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Abstract

Background

Hemolysis is common in all extracorporeal circuits as evident by the elevated plasma free

hemoglobin (PFHb) level. We investigated whether increased hemolysis during extracorpo-

real membrane oxygenation (ECMO) is an independent mortality predictor.

Methods

We performed a retrospective observational study of consecutive subjects who received

ECMO at a tertiary care facility from 2007-2013 to investigate independent predictors of in-

hospital mortality. We examined variables related to patient demographics, comorbidities,

markers of hemolysis, ECMO characteristics, transfusion requirements, and complications.

24-hour PFHb> 50 mg/dL was used as a marker of severe hemolysis.

Results

154 patients received ECMO for cardiac (n= 115) or pulmonary (n=39) indications. Patients’

mean age was 51 years and 75.3% were males. Compared to nonsurvivors, survivors had

lower pre-ECMO lactic acid (p=0.026), lower 24-hour lactic acid (p=0.023), shorter ECMO

duration (P=0.01), fewer RBC transfusions on ECMO (p=0.008) and lower level of PFHb

24-hours post ECMO implantation (p=0.029). 24-hour PFHb> 50 mg/dL occurred in 3.9 %

versus 15.5% of survivors and nonsurvivors, respectively, p=0.002. A Cox proportional haz-

ard analysis identified PFHb> 50 mg/dL 24-hours post ECMO as an independent predictor

of mortality (OR= 3.4, 95% confidence interval: 1.3 – 8.8, p= 0.011).
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Conclusion

PFHb> 50 mg/dL checked 24-hour post ECMO implantation is a useful tool to predict mor-

tality. We propose the routine checking of PFHb 24-hours after ECMO initiation for early

identification and treatment of the cause of hemolysis.

Introduction
Extracorporeal membrane oxygenation (ECMO) has shown promising results for critically
ill patients, requiring cardiopulmonary support, who are otherwise expected to die [1,2].
Patients receiving ECMO support experience an approximate 60–75% in-hospital mortality
rate [3–6] due to severity of the underlying pathology and high incidence of multiple organ
failure, despite improvement in intensive care management and advances in ECMO hard-
ware technology. The availability of new treatment modalities for refractory circulatory
failure including ventricular assist device and cardiac transplantation expand the role of
ECMO as a bridge to these procedures. The high cost and low survival rates in ECMO sub-
jects mandate an awareness of determinants of adverse outcomes for ideal patient selection
to avoid providing futile care.

Although mortality from ECMO is mainly determined by ECMO-unrelated factors (e.g se-
verity of main underlying pathology, number of affected organs), it is also affected by ECMO-
related complications such as hemorrhagic events [7], the need for renal replacement therapy
[8] during ECMO support, venoarterial ECMOmode [9] and the amount of blood transfused
during ECMO support [9]. Hemolysis is common in extracorporeal circuits as evident by the
elevated plasma free hemoglobin (PFHb) level [10,11]. Hemolysis in ECMO circuits occur due
to a variety of reasons including the negative pressure generated by the pump in hypovolemic
states, the development of a clot within the circuit or near the cannula orifices or excessive cen-
trifugal pump speed>3000 revolutions per minute (RPM) [12].

Adverse outcomes related to high levels of PFHb can be explained by its propensity to
cause direct kidney injury because of renal tubular obstruction, the need for more blood trans-
fusion with the risk of transfusion-related complications and even death in children requiring
ECMO after cardiac surgery [13]. There are also concerns of a possible association between
high PFHb level and multiple organ failure [14,15]. No study has examined the relationship
between PFHb and survival in adults receiving ECMO support. The main objective of this
study is to determine mortality predictors in subjects receiving ECMO for various cardiac or
pulmonary indications and whether increased hemolysis in ECMO circuits (as measured by
elevated PFHb) is an independent predictor of mortality.

Materials and Methods

Patient information and data collection
This is an observational study of consecutive patients who received ECMO support at Tampa
General Hospital from 2007 till 2013. The Institutional Review Board (IRB) at the University
of South Florida approved the study and waived the need for patient consent (IRB number
Pro0000580).

