 5 5 2 5 2 5 2
methodology
E. Appropriate study design 2 2 2 2 2 2 2
A. Sequence Generation 0 0 0 0 0 2 0
B. Allocation Concealment 0 0 0 0 0 2 0
C. Justification for sample choice 2 2 2 2 2 2 2
Managing bias in : -
2 sampling or D. I.nterventlon and con‘trol group se'lectlon
between groups designed to protect against systematic 1 1 1 1 1 1 1
difference/selection bias
E. Comparability of groups 0 0 0 0 0
F. Sampling and recruitment 2 2 2 2 2 2 2
A. Blinding 1 1 1 1 1 2 1
B. Bas.ehne. measurement-protection against 0 0 0 0 0 0 0
selection bias
Managing bias in C. Protection against contamination 2 2 2 2 2 2 2
3 outcome ; -
measurements and  D- PTotection against secular changes 2 2 2 2 2 2
blinding E. Protection against detection bias: blinded 1 1 1 1 1 1 1
assessment of primary outcome measures
F. Reliable primary outcome measures 1 1 1 1 1 1 1
G. Comparability of outcomes 0 0 0 0 0 0 0
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Table Al. Cont.
Quality Criteria Study and Scores
Dimension Specific Criteria 2 Owenetal. Niimietal. Lehleetal. Dorniaetal. Lehleetal. Wilm et al. Steiger et al.
P [16] [13] [11] [12] [171 [14] [15]
A. Foll.ow-t?p of subjects (protection against 1 1 1 1 1 1 1
. - exclusion bias)
Managing bias in
4 follow-up B. Follow-up of patients or episodes of care 1 1 1 1 1 1 1
C. Incomplete outcome data addressed 2 2 2 2 2 2 2
A. Protection against detection bias: 1 1 1 1 1 1 1
Intervention unlikely to affect data collection
5 Managing bias in B. Protection against information bias 1 1 1 1 1 1 1
other study aspects ¢ pata collection appropriate to address
. 2 2 2 2 2 2 2
research aims
D. Attempts to mitigate effects of no control 2 2 2 2 2 2 2
A. S.uf.f1c1e'nt data points to enable reliable 0 0 1 0 0 1 1
statistical inference
6 Analytical rigor B. Shaping of intervention effect specified 1 1 1 1 1 1 1
C.. Analysis sufficiently rigorous/free from 1 1 1 1 1 1 1
bias
A. Free of selective outcome reporting 2 2 2 2 2 2 2
B. Limitations addressed 2 2 2 2 2 2 2
Managing bias in
7 reporting/ethical C. Conclusions clear and justified 2 2 2 2 2 2 2
considerations D. Free of other bias 2 2 2 2 2 2 2
E. Ethics issues addressed 2 2 2 2 2 2 2
Total score 42 42 43 42 42 48 43

@ Scores applicable to each criterion: Yes (criterion met) = 2 points; Unclear (unclear whether or not the criterion is met) = 1 point; No (criterion not met) = 0 points.
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done at the study or outcome level) and how this information is to be used in any data synthesis.
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Table A2. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2009 Checklist.

TITLE

Title 1 Identify the report as a systematic review, meta-analysis or both. 1

ABSTRACT
Provide a structured summary including as applicable background, objectives, data sources, study eligibility

Structured summary 2 criteria, participants and interventions, study appraisal and synthesis methods, results, limitations, conclusions and 1
implications of key findings, systematic review registration number.

INTRODUCTION

Rationale 3 Describe the rationale for the review in the context of what is already known. 1-2

- Provide an explicit statement of questions being addressed with reference to participants, interventions,

Objectives 4 . . 2
comparisons, outcomes and study design (PICOS).

METHODS

. . Indicate if a review protocol exists, if and where it can be accessed (e.g., Web address) and, if available, provide

Protocol and registration 5 . S L . . . 2
registration information including registration number.

Eligibility criteria 6 Specify study chargcterlstlcs (e.g., PICO.S, lgngth of ff)l.lc?w-up).and report characteristics (e.g., years considered, 5
language, publication status) used as criteria for eligibility, giving rationale.

Information sources - Describe all information sources (e.g., databases with dates of coverage, contact with study authors to identify 5
additional studies) in the search and date last searched.

Search 3 Present full electronic search strategy for at least one database including any limits used such that it could be 7.8
repeated.

Study selection 9 State the process for selectm.g studies (i.e., screening, eligibility, included in systematic review and, if applicable, 5
included in the meta-analysis).

Data collection process 10 Descrlbe.z method of da’Fa extraction from reports (e.g., piloted forms, independently, in duplicate) and any processes 5
for obtaining and confirming data from investigators.

. List and define all variables for which data were sought (e.g., PICOS, funding sources) and any assumptions and

Data items 11 TP 2
simplifications made.

Risk of bias in individual 12 Describe methods used for assessing risk of bias of individual studies (including specification of whether this was 211
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Summary measures 13 State the principal summary measures (e.g., risk ratio, difference in means). NA

Synthesis of results 14 Descrl%)e the methods of hand.lmg data and combining results of studies, if done, including measures of consistency NA
(e.g., I) for each meta-analysis.

Risk of bias across studies 15 Spec1fy any 'ass'essmer'lt of risk of bias that may affect the cumulative evidence (e.g., publication bias, selective 211
reporting within studies).

Additional analyses 16 Pes.cn‘t.)e methpds of addltlonalla.nalyses (e.g., sensitivity or subgroup analyses, meta-regression), if done, NA
indicating which were pre-specified.

RESULTS

. Give numbers of studies screened, assessed for eligibility and included in the review with reasons for exclusions at

Study selection 17 - . . 2-3
each stage, ideally with a flow diagram.

