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Abstract 

Objective:  Ventricular unloading is associated with myocardial recovery. We sought to evaluate the association of 
extracorporeal cardiopulmonary resuscitation (ECPR) on myocardial function after cardiac arrest. We conducted a 
retrospective exploratory analysis, comparing ejection fraction (EF) after adult cardiac arrest, between ECPR and con-
ventional CPR.

Results:  Among 1119 cases of cardiac arrest, 116 had an echocardiogram post-return of spontaneous circulation 
(ROSC) and were included. Thirty-eight patients had ≥ 2 echocardiograms. ECPR patients had differences in age, 
hypertension and chronic heart failure. ECPR patients had a lower EF post-ROSC (24% vs 45%; p < 0.01) and were more 
likely to undergo percutaneous coronary intervention (25% vs 3%; p < 0.01). In multivariate analysis, only ECPR use 
(β-coeff: 10.4 [95% CI 3.68–17.13]; p < 0.01) independently predicted improved myocardial function. In this exploratory 
study, EF after cardiac arrest may be more likely to improve among ECPR patients than CCPR patients. Our methodol-
ogy should be replicated to confirm or refute the validity of our findings.

Keywords:  Myocardial recovery, Cardiac function, Extracorporeal cardiopulmonary resuscitation (ECPR), Ventricular 
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Introduction
Within the last several years, utilization of extracorpor-
eal life support (ECLS) therapies has globally expanded 
[1, 2]. Studies have suggested a mortality benefit for use 
during cardiac arrest—known as extracorporeal car-
diopulmonary resuscitation (ECPR)—compared to con-
ventional cardiopulmonary resuscitation (CCPR) [3–6]. 
The potential effect on survival has dominated existing 

research [7–9], and a dearth of information exist that 
examine non-survival patient relevant outcomes, such as 
myocardial function.

Myocardial function is depressed after cardiac arrest, 
so therapies to improve it are relevant to patients in 
cardiac arrest [10, 11]. For acute cardiogenic shock, 
mechanical circulatory support has suggested a survival 
benefit, and is an area of active debate [5, 12, 13]. This 
is highly relevant to CCPR treated patients, as ventricu-
lar unloading does not universally occur after return of 
spontaneous circulation (ROSC). While the mecha-
nisms of myocardial recovery after mechanical ventricu-
lar unloading are not fully understood, they may involve 
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some combination of decreases in ventricular wall stress, 
increases in perfusion, and decreases in demand [14, 
15]. In principle, ECPR plus coronary revasculariza-
tion induces all of these changes in patients with acute 
ischaemic cardiac arrest. Accordingly, we assessed differ-
ences in myocardial function after cardiac arrest among 
patients managed with and without ECPR. We hypoth-
esized that ECPR-treated patients would show wors-
ened initial myocardial function after arrest, but greater 
improvements in myocardial function over time. We 
speculated that this could be due to mechanical myocar-
dial unloading with temporary mechanical circulatory 
support after cardiac arrest.

Main text
Methods
Study design
We performed a retrospective cohort analysis of a pro-
spectively-collected Utstein style database of patients 
who sustained out-of-hospital cardiac arrest (OHCA) 
within the Salt Lake City, UT region between 7/2008 and 
12/2017. Data was extracted from the electronic medical 
records of patients directly into REDCap [16] by a trained 
quality assurance officer blinded to the goals of the analy-
sis and supervised by the medical director (STY).

The ECPR program for OHCA began in June 2015, and 
targeted OHCA patients < 60 years of age, with witnessed 
arrest, initial shockable rhythm, bystander CPR and no 
significant known comorbidities, such as trauma, cancer, 
or organ failure, who had refractory cardiac arrest (no 
ROSC after ≥ 20  min of conventional advanced cardiac 
life support [17]. The decision is made based on initially 
reported criteria, whereas eventually confirmed patient 
characteristics may be different. ECPR data was simi-
larly extracted by a trained research coordinator blinded 
to the goals of the analysis and supervised by the ECMO 
co-director (JET). The study was approved with a waiver 
of informed consent by the Institutional Review Board at 
the University of Utah.