A total of 154 patients received ECMO support during the study time. A retrospective
chart review was performed with collection of clinical and laboratory data. These included
variables comprising patients’ demographics, comorbidities, indications for ECMO support,
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ECMO characteristics, laboratory values during ECMO, transfusion requirements, outcomes
and complications. Twenty-four-hour post-ECMO PFHb and lactate dehydrogenase (LDH)
were collected and used as markers of hemolysis. PFHb was analyzed by derivative spectrome-
try (Molecular Devices, Sunnyvale, CA) as described in more detail elsewhere [16]. We used
the cutoff value of PFHb> 50 mg/dL established by the extracorporeal life support organiza-
tion (ELSO) as a marker of severe hemolysis [17].

Study endpoints
The primary study outcome was to determine independent predictors of in-hospital mortali-
ty. Secondary outcomes included successful weaning from ECMO, bridging to other therapy
and long-term survival. Successful weaning from ECMO was defined as survival for> 48
hours after ECMO removal [18]. Those who were weaned off ECMO support but died within
48 hours were defined as unsuccessfully weaned. Patients were followed after discharge to de-
termine their survival days since ECMO explantation. Data of days survived for those dis-
charged alive from the hospital was obtained through social security search and confirmed
with phone interview.

Clinical management
The ECMO pumps used during the study period was mainly Bio-Medicus BP80 (Medtronic,
Inc. MN) or less commonly Thoratec Centrimag pump (Thoratec, Pleasanton, CA). Anticoa-
gulation was achieved by intravenous infusion of heparin at a rate of 30–60 units/kg/hr to
maintain an activated partial thromboplastin time (PTT) between 50–60 seconds. Plasma
free hemoglobin and other coagulation parameters were frequently checked. Inotropic sup-
port was continued in cases of circulatory failure to facilitate left ventricular emptying and
prevent over distension of the left ventricle. Diuretics were used to maintain negative fluid
balance in subjects receiving ECMO for cardiac indications to decrease pulmonary vascular
congestion. If the patient became hemodynamically stable with improvement in left ventricu-
lar contractility on echocardiography (in those with left ventricular dysfunction), inotropes
were gradually weaned. The oxygen saturation was continuously monitored until the mixed
venous oxygen saturation was more than 70%, and the pump flow was reduced gradually to
500 ml/min. ECMO support was withdrawn either with continued stability of the patient’s
hemodynamic profile [19] or if its continuation was deemed futile. We considered the care
futile in case of severe brain damage of absence of heart or lung recovery in those who are not
a ventricular assist device or transplant candidate.

Statistical analysis
Primary analysis compared survivors and non-survivors. Continuous variables were expressed
as mean ± standard deviation and compared using Student t-test for normally distributed vari-
ables and Wilcoxon rank-sum test for non-normally distributed variables. Categorical vari-
ables were described as counts and percentages and were compared using the Chi-square or
Fisher exact test when the expected frequency was less than 5. Univariate analysis was used to
compare differences in various variables between survivors and nonsurvivors. In order to ex-
amine independent risk factors for mortality after ECMO support and avoid confounding ef-
fect, we used a Cox proportional hazard method. The variables used in the model were either
those that achieved statistical significance at p< 0.01 upon univariate analysis or variables
considered to be clinically relevant. For variables that remained significant after Cox propor-
tional hazard analysis, cumulative survival curves were generated through the Kaplan-Meier
approach for survivors and nonsurvivors and were compared using the log-rank test. A p value
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less than 0.05 was considered statistically significant. Data were analyzed using IBM SPSS 21.0
statistical software (IBM SPSS Version 21.0. Armonk, NY).

Results

Patient characteristics
A total of 154 patients received ECMO for either cardiac (n = 115) or pulmonary (n = 39) indica-
tions. Patients’mean age was 51 years and 75.3% were males. Eighty-two percent of the subjects
received venoarterial ECMO and 18% received venovenous ECMO. 48.7% of the cases were suc-
cessfully weaned off ECMO. In-hospital mortality was 33% (51/154). Demographic, clinical and
ECMO characteristics of both survivors and nonsurvivors are listed in table 1. Table 2 compares
in-hospital survivors and nonsurvivors according to ECMO indication. Univariate analysis found
no statistically significant difference between survivors and nonsurvivors according to patients’
disease that required ECMO support. Bridging to left ventricular assist device (LVAD), biventri-
cular assist device (BIVAD), LVAD then cardiac transplant and bridging to transplant occurred
with higher frequency among survivors compared with non-survivors (table 3).

