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A B S T R A C T

Background: Incidence of complications related extracorporeal membrane oxygenation (ECMO) support as a
bridge to lung transplantation (BTT) and its association with the patient outcome in lung transplantation (LT)
has not been well documented in previous studies.
Objectives: We evaluated the incidence of complications related to the use of ECMO support as a BTT, and the
association between the occurrence of the complications and patient outcomes in LTs.
Methods: This retrospective cohort study investigated 100 consecutive patients who started ECMO support as a
BTT between April 2013 and March 2020. Data for the analyses were retrieved from electronic medical records.
Results: Fifty-six percent of the patients experienced at least one complication during the BTT with ECMO.
Major bleeding was the most common complication. In multivariate logistic regression analysis, occurrence
of oxygenator thromboses (OR 16.438, P = 0.008) and the use of renal replacement therapy (RRT) (OR 32.288,
P < 0.001) were associated with a failed BTT. In the subgroup analysis of the LT recipients, intracranial hemorrhages, (OR 13.825, P = 0.021), RRT use, (OR 11.395, P = 0.038), and bloodstream infection occurrence (OR
6.210; P = 0.034) were identiﬁed as risk factors for in-hospital mortality.
Conclusions: The occurrence of complications during the use of ECMO support as a BTT was associated with
unfavorable outcomes in LTs. Close monitoring and the proper management of these complications may be
important to achieve better outcomes in patients using ECMO support as a BTT.
© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)

Introduction
Lung transplantation (LT) is a viable treatment option for patients
with a variety of end-stage lung diseases.1 Unfortunately, the number of
donated lungs is limited; therefore, a bridging strategy may be required
for the survival of patients with severe respiratory failure. Although
mechanical ventilation (MV) as a bridge to lung transplantation (BTT),
has been the mainstay of respiratory support, it has poor short-term
survival with a 2-fold increase in mortality compared to non-ventilated
patients.2 An alternate strategy is to use extracorporeal membrane oxygenation (ECMO) support as a BTT.3,4 With advances in technology and
the accumulation of experience in ECMO support, there has been an
increase in the use of ECMO support as a BTT.5
However, ECMO support is invasive, requires anticoagulation for
the duration of the therapy, and can be associated with serious
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complications.6 Although there have been studies regarding general
outcomes of patients in whom ECMO support has been used as a
BTT,7,8 the incidence of complications related to ECMO support as a
BTT and its association with the patient outcomes in LTs has not been
well documented in previous studies.
Therefore, we performed the current study to evaluate the incidence of complications related to the use of ECMO support as a BTT,
and to identify the association between the complications and the
outcomes of the BTT.

Methods
Study design and data collection
This retrospective study investigated 100 consecutive patients
who commenced with ECMO support as a bridge to lung transplantation between April 2013 and March 2020 in Severance Hospital, a
university-afﬁliated tertiary referral hospital in South Korea.
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The candidates for ECMO bridging were decided by an institutional multidisciplinary team comprising a thoracic surgeon and
pulmonary physicians. Most of the patients underwent a right jugular-femoral venous conﬁguration. Some patients who developed a
right heart failure underwent a femoro-femoral veno-arterial cannulation. The standard ECLS circuit at our institution includes the
use of a Rotaﬂow centrifugal pump (Maquet, Wayne, NJ) and Quadrox oxygenator (Maquet). The standard anticoagulant that was used
was unfractionated heparin and the activated clotting time (ACT)
was used for to monitor the heparin, with goal ACT being between
180 and 200 s for veno-arterial (VA) ECMO and between 160 and
180 s for veno-venous (VV) ECMO. Regarding the transfusion decisions, the hemoglobin targets were typically greater than 10 g/dL
and the platelet counts were greater than 100,000/mL. Transfusions
were performed to maintain the target levels. The blood ﬂow and
sweep gasses were adjusted to maintain a partial pressure of oxygen
>60 mmHg, partial pressure of carbon dioxide 45 mmHg, and a pH
of >7.35 in the arterial blood.
The data for the analyses were retrieved from the electronic medical records. The study was approved by the Ethics Review Committee
of Severance Hospital (IRB No. 420210854), and the need for
informed consent was waived by the Committee due to the retrospective nature of this study.
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Results
Clinical characteristics of the study population
Of the 100 patients, 33 (33.0%) were women and the mean age §
SD was 53.9 § 12.3 years. Idiopathic pulmonary ﬁbrosis (IPF) was the
cause of end-stage lung disease that required the BTT with ECMO
support in 49 (49.0%) patients. Eighty-seven (87.0%) patients started
VV ECMO support as a BTT. The mean § SD duration of the ECMO
support was 15.9 § 11.5 days (Table 1).
Incidence of ECMO related complications during BTT
Fifty-six percent of the patients experienced at least one complication during the BTT with ECMO support. Major bleeding (38.0%)
was the most common complications experienced by the participants, followed by thrombotic events (20.0%), renal replacement
therapy (RRT) (20.0%), bloodstream infections (BSIs) (11.0%), machine
related complications (4.0%), and lower limb ischemia (3.0%). A
detailed description of the incidence of complications is presented in
Table 2.
Patient outcomes