Participants
Participants were identified for analysis if they had a car-
diac arrest with ROSC, or return of spontaneous beat 
after ECPR, followed by an echocardiogram. Patients 
received an echocardiogram per routine clinical practice. 
Patient selection flowchart can be found in Additional 
file  1: Additional Digital Content. Patients were then 
separated by whether or not they were treated with ECPR 
as part of their resuscitation at the study hospital. The 
majority of ECPR patients had OHCA and were trans-
ported by EMS (n = 14) though a few patients sustained 
in-hospital/emergency department (ED) (n = 4) arrests. 

The CCPR cohort included patients transported by EMS 
to hospitals within the region (n = 9).

CCPR treatment
There was no explicit control of CCPR treatment, and 
patients were managed according to practice patterns at 
each institution, which typically included coronary angi-
ography and revascularization in cases of ST-elevation on 
electrocardiograms after ROSC and targeted tempera-
ture management.

ECPR treatment
Components of treatment with ECPR in this cohort have 
been previously described [17], but include cannulation 
in the emergency department, coronary angiography 
with revascularization, targeted temperature manage-
ment (36 °C) in the intensive care unit for 24 h, followed 
by controlled rewarming over 72 h.

Outcomes and covariates
The primary outcome was change in myocardial func-
tion, adjusted for time, measured on serial post-arrest 
echocardiograms. Change in myocardial function was 
defined as the magnitude and direction of change in 
percent ejection fraction (EF) from first to last echocar-
diogram among patients with ≥ 2 echocardiograms, post 
ROSC/return of spontaneous beat, analyzed as a con-
tinuous variable. For ECPR patients, to account for the 
relationship between ventricular “loading” and apparent 
function/EF, we limited analysis to studies obtained while 
on VA ECMO support. Echocardiographs were per-
formed per routine clinical practice typically with < 2.5 L 
per minute of flow during the echocardiogram. To adjust 
for potential unequal spacing of studies, the outcome 
was normalized for time (hours) between studies. To 
assess clinically meaningful changes, we excluded repeat 
echocardiograms within 12 h. In order to account for the 
delayed period of observation among survivors (and thus 
myocardial recovery), we additionally analyzed the data 
after limiting to a period of 14 days post-cardiac arrest. 
Analysis was not limited to survivors, but rather to sub-
jects with post-arrest echocardiograms. Recorded covari-
ates included age, sex, past medical history (PMH), date 
of arrest, witnessed, initial rhythm, ECMO use, success of 
ECMO, echocardiographic EF with date/time, post-arrest 
coronary angiography, post-arrest percutaneous coro-
nary intervention, and survival.

Statistical analysis
Descriptive statistics, including mean (standard devia-
tion, SD) and median (interquartile range, IQR), were 
used to assess patient characteristics. Categorical charac-
teristics were compared using Chi square test or Fisher’s 
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exact test. Continuous characteristics were compared 
using independent samples t-test or Wilcoxon-Mann–
Whitney test. We selected candidate predictors of myo-
cardial recovery based on previously published studies 
examining ECPR survival. We additionally empirically 
selected other candidate predictors in our initial model. 
All were tested using Fisher’s exact test. We constructed 
univariate regression models for each potential con-
founder with the outcome. Variables with an association 
below 0.1 were considered as candidate covariates and 
included in the multivariate analysis if the association had 
biologic plausibility. For each potential confounder, we 
fit a separate regression model with the primary predic-
tor and the potential confounder (covariate). Covariates 
that changed the β-coefficient of the primary predictor 
by ≥ 10%, were flagged as potential confounders [18] and 
added to the model. We then fit a multivariable linear 
model with significant confounders using either method. 
To test for multicollinearity, we assessed Pearson correla-
tions (r) and the variance inflation factor (VIF), where a 
VIF > 2.5 indicated potential collinearity. No variables in 
the final model had a VIF ≥ 1.5. To test the durability of 
our findings, we performed sensitivity analyses limiting 
to echocardiographs obtained within 14  days of ROSC. 
Statistical analyses were conducted in STATA 15.1 (Col-
lege Station, TX), and all reported p values are for two-
sided comparisons.