Univariate and multivariate analysis of risk factors for in-hospital
Mortality
The results of univariate comparison of baseline demographic data, ECMO characteristics, ECMO
indications and complications between nonsurvivors (died in-hospital) and survivors (weaned
and discharged) are reported in tables 1, 2 and 4. Compared to nonsurvivors, survivors had lower
pre-ECMO lactic acid level (p = 0.026), lower 24-hour lactic acid level (p = 0.023), shorter dura-
tion on ECMO (p = 0.01), fewer RBC transfusions on ECMO (p = 0.008) and lower value of PFHb
24-hours post ECMO implantation (p = 0.029). 24-hour PFHb> 50 mg/dL occurred in 3.9% ver-
sus 15.5% of survivors and nonsurvivors, respectively, p = 0.002. Plasma free hemoglobin> 50
mg/dL occurred in 16.7% versus 55% of survivors and nonsurvivors receiving venoarterial ECMO
support, respectively, p = 0.032. With regards to venovenous ECMO, PFHb> 50 mg/dL occurred
in 0% versus 80% of survivors and nonsurvivors, respectively, p = 0.04).

Cox proportional hazard analysis identified PFHb> 50 mg/dL 24-hours post ECMO initia-
tion as an independent predictor of mortality (OR = 3.4, 95% confidence interval [CI]: 1.3–8.8,
p = 0.011). Fig 1 illustrates the results of Cox proportional hazard analysis of predictors of in-
hospital mortality for patients receiving ECMO support. Figs 2 and 3 show the Kaplan-Meier
curves comparing survival in patients with 24-hour post-ECMO PFHb levels> 50 mg/dL
or< 50 mg/dL according to the follow up period.

Complications
Table 4 lists the comparison of various complications encountered during ECMO support
between survivors and nonsurvivors. The most common complications experienced in pa-
tients receiving ECMO support was acute renal failure (80/154, 51.9%) followed by hepatic
dysfunction in (64/154, 41.6%) followed by bleeding (61/154, 39.6%). Nonsurvivors experi-
enced higher incidence of acute renal failure (p = 0.026) and hepatic dysfunction (p = 0.004).
There was a trend towards higher risk of hemorrhagic stroke in nonsurvivors (3.9% versus
11.7% in survivors and nonsurvivors respectively, p = 0.145). Plasma free hemoglobin did
not predict the occurrence of non-fatal ECMO complications and levels were comparable
among cases complicated with acute renal failure (p = 0.136), bleeding (p = 0.554), arrhyth-
mia (p = 0.663), hepatic dysfunction (p = 0.885), sepsis (p = 0.891), pericardial effusion
(p = 0.496), hemothorax (p = 0.677) and ischemic stroke (p = 0.892).
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Table 1. Demographics, clinical and extracorporeal membrane oxygenation characteristics among in-hospital survivors and nonsurvivors.

All (n = 154) Survivors (n = 51) Nonsurvivors (n = 103) p value

Demographic and clinical characteristics
Age > 65 y % (n) 21.4% (33) 23.5% (12) 20.4% (21) 0.655