Deﬁnitions and outcome measurement
The complications related to ECMO BTT were deﬁned as the following six categories: major bleeding, thrombotic events, bloodstream infections, renal replacement therapy, machine failure, and
lower limb ischemia. The complications were deﬁned based on a
complication code list suggested by Extracorporeal Life Support Organization (ELSO)9 and a systematic review of previous literature.10
Major bleeding was deﬁned according to the criteria of the ELSO
as bleeding responsible for death,11 which is consisted of intracranial
bleeding, bleeding requiring hemostatic procedures (surgery, embolization, or endoscopy), or bleeding associated with transfusions 2
red blood cell (RBC) units in 24 h. Pulmonary hemorrhages which
resulted in airway compromise were also deﬁned as major bleeding.
Thrombotic events were deﬁned as transient ischemic attacks,
ischemic strokes, systemic emboli, deep venous thromboses, pulmonary emboli, and membrane oxygenator changes due to the formation of thrombi.
Bloodstream infection (BSIs) were deﬁned as the presence of one
or more positive blood cultures from peripheral blood samples, associated with systemic signs of infections. Use of renal replacement
therapy, incident of machine failure, and lower limb ischemia were
also investigated.
Patient outcomes were evaluated using three indicators: (1) failed
BTTs among the LT candidates, (2) in-hospital mortality among the LT
recipients and (3) mean survival time after the LT among the recipients.
Statistical analysis
The descriptive variables were summarized using means, standard deviations, and proportions. The continuous variables were
compared using the t-tests and categorical variables were compared
using the Fisher’s exact test. Firth's bias reduced logistic regression
analysis was performed for identifying the risk factors related to
failed-BTT and in-hospital mortality among the recipients. We also
used KaplanMeier survival analysis to examine the effect of complications during the use of ECMO support as a BTT on the survival after
the LT.
A P-value of <0.05 was considered to be signiﬁcant for all the
analyses. Data analysis was performed using SPSS version 26 (IBM,
Armonk, NY, USA).

Among the 100 participants, 80 (80.0%) patients proceeded to LT
surgeries with BTTs, while 20 (20.0%) patients failed to proceed and
died. The causes of the failed BTTs were patient deterioration or
recipient inadequacy (Table S1). The major causes of failed BTTs
were septic shock (n = 7, 35.0%) followed by major bleeding (n = 6,
30.0%).
Among the 80 LT recipients, 58 (72.5%) were discharged and 22
(27.5%) died during their hospital stay (Fig. 1). The KaplanMeier survival analysis showed that an occurrence of any complication during
the use of the ECMO support as a BTT was associated with shorter
survival among the LT recipients (mean survival time 4.8 vs 2.3 years;
log rank test: P < 0.05) (Fig. 2A). Furthermore, the analysis also
showed that the greater the complications that the patients
Table 1
Clinical characteristics of the participants.
Variables
Sex, female
Age, years
Indication of lung transplantation
Idiopathic pulmonary ﬁbrosis
Connective tissue disease-associated ILD
Other ILDs*
Bronchiolitis obliterans after HSCT
COPD
Primary pulmonary hypertension
ARDS
ECMO type
Veno-venous
Veno-arterial
Duration of ECMO support, days
LT recipients, total
BTT with veno-venous ECMO
BTT with veno-arterial ECMO

n (%)
33
53.9

(33.0)
§12.3

49
13
21
6
6
4
1

(49.0)
(13.0)
(21.0)
(6.0)
(6.0)
(4.0)
(1.0)

87
13
15.9
80
75
5

(87.0)
(13.0)
§11.5
(80.0)
(75.0)
(5.0)