Study characteristics 18 For e.ach study, present characteristics for which data were extracted (e.g., study size, PICOS, follow-up period) and 29
provide the citations.

Risk of bias within studies 19 Present data on risk of bias of each study and, if available, any outcome level assessment (see item 12). 10

Results of individual 20 For all outcomes considered (benefits or harms), present, for each study: (a) simple summary data for each 269

studies intervention group, (b) effect estimates and confidence intervals, ideally with a forest plot. ’

Synthesis of results 21 Present results of each meta-analysis done including confidence intervals and measures of consistency. NA

Risk of bias across studies 22 Present results of any assessment of risk of bias across studies (see Item 15). 11

Additional analysis 23 Give results of additional analyses, if done (e.g., sensitivity or subgroup analyses, meta-regression (see Item 16)). NA

DISCUSSION

. Summarize the main findings including the strength of evidence for each main outcome; consider their relevance to

Summary of evidence 24 . - 6
key groups (e.g., healthcare providers, users and policy makers).

Limitations 25 Plscuhshs limitations at stude anc.i outcome level (e.g., risk of bias) and at review level (e.g., incomplete retrieval of 6
identified research, reporting bias).

Conclusions 26 Provide a general interpretation of the results in the context of other evidence and implications for future research. 5-6

FUNDING

Funding o7 Describe sources of funding for the systematic review and other support (e.g., supply of data); role of funders for 16

the systematic review.

From: Moher, D.; Liberati, A.; Tetzlaff, J.; Altman, D.G. The PRISMA Group (2009). Preferred Reporting Items for Systematic Reviews and Meta-Analyses: The PRISMA Statement.
PLoS Med 6(7): €1000097. doi:10.1371/journal.pmed1000097. For more information, visit: www.prisma-statement.org.
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Table A3. Summary of the studies included in the systematic review for the adsorption of blood components onto ECMO circuit surfaces.

Blood

. Blood Days on Sample Reason for ECMO Surface Analysis R
Study Setting Used Age ECMO Mode ECMO Size Removal Sample Type Coating Components Technique/s Main Findings
Analyzed
Analysis of plasma proteins
Owen etal. ].EX Whole Neonate Not specified 48 n=1 Not specified Oxygenator N.OF Albumin, IgG 2D . adhering to a neonatal ECMO
[16], 1985 vivo Blood (Silicone) specified Electrophoresis . . R
oxygenator in an ex vivo setting
Oxygenator Platelets, SDS-PAGE, Comparison of platelet and
Niimi et al. In vitro Whole Not Not applicable 0.125 3 Not applicable (Silicone, double Not Albumin, vVWF, Western Blot, protein adsorption to three
[13], 1997 Blood specified PP (in vivo) - PP polyolefin, specified Fibronectin, Enzyme different types of ECMO
polypropylene) Fibrinogen Immunoassays oxygenators
Reduced CO; _ SEM and fluorescence
. o Platelets, Fluorescence microscopy identified fibrous
Lehle et al. Ex Whole Femoro-jugular elimination and Oxygenator . .
[11], 2008 vivo Blood 54 +14 vV 11.0+7 n=31 oxygen transfer (polymethylpentane) Heparin Erythrocytes, Microscopy, networks on ECMO oxygenators
g . Fibrin SEM with imbedded platelets and
capacity
erythrocytes
Feasibility study for observing
Platelets ECMO oxygenator clots using
Dornia et al. Ex Whole Not Femoro-jugular _ . Oxygenator i g MDCT, implemented SEM to
[12],2013 vivo Blood specified \a% 8 n=1 Patient recovered (polymethylpentane) Heparin Ery;}zll;(r)icztes, MDCT, SEM confirm clot formation,
revealing adhered platelets and
erythrocytes
11 due to patient Progenitor Cells li\laui:zzizme First report describing the
Lehle et al. Ex Whole Not recovered; 5 due to Oxygenator Not (Endothelial-like, Py accumulation of endothelial-like
- i VV and VA 62+33 n=16 . i . Flow .
[17], 2016 vivo Blood specified replacement during  (polymethylpentane) specified =~ Mesenchymal-like), Cytometr and mesenchymal-like cells on
therapy Leukocytes ¥ v ECMO oxygenator surfaces
FACS
27 due to patient
recovered; 5 due to Fluorescence
patient death; 7 due Microscopy, Immunofluorescence and flow
Wilmetal. - Ex — Whole 59 49 7y yyandva  106-21)  n=d1 to coagulation Oxygenator Not | eukocytes, vWE Flow cytometry used to confirm the
[14],2018 vivo Blood . . (polymethylpentane) specified accumulation of leukocytes on
disorder; 1 due to risk Cytometry, ECMO o nators
of infection, 1 due to DAPI Staining Xygenator
acute thrombosis.
Low 13 relfo(izfetdo' Iz)iltren':o Fluorescence vWEF structures observed to
Stel_ger etal. Ex Whole 56 (33-68) vV (8—21) n=21 patient death; 6 due Oxygenator Heparin vWE, Leukocytes, Microscopy, aggregate arn?und crossing
[15],2019 vivo Blood High 8 (polymethylpentane) Platelets L points of gas fibers in ECMO
to replacement DAPI Staining
(6-25) oxygenator

during therapy

Abbreviations Used: ECMO, extracorporeal membrane oxygenation; VV, veno-venous; VA, veno-arterial; IgG, immunoglobulin G; vVWE, von Willebrand factor; SDS-PAGE, sodium
dodecyl sulfate polyacrylamide gel electrophoresis; SEM, scanning electron microscopy; MDCT, multidetector computed topography; FACS, fluorescence-activated cell sorting; DAPI,
4/, 6-diamidino-2-phenylindole.
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