Male sex % (n) 75.3% (116) 74.5% (38) 75.7% (78) 0.869

BMI (mean ±SD) 28.1±7.6 29.7±7.8 0.237

Hypertension % (n) 62.3% (96) 66.7% (34) 60.2% (62) 0.435

Diabetes % (n) 36.4% (56) 41.2% (21) 34% (35) 0.382

Pre-ECMO ESRD % (n) 9.1% (14) 3.9% (2) 11.7% (12) 0.097

Prior cardiac surgery % (n) 35.1% (54) 31.4% (16) 36.9% (38) 0.499

PHTN % (n) 28.6% (44) 31.4% (16) 27.2% (28) 0.588

Pre-ECMO characteristics
Pre-ECMO lactic acid (mean ±SD) 5±4.5 7.3±5.4 0.026

Pre- ECMO lactic acid > 4% (n) 39% (60) 27.5% (14) 44.7% (46) 0.05

Pre- ECMO lactic acid � 10% (n) 21.4% (33) 11.8% (6) 26.2% (27) 0.053

AFib pre-ECMO% (n) 22.7% (35) 29.4% (15) 19.4% (20) 0.164

IABP pre-ECMO % (n) 11.7% (18) 7.8% (4) 13.6% (14) 0.296

ECMO characteristics
24 h lactic acid (mean ±SD) 3.9±3.5 6±5.8 0.023

24 h LDH (mean ±SD) 477±232 2078±1687 0.14

PFHb 24 h (mean ±SD) 40 ± 17.5 119 ±173 0.029

PFHb 24 h > 50% (n) 11.7% (18) 3.9% (2) 15.5% (16) 0.002

Days on ECMO (mean ±SD) 4±3.5 6.4±7.6 0.01

ECMO duration � 5 d % (n) 42.9% (66) 31.4% (16) 48.5% (50) 0.043

ECMO duration � 7 d% (n) 25.3% (39) 13.7% (7) 31.1% (32) 0.02

Blood products during ECMO
PRBC on ECMO (mean ±SD) 23±18 34.7±36.5 0.008

Plasma on ECMO (mean ±SD) 12.1±13 13.9±18.3 0.473

Platelet on ECMO (mean ±SD) 35±54.3 55.2±88.1 0.08

Cryoprecipitate on ECMO (mean ±SD) 27.5±31.6 25.7±38.6 0.775

ECMO: extracorporeal membrane oxygenation, BMI: body mass index, ESRD: end-stage renal disease, AFib: atrial fibrillation, MI: myocardial infarction,

IABP: intra-aortic balloon pump, PHTN: pulmonary hypertension, LDH: lactate dehydrogenase, PFHb: plasma free Hb, PRBC: packed red blood cell, h:

hour, d: day, n: number, SD: standard deviation

doi:10.1371/journal.pone.0124034.t001

Table 2. Comparison between in-hospital survivors and nonsurvivors according to ECMO indication.

All (n = 154) Survivors (n = 51) Nonsurvivors (n = 103) p value

Cardiomyopathy % (n) 29.3% (43) 36.7% (18) 25.5% (25) 0.112

Cardiac arrest % (n) 10.2% (15) 6.1% (3) 12.2% (12) 0.195

Post MI cardiogenic shock % (n) 11.6% (17) 8.2% (4) 13.3% (13) 0.267

Cardiac surgery % (n) 12.2% (18) 12.2% (6) 12.2% (12) 0.613

Cardiac transplant % (n) 8.2% (12) 8.2% (4) 8.2% (8) 0.635

Lung transplant % (n) 10.2% (15) 14.3% (7) 8.2% (8) 0.191

Respiratory failure % (n) 10.9% (16) 10.2% (5) 11.2% (11) 0.547

Pulmonary embolism % (n) 4.1% (6) 2.1% (1) 5.1% (5) 0.356

MI: myocardial infarction

doi:10.1371/journal.pone.0124034.t002
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Discussion
The current study found that PFHb> 50 mg/dL within the first 24 hours post-ECMO initiation
was an independent mortality predictor. On the basis of this finding we have implemented a
routine check of PFHb with awareness that PFHb levels>50 mg/dL is a sign of severe hemoly-
sis (acceptable values of PFHb are 5–10 mg/dL) warranting investigation of the underlying eti-
ology and correcting it, including the possibility of changing the pump head.

After destruction of RBCs, PFHb is cleared by the hemoglobin (Hb) scavengers. When the
severity of hemolysis is beyond the capacity of the intravascular Hb-scavenging mechanisms,
hemoglobinemia and hemoglobinuria occur in addition to Hb-mediated nitric oxide (NO) scav-
enging where Hb binds NO from the endothelium [20]. The subsequent depletion of NO (a po-
tent vasodilator) can lead to increased systemic and pulmonary vascular resistance, increased
thrombin formation, fibrin deposition, platelet aggregation, organ dysfunction and increased
mortality rate [14]. Plasma free hemoglobin> 10 mg/dL was found to inhibit NO-induced va-
sodilation in vivo [21]. Moreover, the released iron (Fe) from hemolysis can result in Fe over-
load in 20% of the cases [22] which can lead to renal failure and increased lung permeability
[23]. In addition, the resulting hyperbilirubinemia after cardiac bypass surgery has been associ-
ated with increased mortality [24]. Sublethal RBC damage leading to decreased deformability
and increased aggregability will lead to its removal by the spleen, lower oxygen content and de-
crease ability to enter small capillaries thereby interfering with tissue oxygenation [25] and lead-
ing to end organ dysfunction [20]. Taking all this into account, one should be more concerned
about the adverse effect of hemolysis rather than the developing hemolysis-induced anemia.

Table 3. Comparison of various bridgingmodalities from ECMO among in-hospital survivors and nonsurvivors.