Results
Study population
One thousand one hundred and nineteen cases of adult 
cardiac arrest were identified since 7/2008. (Additional 
file 1: Figure S1) One hundred and sixteen cases survived 
to have an echocardiogram post-ROSC/return of spon-
taneous beat and were included in the initial analysis. 
Thirty-eight patients had ≥ 2 echocardiograms. Among 

all patients, the average age was 56 (SD 15.3) years old 
with 78% male. Eighty-six percent of the arrests were 
witnessed, and the initial arrest cardiac rhythm was ven-
tricular fibrillation (VF) or ventricular tachycardia (VT) 
in 59%.

Patients placed on ECPR were less likely to a history 
of hypertension (8.3% vs 41.4%; p = 0.03). ECPR patients 
were non-significantly younger (49 vs 57 years; p = 0.08) 
and more likely to have a history of chronic heart failure 
(CHF) (33.3% vs 13.5%; p = 0.09). There were no signifi-
cant differences in sex, witnessed arrest or first arrest 
rhythm. Patients placed on ECPR were also more likely 
to undergo post-arrest coronary catheterization (41.7% 
vs 8.7%; p < 0.01) and PCI (25% vs 2.9%; p = 0.01). (Addi-
tional file  1: Table  S1) The initial post-ROSC EF was 
lower in ECPR patients (24% vs 45%; p < 0.01). The final 
EF was also worse among ECPR patients (33% vs 46%; 
p = 0.07). (Table 1, Fig. 1) The duration of time between 
sequential echocardiograms was non-significantly 
greater among CCPR patients (57.0 vs 5.1 days; p = 0.31), 
but when isolated to 14  days, this difference narrowed 
(3.9 vs 5.1 days; p = 0.31). Among ECPR patients, survi-
vors had a worse initial EF (12.4% vs 40.4%; p < 0.01) com-
pared to non-survivors. 

In univariate analysis, ECPR use (β-coeff: 7.21 [95% 
CI − 1.13 to 13.28]; p = 0.02) and hypertension (β-coeff: 
− 4.61 [95% CI − 9.79 to 0.56]; p = 0.08) were associated 
with the outcome. (Table  2) In the multivariate linear 
regression analysis, a history of CHF was associated with 
worsened myocardial function (β-coeff: − 6.15 [95% CI 
− 12.11 to − 0.18]; p = 0.04), whereas ECPR use (β-coeff: 
10.4 [95% CI 3.68 to 17.13]; p < 0.01) independently pre-
dicted improved myocardial function.

Although our primary outcome was adjusted for 
the uncontrolled time difference of echocardiographic 
assessments, we performed an additional sensitivity 

Table 1  Echocardiographic characteristics

CCPR cardiopulmonary resuscitation, ECPR extracorporeal cardiopulmonary resuscitation, EF ejection Fraction, ROSC return of spontaneous circulation, SE standard 
error
a   In n = 38 patients with 2+ echocardiograms
b   In n = 26 patients with 2+ echocardiograms within 14 days
c   In n = 36 patients with dates for 2+ echocardiograms

ECPR CCPR p value
n = 12 n = 104

EF at first post-ROSC/return of spontaneous beat echocardiogram; % 
(± SE)

24% (5.2) 45% (1.8) < 0.01

EF at last echocardiogram; % (± SE)a 33% (8.9) 46% (2.5) 0.07

EF at last echocardiogram; % (± SE)b 33% (8.9) 45% (3.9) 0.18

Duration of time between studies; days (± SE)c 5.1 (1.4) 57.0 (24.3) 0.31

Duration of time between studies; days (± SE)b 5.1 (1.4) 3.9 (0.5) 0.31
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analysis after censoring the data at 14 days. In this model, 
CHF lost significance (β-coeff: − 5.63 [95% CI − 13.11 
to 1.84]; p = 0.13), but ECPR use remained a significant 
predictor of myocardial function (β-coeff: 11.85 [95% CI 
2.67 to 21.03; p = 0.01]).

Discussion
We performed an exploratory analysis to examine 
change in myocardial function after cardiac arrest in 

patients managed with and without ECPR. We found 
that after controlling for relevant covariates in this 
preliminary analysis, myocardial function after car-
diac arrest was more likely to improve among patients 
treated with ECPR than among patients treated with 
CCPR.