Categorical data are presented as n (%) or mean § SD.
* Includes 7 acute interstitial pneumonia, 1 chronic hypersensitivity pneumonitis, 3 organizing pneumonia, 1 Hermansky-pudlak syndrome, 1 lymphangioleiomyomatosis, 2 nonspeciﬁc interstitial pneumonia, 1 combined pulmonary ﬁbrosis
and emphysema, 2 pleuroparenchymal ﬁbroelastosis, 1 humidiﬁer disinfectant-associated lung injury, and 2 unspeciﬁed ILD,
interstitial lung disease; HSCT, hematopoietic stem cell transplantation; COPD, chronic obstructive pulmonary disease;
ARDS, acute respiratory distress syndrome; LT, lung transplantation; BTT, bridge to lung transplantation.
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Table 2
Incidence and number of complications that occurred during the use of extracorporeal membrane oxygenation support as a bridge to lung transplantation.
n (%)
Incidence of complications
Complication, any
Major bleeding
Cannulation site bleeding
Pulmonary hemorrhage
Internal bleeding*
Gastrointestinal bleeding
Intracranial hemorrhage
Thrombotic event
Oxygenator thrombosis
Deep vein thrombosis
Pulmonary artery thromboembolism
Cerebral infarction
Renal replacement therapy
Blood stream infection
Bacteremia
Fungemia
Bacteremia and fungemia
Machine failurey
Lower limb ischemia
Number of complications
None
1
2
3
4

56
38
11
10
9
8
4
20
8
8
4
3
20
11
10
3
2
4
3

(56.0)
(38.0)
(11.0)
(10.0)
(9.0)
(8.0)
(4.0)
(20.0)
(8.0)
(8.0)
(4.0)
(3.0)
(20.0)
(11.0)
(10.0)
(3.0)
(2.0)
(4.0)
(3.0)

44
20
26
9
1

(44.0)
(20.0)
(26.0)
(9.0)
(1.0)

* Bleeding into thorax, peritoneum, retroperitoneum, or
soft tissue.
y
Includes 2 oxygenator leakage, 1 catheter malposition,
and 1 oxygenator malfunction.

Fig. 2. KaplanMeier curves displaying the estimated probability of the survival for
the different groups of patients according to the occurrence of complications.

experienced during the use of ECMO support as a BTT, the greater the
impact on mortality (log rank test: P < 0.05) (Fig. 2B).

Risk factors for failed BTT
From the univariate logistic analysis using Firth’s method, VA
ECMO use, occurrence of oxygenator thrombosis, and RRT use were
the risk factors related to failed BTTs (P < 0.001). The multivariate
analysis, which included the statistically signiﬁcant variables (age,
VA-ECMO use, oxygenator thrombosis and RRT use), showed that
oxygenator thrombosis (OR 16.438; 95% CI 2.100151.593, P = 0.008)
and RRT use (OR 32.288; 95% CI 8.282159.433, P < 0.001) were the
risk factors for failed BTTs in our cohort (Table 3).

Risk factors for in-hospital mortality of recipients after BTT
We performed a subgroup analysis in 80 (80.0%) of the participants
who proceeded to LTs after BTTs, to investigate risk factors for mortality.
The univariate analysis indicated that intracranial hemorrhages,
RRT use, and BSIs during ECMO BTTs were the risk factors for in-hospital mortality among the LT recipients (P < 0.05). The multivariate
analysis which included age, intracranial hemorrhages, RRT use, and
BSIs showed that intracranial hemorrhages (OR 13.825; 95% CI
1.4031848.206, P = 0.021), RRT use (OR 11.395; 95% CI
1.1261531.115, P = 0.038), and occurrence of BSIs (OR 6.210; 95% CI
1.13963.647, P = 0.034) during ECMO BTT were the risk factors for
in-hospital mortality after LTs (Table 4).