All (n = 154) Survivors (n = 51) Nonsurvivors (n = 103) p value

Bridge to LVAD % (n) 10.4% (16) 21.6% (11) 4.9% (5) 0.001

Bridge to RVAD% (n) 0.6% (1) 2% (1) 0% (0) 0.331

Bridge to BIVAD% (n) 3.9% (6) 9.8% (5) 1% (1) 0.015

Bridge to LVAD then RVAD% (n) 2.6% (4) 3.9% (2) 1.9% (2) 0.404

Bridge to LVAD then transplant 2.6% (4) 7.8% (4) 0% (0) 0.011

Bridge to transplant % (n) 1.9% (3) 5.9% (3) 0% (0) 0.035

LVAD: left ventricular assist device, RVAD: right ventricular assist device, BIVAD: biventricular assist device.

doi:10.1371/journal.pone.0124034.t003

Table 4. Comparison of various complications encountered during extracorporeal membrane oxygenation among in-hospital survivors and
nonsurvivors.

All (n = 154) Survivors (n = 51) Nonsurvivors (n = 103) p value

Acute renal failure % (n) 51.9% (80) 39.2% (20) 58.3% (60) 0.026

Bleeding % (n) 39.6% (61) 33.3% (17) 42.7% (44) 0.262

Arrhythmia % (n) 31.2% (48) 29.4% (15) 32% (33) 0.740

Hepatic dysfunction % (n) 41.6% (64) 25.5% (13) 49.5% (51) 0.004

Sepsis % (n) 15.6% (24) 13.7% (7) 16.5% (17) 0.637

Pericardial effusion % (n) 16.2% (25) 13.7% (7) 17.5% (18) 0.553

Pneumonia % (n) 12.3% (19) 7.8% (4) 14.6% (15) 0.233

Hemothorax% (n) 10.4% (16) 9.8% (5) 10.7% (11) 0.867

Hemorrhagic stroke % (n) 9.1% (14) 3.9% (2) 11.7% (12) 0.145

Mediastinitis% (n) 2.6% (4) 2% (1) 2.9% (3) 0.596

Ischemic stroke % (n) 8.4% (13) 5.9% (3) 9.7% (10) 0.319

doi:10.1371/journal.pone.0124034.t004
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Pump technology is a main determinant of hemolysis in patients receiving ECMO support.
It was found that centrifugal pumps (CF) when compared with roller pump based systems ex-
hibit superior blood handling capabilities [26] and therefore are more accepted. Centrifugal
pumps however may cause microcavitation and hemolysis. There is also a variable degree of
hemolysis according to type of CF pump used. First generation CF pumps are larger, produce
areas of stasis and friction points which adversely affected blood components [27]. A recent
study by Bottrell and colleagues evaluated the changes in PFHb with three different pumps and

Fig 1. Cox proportional hazardmethod analysis of predictors of in-hospital mortality for patients
receiving extracorporeal membrane oxygenation at TampaGeneral Hospital from 2007–2013.

doi:10.1371/journal.pone.0124034.g001

Fig 2. Kaplan-Meier cumulative survival curve comparing subjects with plasma free Hb>50mg/dL
or<50mg/dL checked 24-hour post ECMO initiation for a follow up period of 30 days.

doi:10.1371/journal.pone.0124034.g002
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found that the Levitronix PediVAS was associated with significantly less hemolysis than the
Rotaflow (p<0.05) and the DP3 (p<0.05) [27]. Lawson and colleagues compared three CF
pumps with a roller pump in the incidence of hemolysis by measuring the PFHb and found
that 2 centrifugal pumps (the Cobe Revolution and the Jostra Rotaflow) compared favorably
with the Cobe Century roller occlusion blood pump regarding the amount of hemolysis pro-
duced [28]. The BioMedicus BP80 (Medtronic, Inc. MN) was the main pump used during our
study period. The Thoratec Centrimag pump (Thoratec, Pleasanton, CA) was infrequently
used due to the significantly higher cost. The later pump characteristically requires lower RPM
compared with the former. It is expected that with the continued advancement of CF pump
technology, newer pump designs will reduce the severity of hemolysis.

Pre-ECMOmortality predictors are obviously more efficient and useful than predictors dur-
ing ECMO support as they help in deciding which patients should and which should not get
ECMO. However, identifying predictors of mortality during ECMO support is also useful as
they help in prognostication and guide management. Among these factors that we have sus-
pected from our experience is hemolysis, which is usually related to pump malfunction. This
has been more studied with ventricular assist device where hemolysis was found to be an inde-
pendent mortality predictor (as it usually reflects pump thrombosis) which requires pump ex-
change or cardiac transplantation to avoid death of the patient. The awareness of PFHb> 50
as an independent mortality predictor during ECMO will prompt its routine check as well as
immediate circuit examination.