There are a number of plausible explanations for our 
findings. First, extrapolating from the bridge-to-recov-
ery durable ventricular assist device population [14, 19], 
it is conceivable that improved myocardial function may 
result from a similar decompression of the left ventri-
cle/cardiopulmonary tree via venous drainage into the 
ECLS circuit. In patients with mechanical circulatory 
support, one study demonstrated that the degree of left 
ventricular distension during ECMO is inversely associ-
ated with myocardial recovery [20], and another that the 
use of the Impella® ventricular catheter simultaneously 
in patients on VA-ECMO was associated with lower 
mortality and inotropic support [21, 22]. This suggests 
a benefit of both direct and indirect unloading after car-
diac arrest. Second, our ECPR protocol involves imme-
diate coronary angiography and percutaneous coronary 
interventions (PCI), as warranted. As an appreciable 
proportion of cardiac arrests are due to acute coronary 
ischaemia [23], and PCI is itself independently associ-
ated with improved myocardial function and survival 
[24–28], we  assessed this and found that PCI was not 
independently associated with myocardial function in 
our study. Thirdly, the use of the ECLS circuit enables 
perfusion independent of myocardial function. Thus, 
the need for inotropic and vasoactive medications may 

Fig. 1  Thirty-eight (38) patients had ≥ 2 echocardiograms post-ROSC. 
Examining the ejection fraction (EF) over time (first to last) among the 
26 patients who had ≥ 2 echocardiograms within 14 days post ROSC, 
divided by patients treated with ECPR (black line) and CCPR (red 
dashes). CCPR cardiopulmonary resuscitation, ECPR extracorporeal 
cardiopulmonary resuscitation, ROSC return of spontaneous 
circulation, CPR cardiopulmonary resuscitation

Table 2  Regression of predictors of time adjusted-myocardial function

CI confidence interval, ECPR extracorporeal cardiopulmonary resuscitation, PCI percutaneous coronary intervention

Univariable β-coef 95% CI p value

ECPR 7.21 1.13 to 13.28 0.02

Age − 0.04 − 0.23 to 0.16 0.71

Male sex − 3.18 − 9.34 to 2.98 0.30

Shockable rhythm 0.47 − 5.05 to 5.99 0.86

Hypertension − 4.61 − 9.79 to 0.56 0.08

Chronic heart failure − 2.58 − 8.78 to 3.61 0.40

Duration between echocardiograms − 0.01 − 0.03 to 0.02 0.62

Witnessed 5.04 − 4.36 to 14.44 0.28

Post-arrest coronary catheterization 1.4 − 3.86 to 6.76 0.54

Post-arrest PCI − 0.58 − 7.56 to 6.40 0.87

Multivariable β-coef 95% CI p value

ECPR 10.4 3.68 to 17.13 < 0.01

Chronic heart failure − 6.15 − 12.11 to − 0.18 0.04

Hypertension − 3.22 − 8.08 to 1.63 0.19

Post-arrest PCI − 4.32 − 10.79 to 2.13 0.18



Page 5 of 6Tonna et al. BMC Res Notes          (2020) 13:137 	

be less. This is important as it is known that inotropic 
medications increase myocardial oxygen demand during 
a period of limited supply [29, 30].

Notably, only a few ECPR patients underwent mechan-
ical ventricular venting, as has been well-described in the 
acute cardiogenic shock population [22, 31–34], but the 
large majority achieved adequate decompression through 
ECMO flow modulation, inotropic use, and observed 
improved function after ECLS initiation and PCI. This 
is important, as if ECPR improves myocardial func-
tion through indirect cardiac unloading, then the natu-
ral extrapolation from the aforementioned literature is 
that protocoled ventricular venting may provide further 
improved outcomes [21, 34, 35].

Our study is important because it is the first of its 
kind, to our knowledge, to examine cardiac outcomes 
for ECPR. While a survival benefit remains unproven, 
we believe outcomes beyond survival are relevant in the 
determination of ECPR utility. We believe myocardial 
function to be of increasing importance after cardiac 
arrest, as surviving only to be limited by heart failure may 
impact quality-adjusted life years, economic productivity 
and patient-reported outcomes.

Conclusions
Among a small population of patients (n = 38) who sus-
tained cardiac arrest with return of circulation and serial 
echocardiograms, we found a preliminary signal that 
those treated with ECPR who achieved return of spon-
taneous beat had worse initial myocardial function com-
pared to those achieving ROSC after CCPR. Among the 
ECPR patients, the improvement in short-term myocar-
dial function, measured by ejection fraction, was sig-
nificantly greater versus the CCPR population. These 
findings should be considered hypothesis generating and 
should be replicated in a larger population.