Fig. 1. Flowchart of the study participants.
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Table 3
Firth’s bias-reduced logistic regression evaluating the risk factors for a failed bridge to lung transplantation.
Univariate analysis

Age, years
Female
Veno-arterial ECMO
Duration of ECMO support, days
Cannulation site bleeding
Pulmonary hemorrhage
Internal bleeding*
Gastrointestinal bleeding
Intracranial hemorrhage
Oxygenator thrombosis
Deep vein thrombosis
Pulmonary artery thromboembolism
Cerebral infarction
Renal replacement therapy
Blood stream infection
Machine related complicationsy

Multivariate analysis

OR (95% CI)

P-value

OR (95% CI)

P-value

0.970 (0.9361.005)
0.872 (0.2932.381)
9.335 (2.79933.869)
1.030 (0.9891.071)
1.706 (0.3886.227)
1.153 (0.2054.642)
3.744 (0.91714.717)
1.549 (0.2686.677)
0.415 (0.0034.138)
14.076 (3.23182.946)
0.208 (0.0021.796)
0.415 (0.0034.138)
2.415 (0.21219.233)
38.686 (11.355157.907)
1.706 (0.3886.227)
1.703 (0.15811.086)

0.091
0.794
<0.001
0.149
0.451
0.854
0.065
0.589
0.516
<0.001
0.185
0.516
0.427
<0.001
0.451
0.610

0.995 (0.9421.051)

0.860

4.222 (0.64829.707)

0.132

16.438 (2.100151.593)

0.008

32.288 (8.282159.433)

<0.001

* Bleeding into thorax, peritoneum, retroperitoneum, or soft tissue ECMO, extracorporeal membrane oxygenation.

Discussion
This study investigated the incidence of complications related to
ECMO and the association of the complications with clinical outcomes in patients who were using ECMO support as a BTT. In this
study, the incidence of ECMO-related complications with ECMO support as a BTT were comparable to previous reports based on general
populations (i.e., non-LT candidates),1214 and in addition, also similar to a previous systematic review of patients on ECMO support as a
BTT.15
In contrast, we identiﬁed an association between the occurrence
of complications during the use of ECMO support as a BTT and unfavorable outcomes of LTs, deﬁned using three separate indicators: (1)
failed BTT among LT candidates, (2) in-hospital mortality among LT
recipients, and (3) mean survival time after LTs among the recipients.
To our knowledge, these associations between the clinical outcomes
of BTTs and the occurrence of ECMO-related complications have not
been investigated previously.
In our study, an episode of oxygenator thrombosis requiring
change-out was identiﬁed as a risk factor for a failed BTT. Despite
adequate anticoagulation, oxygenator thrombosis may develop. The
ﬁbrin deposition varies in severity and manifests itself as an

abnormal increase in the oxygenator inlet pressure.16 Subsequently,
this obstruction causes alterations in blood ﬂow through the device
and, if excessive, may impair gas transfer to the extent where a
change-out of the oxygenator is necessary.16 Such a thrombosis poses
a risk to patients in two ways, ﬁrst, is that the effects of hypoxemia
itself that can result from oxygenator failure (e.g., tissue hypoxia,17
decreased cardiac output,18 and exacerbation of pulmonary hypertension19). Second, is the risk related to the oxygenator change-out
procedure (e.g., interruption of ECMO support, possible blood loss,
and contamination20). It has been reported that, in the US, one
patient dies each month as a result of the emergency oxygenator
change-out procedure with the permanent injuries of some patients
being the result of the oxygenator change-out procedures or oxygenator failures.20 The aforementioned data may explain the association
between oxygenator thrombosis and the failed BTT in our cohort, and
optimal anticoagulation strategies should be adopted to avoid the
poor outcomes in the BTT.
On the other hand, the incidence of bleeding events did not affect
the outcome measures in our study. In terms of this observation, a
previous study12 conducted a detailed investigation of the incidence
of serious bleeding events, red blood cell transfusions, and their
impact on mortality during the use of ECMO support. In that study,

Table 4
Firth’s bias-reduced logistic regression evaluating the risk factors for in-hospital mortality of lung transplant recipients with
a BTT.
Univariate analysis

Age, years
Female
Veno-arterial ECMO
Duration of ECMO support, days
Cannulation site bleeding
Pulmonary hemorrhage
Internal bleeding*
Gastrointestinal bleeding
Intracranial hemorrhage
Oxygenator thrombosis
Deep vein thrombosis
Pulmonary artery thromboembolism
Cerebral infarction
Renal replacement therapy
Blood stream infection
Machine related complicationsy

Multivariate analysis

OR (95% CI)

P-value

OR (95% CI)

P-value

0.991 (0.9521.030)
2.009 (0.8025.177)
1.597 (0.29410.066)
1.024 (0.9851.068)
0.672 (0.1462.722)
0.672 (0.1462.722)
3.609 (0.62937.251)
2.113 (0.43912.742)
11.087 (1.1231488.423)
0.210 (0.0022.694)
0.672 (0.1462.722)
1.110 (0.1647.527)
5.822 (0.455813.173)
13.955 (1.4961856.378)
6.587 (1.33864.781)
1.895 (0.24121.407)