The current study is subject to all limitations inherent to non-randomized studies. The de-
sign is a retrospective one and the number of cases is moderate. Herein, we aim to emphasize
the value of PFHb, a marker of hemolysis, as an independent mortality predictor in patients re-
ceiving ECMO support because it is a proxy for suboptimal ECMOmechanics. We recommend

Fig 3. Kaplan-Meier cumulative survival curve comparing subjects with plasma free Hb>50mg/dL
or<50mg/dL checked 24-hour post ECMO initiation up to 3 years of follow up.

doi:10.1371/journal.pone.0124034.g003
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that physicians check PFHb level 24-hour post-ECMO initiation to assess their short-term
prognosis. We speculate that daily checking of PFHb (after first 24 hours) might be of value
and this needs to be tested in future studies. Further technical advances should be made to de-
velop less traumatic ECMO devices with lower risk of hemolysis. Our study also showed a fa-
vorable incidence of in-hospital mortality compared with other studies and a relatively good
long-term outcome of survivors. The main predictor of outcome remains the severity of the
primary pathology. Initiating ECMO support has to be considered on the basis of global risk
profile evaluation of each patient, taking into account the pre-procedural chances of success,
rather than individual risk factor assessment.

Acknowledgments
Notation of prior abstract presentation: Selected results were presented at the American Soci-
ety of Anesthesiology Annual meeting 2014.

Author Contributions
Conceived and designed the experiments: HROMM EMC DM CC. Performed the experi-
ments: HROMM EMC DM CC CS. Analyzed the data: MMHRO EMC. Wrote the paper:
HROMM. Critical revision of the manuscript for important intellectual content: MM SS CC
DM EMC.

References
1. Peek GJ, Mugford M, Tiruvoipati R, Wilson A, Allen E, Thalanany MM, et al. Efficacy and economic as-

sessment of conventional ventilatory support versus extracorporeal membrane oxygenation for severe
adult respiratory failure (CESAR): a multicentre randomised controlled trial. Lancet. 2009 Oct 17; 374
(9698):1351–63. doi: 10.1016/S0140-6736(09)61069-2 PMID: 19762075

2. Conrad SA, Rycus PT, Dalton H. Extracorporeal Life Support registry report 2004. ASAIO J.2005;
51:4–10. PMID: 15745126

3. Lin CY, Tsai FC, Tian YC, Jenq CC, Chen YC, Fang JT, et al. Evaluation of outcome scoring systems
for patients on extracorporeal membrane oxygenation. Ann Thorac Surg. 2007 Oct; 84(4):1256–62.
PMID: 17888979

4. Lin CY, Chen YC, Tsai FC, Tian YC, Jenq CC, et al. RIFLE classification is predictive of short-term
prognosis in critically ill patients with acute renal failure supported by extracorporeal membrane oxy-
genation. Nephrol Dial Transplant.2006; 21:2867–2873. PMID: 16799171

5. Chen YC, Tsai FC, Chang CH, Lin CY, Jenq CC, Juan KC, et al. Prognosis of patients on extracorpore-
al membrane oxygenation: the impact of acute kidney injury on mortality. Ann Thorac Surg. 2011 Jan;
91(1):137–42. doi: 10.1016/j.athoracsur.2010.08.063 PMID: 21172502

6. Rastan AJ, Dege A, Mohr M, Doll N, Falk V, Walther T, et al. Early and late outcomes of 517 consecu-
tive adult patients treated with extracorporeal membrane oxygenation for refractory postcardiotomy car-
diogenic shock. J Thorac Cardiovasc Surg. 2010; 139(2):302–11. doi: 10.1016/j.jtcvs.2009.10.043
PMID: 20106393

7. Aubron C, Cheng AC, Pilcher D, Leong T, Magrin G, Cooper DJ, et al. Factors associated with out-
comes of patients on extracorporeal membrane oxygenation support: a 5-year cohort study. Crit Care.
2013; 17(2):R73. doi: 10.1186/cc12681 PMID: 23594433

8. Kielstein JT, Heiden AM, Beutel G, Gottlieb J, Wiesner O, Hafer C, et al. Renal function and survival in
200 patients undergoing ECMO therapy. Nephrol Dial Transplant. 2013; 28(1):86–90. doi: 10.1093/ndt/
gfs398 PMID: 23136216