Limitations
The primary limitations of this study were the selection 
bias of receipt of echocardiogram, which was dependent 
on ROSC and admission to the hospital (n = 379) (see 
Additional file  1: Additional Digital Content) and the 
small sample size. We were able to adjust for a number 
of important covariates. Other covariates to include in 
future validation studies include diastolic function and 
inotropic dosing.

Supplementary information
Supplementary information accompanies this paper at https​://doi.
org/10.1186/s1310​4-020-04982​-x.

Additional file 1. Supplemental digital content.

Abbreviations
ECPR: Extracorporeal cardiopulmonary resuscitation; ECLS: Extracorporeal life 
support; CCPR: Conventional cardiopulmonary resuscitation; EMS: Emergency 
medical services; ED: Emergency department; OHCA: Out of hospital cardiac 
arrest; CHF: Chronic heart failure; PMH: Past medical history; VA ECMO: Veno-
arterial extracorporeal membrane oxygenation; EF: Ejection fraction; ROSC: 
Return of spontaneous circulation; VF: Ventricular fibrillation; VT: Ventricular 
tachycardia; PCI: Percutaneous coronary intervention; PEA: Pulseless electrical 
activity.

Acknowledgements
We would like to thank Chloe Skidmore for efforts on data extraction.

Authors’ contributions
JET conceived study design; JET, SHM, GJS, AGK, JFF, FGPW, CHS, STY con-
tributed to data acquisition and analysis; JET, SHM, STY drafted the work; JET, 
SHM, CHS, SD, AGK, IT, GJS, JS, FGPW, JFF, KS, STY contributed to data interpre-
tation, revised the article for important intellectual content, had final approval 
of the work to be published, and agree to be accountable to for all aspects of 
the work. All authors read and approved the final manuscript.

Funding
Dr. Tonna was supported by a career development award (K23HL141596) 
from the National Heart, Lung, And Blood Institute (NHLBI) of the National 
Institutes of Health (NIH). National Center for Advancing Translational Sciences 
(UL1TR002538). This study was also supported, in part, by the University 
of Utah Study Design and Biostatistics Center, with funding in part from 
the National Center for Research Resources and the National Center for 
Advancing Translational Sciences, National Institutes of Health, through Grant 
5UL1TR001067-02 (formerly 8UL1TR000105 and UL1RR025764). The content is 
solely the responsibility of the authors and does not necessarily represent the 
official views of the National Institutes of Health. None of the funding sources 
were involved in the design or conduct of the study, collection, management, 
analysis or interpretation of the data, or preparation, review or approval of the 
manuscript.

Availability of data and materials
To facilitate research reproducibility, replicability, accuracy and transpar-
ency, the datasets and the analytic code will be made available, following 
publication, in the Open Science Foundation (OSF) repository (https​://doi.
org/10.17605​/osf.io/msdf8​, available at https​://osf.io/MSDF8​). Data were 
de-identified in accordance with Section 164.514 of the Health Insurance Port-
ability and Accountability Act (HIPAA).

Ethics approval and consent to participate
The study was approved with a waiver of informed consent by the Institu-
tional Review Board at the University of Utah.

Consent for publication
Not applicable.

Competing interests
Dr. Tonna reports receiving a modest speaker’s fees from LivaNova for cardiac 
arrest.

Author details
1 Division of Emergency Medicine, University of Utah School of Medicine, 30 
N 1900 E, Salt Lake City, UT 84132, USA. 2 Division of Cardiothoracic Surgery, 
University of Utah School of Medicine, 30 N 1900 E, 3C127, Salt Lake City, UT 
84132, USA. 3 Division of Cardiology, University of Utah School of Medicine, 
Salt Lake City, USA. 4 Division of Epidemiology, University of Utah School 
of Medicine, Salt Lake City, USA. 5 Cardiovascular ICU, University of Utah, Salt 
Lake City, USA. 