0.646
0.137
0.583
0.225
0.579
0.579
0.155
0.352
0.038
0.252
0.579
0.910
0.190
0.016
0.019
0.539

0.994 (0.9481.042)

0.806

13.825 (1.4031848.206)

0.021

11.395 (1.1261531.115)
6.210 (1.13963.647)

0.038
0.034

BTT, bridge to lung transplantation; ECMO, extracorporeal membrane oxygenation.
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the volume of red blood cells transfused was associated with in-hospital mortality after controlling for confounding variables, while the
occurrence of the bleeding itself did not affect mortality.12 This suggested that it was the volume of blood loss and transfusion, rather
than the occurrence of a bleeding event, that affected the clinical outcome. Therefore, vigilance and the timely management of bleeding
events is important to achieve better outcome in patients using
ECMO support as a BTT.
In addition, the use of RRT during the use of ECMO support as a
BTT was a risk factor for failed BTT, as well as a predictor of in-hospital mortality after LTs. A previous study that investigated the effects
of RRT in patients receiving ECMO21 reported that the RRT mortality
rates in patients receiving ECMO were high regardless of age or the
indication for the use of ECMO itself. However, the higher the mortality in the control population, the greater the overall decrease in mortality, suggesting that this was more likely to have been caused by
the disease severity than the RRT itself. This may indicate that poor
outcomes in patients with RRT was associated with the overall severity of disease, rather than RRT itself.
Intracranial hemorrhages were also shown to have a signiﬁcant
association with in-hospital mortality after LTs. A previous study that
investigated the neurologic complications of LT recipients, showed
that neurological complications of any level of severity were associated with an increased risk of death.22
In our study, all the patients with intracranial hemorrhages (n = 4)
proceeded to LTs without knowing that bleeding had occurred. The
hemorrhages were all conﬁrmed by brain images in the 1 month
period after the LTs. Brain imaging was performed due to delayed
recoveries of their mental statuses or observed neurologic abnormalities. None of them had been suspected of having the complications
before proceeding to the LTs despite regular interruptions of intravenous sedatives with checking of the mental statuses or neurologic
deﬁcits being adopted as surveillance strategies during the ECMO
support. In consideration of the scarcity of donor lungs and the poor
outcome after LTs, further screening strategies (i.e., electroencephalogram monitoring, computed tomography scans) to properly screen or
prevent intracranial hemorrhages during the use of ECMO support as
a BTT, may be warranted.
The occurrence of BSIs during the use of ECMO support as a BTT
also predicted mortality after LTs in our cohort. Maintenance immunosuppressive therapy is administered to all LT recipients to help
prevent acute and chronic rejection. In that sense, precedent BSIs
may pose a greater risk to the LT recipients compared to other populations using ECMO support. Some precautions and novel approaches
have been suggested regarding infection control in ECMO,23,24 and
those approaches may be considered for improving outcomes especially in patients using ECMO support as a BTT.
To our knowledge, this is the ﬁrst study that investigated the association between the complications related to the use of ECMO support as a BTT and LT outcomes. A strength of our study is that, for the
ﬁrst time, it provides a list of certain complications associated with
the outcomes of LT with ECMO support as a BTT, and our results can
contribute to develop more targeted strategies to prevent and manage the critical complications so as to improve the clinical outcomes.
For example, developing an improved strategy to achieve optimal
anticoagulation and prevent oxygenator thrombosis during ECMO
support as a BTT may be a good target for a future research (e.g., routine use of anti-factor Xa assay to monitor anticoagulation with heparin,25 use of direct thrombin inhibitor for anticoagulation,26
combined use of thromboelastography for anticoagulation monitoring27). On the other hand, efﬁcacy of previously suggested preventive
measures for BSI during ECMO (e.g., chlorhexidine bathing of the
exposed circuits in ECMO23) on the transplantation outcome may
also be a promising subject to investigate.
This study has some limitations. First, this was a single-center
study and the possibility of selection bias cannot be excluded.