9. Smith A, Hardison D, Bridges B, Pietsch J. Red blood cell transfusion volume among patients receiving
extracorporeal membrane oxygenation. Perfusion. 2013; 28(1):54–60. doi: 10.1177/
0267659112457969 PMID: 22892295

10. Kawahito S, Maeda T, Motomura T, Ishitoya H, Takano T, Nonaka K, et al. Hemolytic characteris-
tics of oxygenators during clinical extracorporeal membrane oxygenation. ASAIO J. 2002 Nov-
Dec; 48(6):636–9. PMID: 12455774

11. Meyer AD, Wiles AA, Rivera O, Wong EC, Freishtat RJ, Rais-Bahrami K, et al.Hemolytic and thrombo-
cytopathic characteristics of extracorporeal membrane oxygenation systems at simulated flow rate for

Hemolysis and ECMORelated Mortality

PLOS ONE | DOI:10.1371/journal.pone.0124034 April 22, 2015 9 / 10

http://dx.doi.org/10.1016/S0140-6736(09)61069-2
http://www.ncbi.nlm.nih.gov/pubmed/19762075
http://www.ncbi.nlm.nih.gov/pubmed/15745126
http://www.ncbi.nlm.nih.gov/pubmed/17888979
http://www.ncbi.nlm.nih.gov/pubmed/16799171
http://dx.doi.org/10.1016/j.athoracsur.2010.08.063
http://www.ncbi.nlm.nih.gov/pubmed/21172502
http://dx.doi.org/10.1016/j.jtcvs.2009.10.043
http://www.ncbi.nlm.nih.gov/pubmed/20106393
http://dx.doi.org/10.1186/cc12681
http://www.ncbi.nlm.nih.gov/pubmed/23594433
http://dx.doi.org/10.1093/ndt/gfs398
http://dx.doi.org/10.1093/ndt/gfs398
http://www.ncbi.nlm.nih.gov/pubmed/23136216
http://dx.doi.org/10.1177/0267659112457969
http://dx.doi.org/10.1177/0267659112457969
http://www.ncbi.nlm.nih.gov/pubmed/22892295
http://www.ncbi.nlm.nih.gov/pubmed/12455774


neonates. Pediatr Crit Care Med. 2012; 13(4):e255–61. doi: 10.1097/PCC.0b013e31823c98ef PMID:
22596067

12. Toomasian JM, Bartlett RH. Hemolysis and ECMO pumps in the 21st Century.Perfusion. 2011; 26-
(1):5–6. doi: 10.1177/0267659110396015 PMID: 21177726

13. Gbadegesin R, Zhao S, Charpie J, Brophy PD, Smoyer WE, Lin JJ. Significance of hemolysis on extra-
corporeal life support after cardiac surgery in children. Pediatr Nephrol. 2009 Mar; 24(3):589–95. doi:
10.1007/s00467-008-1047-z PMID: 19002722

14. Rother RP, Bell L, Hillmen P, Gladwin MT. The clinical sequelae of intravascular hemolysis and extracel-
lular plasma hemoglobin: a novel mechanism of human disease. J AmMed Assoc. 2005; 293:1653–62.

15. VermeulenWindsant IC, Hanssen SJ, BuurmanWA, Jacobs MJ. Cardiovascular surgery and organ
damage: time to reconsider the role of hemolysis. J Thorac Cardiovasc Surg. 2011; 142:1–11. doi: 10.
1016/j.jtcvs.2011.02.012 PMID: 21570697

16. Cruz-Landeira A, Bal MJ, Lopez-Rivadulla M. Determination of methemoglobin and total hemoglobin in
toxicological studies by derivative spectrophotometry. J Anal Toxicol.2002; 26:67–72. PMID: 11916017

17. http://www.elso.med.umich.edu/WordForms/ELSOGuidelines General All ECLS Version1.1.pdf. Ac-
cessed 11/5/2014

18. Chen YS, Chao A, Yu HY, KoWJ, Wu IH, Chen RJ. Analysis and results of prolonged resuscitation in
cardiac arrest patients rescued by extracorporeal membrane oxygenation. J Am Coll Cardiol. 2003 Jan
15; 41(2):197–203. PMID: 12535808