However, since our center performed over 50% cases of LTs in the
Republic of Korea as in 2017,28 the representativeness of our study
population may sufﬁce. Second, the retrospective nature of this study
may under/overestimate the incidence of complications, although
our study’s results were comparable to previous study that investigated the use of ECMO support as a BTT.15 Third, the relatively small
sample size may have affected the power of the statistical analysis
investigating the association between the complications of ECMO
support and LT outcomes. To reduce the small-sample bias, we used
Firth’s bias-reduced penalized-likelihood logistic regression.29
Conclusions
The incidence of ECMO-related complications during the use of
ECMO support as a BTT is similar to that of ECMO support with other
general indications. The occurrence of complications during the use
of ECMO as a BTT was associated with unfavorable outcomes in LTs.
Among the complications, oxygenator thrombosis, intracranial hemorrhages, the use of RRT, and BSIs were associated with poor outcomes in patients using ECMO support as a BTT. Development and
validation of more targeted strategies to prevent, screen, and manage
those complications may be needed to improve clinical outcomes of
LT with ECMO support as BTT.
Declaration of Competing Interest
The authors have no conﬂicts of interest to declare.
Acknowledgements
This work was supported by the Korea Medical Device Development Fund grant funded by the Korea government (the Ministry of
Science and ICT, the Ministry of Trade, Industry and Energy, the Ministry of Health & Welfare, the Ministry of Food and Drug Safety) [Project No: 202011B26].
References
1. Kotloff RM, Thabut G. Lung transplantation. Am J Respir Crit Care Med. 2011;184
(2):159–171. https://doi.org/10.1164/rccm.201101-0134CI.
2. Singer JP, Blanc PD, Hoopes C, et al. The impact of pretransplant mechanical ventilation on short- and long-term survival after lung transplantation. Am J Transpl.
2011;11(10):2197–2204. https://doi.org/10.1111/j.1600-6143.2011.03684.x.
3. Peek GJ, Mugford M, Tiruvoipati R, et al. Efﬁcacy and economic assessment of conventional ventilatory support versus extracorporeal membrane oxygenation for
severe adult respiratory failure (CESAR): a multicentre randomised controlled trial.
Lancet. 2009;374(9698):1351–1363. https://doi.org/10.1016/S0140-6736(09)
61069-2.
4. Javidfar J, Bacchetta M. Bridge to lung transplantation with extracorporeal membrane oxygenation support. Curr Opin Organ Transpl. 2012;17(5):496–502. https://
doi.org/10.1097/MOT.0b013e328357fa4f.
5. Valapour M, Lehr CJ, Skeans MA, et al. OPTN/SRTR 2018 annual data report: lung.
Am J Transpl. 2020:20 Suppl s1;427–508. https://doi.org/10.1111/ajt.15677.
6. Makdisi G, Wang IW. Extra corporeal membrane oxygenation (ECMO) review of a
lifesaving technology. J Thorac Dis. 2015;7(7):E166–E176. https://doi.org/10.3978/
j.issn.2072-1439.2015.07.17.
7. Inci I, Klinzing S, Schneiter D, et al. Outcome of extracorporeal membrane oxygenation as a bridge to lung transplantation: an institutional experience and literature
review.
Transplantation.
2015;99(8):1667–1671.
https://doi.org/10.1097/
TP.0000000000000653.
8. Ko RE, Lee JG, Kim SY, et al. Extracorporeal membrane oxygenation as a bridge to lung
transplantation: analysis of Korean organ transplantation registry (KOTRY) data.
Respir Res. 2020;21(1):20. https://doi.org/10.1186/s12931-020-1289-2.
9 Extracorporeal Life Support Organization. ECLS complications code. Accessed 25
March 2021. https://www.elso.org/Registry/SupportDocuments/ECLSComplication
sCode.aspx; 2021.
10. Lafc G, Budak AB, Yener AU, Cicek OF. Use of extracorporeal membrane oxygenation in adults. Heart Lung Circ. 2014;23(1):10–23. https://doi.org/10.1016/j.
hlc.2013.08.009.
11. Lequier L, Annich G, Al-Ibrahim O, Bembea M, Brodie D, Brogan T. ELSO Anticoagulation
Guidelines. Ann Arbor, MI, USA: Extracorporeal Life Support Organization; 2014.
12. Mazzefﬁ M, Greenwood J, Tanaka K, et al. Bleeding, transfusion, and mortality on extracorporeal life support: ECLS working group on thrombosis and hemostasis. Ann Thorac
Surg. 2016;101(2):682–689. https://doi.org/10.1016/j.athoracsur.2015.07.046.

K. Kim et al. / Heart & Lung 56 (2022) 148153
13. Hartley EL, Singh N, Barrett N, Wyncoll D, Retter A. Screening pulmonary angiogram and the effect on anticoagulation strategies in severe respiratory failure
patients on venovenous extracorporeal membrane oxygenation. J Thromb Haemost.
2020;18(1):217–221. https://doi.org/10.1111/jth.14640.
14. Vaquer S, de Haro C, Peruga P, Oliva JC, Artigas A. Systematic review and metaanalysis of complications and mortality of veno-venous extracorporeal membrane
oxygenation for refractory acute respiratory distress syndrome. Ann Intensive Care.
2017;7(1):51. https://doi.org/10.1186/s13613-017-0275-4.
15. Chiumello D, Coppola S, Froio S, Colombo A, Del Sorbo L. Extracorporeal life support as bridge to lung transplantation: a systematic review. Crit Care. 2015;19:19.
https://doi.org/10.1186/s13054-014-0686-7.
16. Schaadt J. Oxygenator thrombosis: an international phenomenon. Perfusion.
1999;14(6):425–435. https://doi.org/10.1177/026765919901400605.
17. MacIntyre NR. Tissue hypoxia: implications for the respiratory clinician. Respir
Care. 2014;59(10):1590–1596. https://doi.org/10.4187/respcare.03357.
18. Phillips BA, McConnell JW, Smith MD. The effects of hypoxemia on cardiac
output. A dose-response curve. Chest. 1988;93(3):471–475. https://doi.org/10.1378/
chest.93.3.471.
19. Higenbottam T, Cremona G. Acute and chronic hypoxic pulmonary hypertension.
Eur Respir J. 1993;6(8):1207–1212.
20. Da Broi U, Adami V, Falasca E, Malangone W, Crini S, Degrassi A. A new oxygenator
change-out system and procedure. Perfusion. 2006;21(5):297–303. https://doi.org/
10.1177/0267659106074771.
21. Han SS, Kim HJ, Lee SJ, et al. Effects of renal replacement therapy in patients receiving extracorporeal membrane oxygenation: a meta-analysis. Ann Thorac Surg.
2015;100(4):1485–1495. https://doi.org/10.1016/j.athoracsur.2015.06.018.

153

22. Mateen FJ, Dierkhising RA, Rabinstein AA, Van De Beek D, Wijdicks EFM. Neurological complications following adult lung transplantation. Am J Transpl. 2010;10
(4):908–914. https://doi.org/10.1111/j.1600-6143.2009.02998.x.
23. Yeo HJ, Kim D, Ha M, Je HG, Kim JS, Cho WH. Chlorhexidine bathing of the exposed
circuits in extracorporeal membrane oxygenation: an uncontrolled before-andafter study.CritCare. 2020;24(1):595.https://doi.org/10.1186/s13054-020-03310-w.
24. Bull T, Corley A, Lye I, Spooner AJ, Fraser JF. Cannula and circuit management in
peripheral extracorporeal membrane oxygenation: an international survey of 45
countries. PLoS One. 2019;14(12): e0227248. https://doi.org/10.1371/journal.
pone.0227248.
25. Ranucci M, Cotza M, Isgro G, et al. Anti-factor Xa-based anticoagulation during
extracorporeal membrane oxygenation: potential problems and possible solutions.
Semin Thromb Hemost. 2020;46(4):419–427. https://doi.org/10.1055/s-00391697950.
26. Young G, Yonekawa KE, Nakagawa P, Nugent DJ. Argatroban as an alternative to
heparin in extracorporeal membrane oxygenation circuits. Perfusion. 2004;19
(5):283–288. https://doi.org/10.1191/0267659104pf759oa.
27. Panigada M, G EI, Brioni M, et al. Thromboelastography-based anticoagulation
management during extracorporeal membrane oxygenation: a safety and feasibility pilot study. Ann Intensive Care. 2018;8(1):7. https://doi.org/10.1186/s13613017-0352-8.
28. Korean Network for Organ Sharing. Statistical yearbook of organ transplantation and
human tissue donation 2019. Seoul, South Korea: Korean Network for Organ Sharing; 2020.
29. Firth D. Bias reduction of maximum-likelihood-estimates. Biometrika. 1993;80
(1):27–38. https://doi.org/10.2307/2336755.