19. WuMY, Lin PJ, Tsai FC, Haung YK, Liu KS, Tsai FC. Impact of preexisting organ dysfunction on ex-
tracorporeal life support for non-postcardiotomy cardiopulmonary failure. Resuscitation. 2008 Oct;
79(1):54–60. doi: 10.1016/j.resuscitation.2008.05.002 PMID: 18617313

20. Vercaemst L. Hemolysis in cardiac surgery patients undergoing cardiopulmonary bypass: a review in
search of a treatment algorithm. J Extra Corpor Technol. 2008; 40(4):257–67. PMID: 19192755

21. Jeffers A, Gladwin MT, Kim-Shapiro DB. Computation of plasma hemoglobin nitric oxide scavenging in
haemolytic anaemias.Free Radic Biol Med. 2006; 41:1557–65. PMID: 17045924

22. Mumby S, Koh TW, Pepper JR, Gutteridge JM. Risk of iron overload is decreased in beating heart
coronary artery surgery compared to conventional bypass. Biochim Biophys Acta. 2001 Nov 29;
1537(3):204–10. PMID: 11731222

23. Davis C, Kausz A, Zager R, Kharasch E, Cochran R. Acute renal failure after CPB is related to de-
creased serum ferritin levels. J Am Soc Nephrol. 1999; 10:2396–402. PMID: 10541300

24. An Y, Xiao YB, Zhong QJ. Hyperbilirubinemia after extracorporeal circulation surgery: a recent and pro-
spective study. World J Gastroenterol. 2006 Nov 7; 12(41):6722–6. PMID: 17075992

25. Watanabe N, Sakota D, Ochuchi K, Takatani S. Deformability of red blood cells and its relation to blood
trauma in rotary blood pumps.Artif Organs. 2007; 31:352–8. PMID: 17470204

26. Bennett M, Horton S, Thuys C, Augustin S, Rosenberg M, Brizard C. Pump-induced haemolysis: a
comparison of short-term ventricular assist devices. Perfusion. 2004; 19:107–111. PMID: 15162925

27. Bottrell S, Bennett M, Augustin S, Thuys C, Schultz B, Horton A, et al. comparison study of haemoly-
sis production in three contemporary centrifugal pumps. Perfusion. 2014; 29(5):411–6. doi: 10.1177/
0267659113509000 PMID: 24406272

28. Lawson DS, Ing R, Cheifetz IM, Walczak R, Craig D, Schulman S, et al. Hemolytic characteristics of
three commercially available centrifugal blood pumps. Pediatr Crit Care Med. 2005; 6(5):573–7. PMID:
16148820

Hemolysis and ECMORelated Mortality

PLOS ONE | DOI:10.1371/journal.pone.0124034 April 22, 2015 10 / 10

http://dx.doi.org/10.1097/PCC.0b013e31823c98ef
http://www.ncbi.nlm.nih.gov/pubmed/22596067
http://dx.doi.org/10.1177/0267659110396015
http://www.ncbi.nlm.nih.gov/pubmed/21177726
http://dx.doi.org/10.1007/s00467-008-1047-z
http://www.ncbi.nlm.nih.gov/pubmed/19002722
http://dx.doi.org/10.1016/j.jtcvs.2011.02.012
http://dx.doi.org/10.1016/j.jtcvs.2011.02.012
http://www.ncbi.nlm.nih.gov/pubmed/21570697
http://www.ncbi.nlm.nih.gov/pubmed/11916017
http://www.elso.med.umich.edu/WordForms/ELSO
http://www.ncbi.nlm.nih.gov/pubmed/12535808
http://dx.doi.org/10.1016/j.resuscitation.2008.05.002
http://www.ncbi.nlm.nih.gov/pubmed/18617313
http://www.ncbi.nlm.nih.gov/pubmed/19192755
http://www.ncbi.nlm.nih.gov/pubmed/17045924
http://www.ncbi.nlm.nih.gov/pubmed/11731222
http://www.ncbi.nlm.nih.gov/pubmed/10541300
http://www.ncbi.nlm.nih.gov/pubmed/17075992
http://www.ncbi.nlm.nih.gov/pubmed/17470204
http://www.ncbi.nlm.nih.gov/pubmed/15162925
http://dx.doi.org/10.1177/0267659113509000
http://dx.doi.org/10.1177/0267659113509000
http://www.ncbi.nlm.nih.gov/pubmed/24406272
http://www.ncbi.nlm.nih.gov/pubmed/16148820