Received: 2 February 2020   Accepted: 26 February 2020

https://doi.org/10.1186/s13104-020-04982-x
https://doi.org/10.1186/s13104-020-04982-x
https://doi.org/10.17605/osf.io/msdf8
https://doi.org/10.17605/osf.io/msdf8
https://osf.io/MSDF8


Page 6 of 6Tonna et al. BMC Res Notes          (2020) 13:137 

References
	1.	 Tonna JE, Johnson NJ, Greenwood J, Gaieski DF, Shinar Z, Bellezo JM, 

Becker L, Shah AP, Youngquist ST, Mallin MP, et al. Practice characteristics 
of Emergency Department extracorporeal cardiopulmonary resuscita-
tion (eCPR) programs in the United States: The current state of the art 
of Emergency Department extracorporeal membrane oxygenation (ED 
ECMO). Resuscitation. 2016;107:38–46.

	2.	 Haas NL, Coute RA, Hsu CH, Cranford JA, Neumar RW. Descriptive analysis 
of extracorporeal cardiopulmonary resuscitation following out-of-hospi-
tal cardiac arrest-An ELSO registry study. Resuscitation. 2017;119:56–62.

	3.	 Yannopoulos D, Bartos JA, Martin C, Raveendran G, Missov E, Conterato 
M, Frascone RJ, Trembley A, Sipprell K, John R, et al. Minnesota resuscita-
tion consortium’s advanced perfusion and reperfusion cardiac life 
support strategy for out-of-hospital refractory ventricular fibrillation. J Am 
Heart Assoc. 2016;5(6):003732.

	4.	 Fjolner J, Greisen J, Jorgensen MR, Terkelsen CJ, Ilkjaer LB, Hansen TM, 
Eiskjaer H, Christensen S, Gjedsted J. Extracorporeal cardiopulmonary 
resuscitation after out-of-hospital cardiac arrest in a Danish health region. 
Acta Anaesthesiol Scand. 2017;61(2):176–85.

	5.	 Basir MB, Schreiber TL, Grines CL, Dixon SR, Moses JW, Maini BS, Khan-
delwal AK, Ohman EM, O’Neill WW. Effect of early initiation of mechani-
cal circulatory support on survival in cardiogenic shock. Am J Cardiol. 
2017;119(6):845–51.

	6.	 Yannopoulos D, Bartos JA, Raveendran G, Conterato M, Frascone RJ, 
Trembley A, John R, Connett J, Benditt DG, Lurie KG, et al. Coronary artery 
disease in patients with out-of-hospital refractory ventricular fibrillation 
cardiac arrest. J Am Coll Cardiol. 2017;70(9):1109–17.

	7.	 Selective Cerebral Hypothermia Trial—Under Extracorporeal Cardiopul-
monary Resuscitation (SHOT-ECPR). In: https​://Clini​calTr​ials.gov/show/
NCT03​34570​6.

	8.	 ECPR for Refractory Out-Of-Hospital Cardiac Arrest. In: https​://Clini​calTr​
ials.gov/show/NCT03​06564​7.

	9.	 Induced Hypothermia in Cardiac Arrest Patients Rescued by Extracorpor-
eal Cardiopulmonary Resuscitation. In: https​://Clini​calTr​ials.gov/show/
NCT00​96501​6.

	10.	 Jentzer JC, Chonde MD, Dezfulian C. Myocardial dysfunction and shock 
after cardiac arrest. Biomed Res Int. 2015;2015:314796.

	11.	 Yao Y, Johnson NJ, Perman SM, Ramjee V, Grossestreuer AV, Gaieski DF. 
Myocardial dysfunction after out-of-hospital cardiac arrest: predictors and 
prognostic implications. Intern Emerg Med. 2018;13(5):765–72.

	12.	 Ouweneel DM, Eriksen E, Seyfarth M, Henriques JP. Percutaneous 
mechanical circulatory support versus intra-aortic balloon pump 
for treating cardiogenic shock: meta-analysis. J Am Coll Cardiol. 
2017;69(3):358–60.

	13.	 Zeymer U, Thiele H. Mechanical support for cardiogenic shock: lost in 
translation? J Am Coll Cardiol. 2017;69(3):288–90.

	14.	 Drakos SG, Kfoury AG, Stehlik J, Selzman CH, Reid BB, Terrovitis JV, Nanas 
JN, Li DY. Bridge to recovery: understanding the disconnect between 
clinical and biological outcomes. Circulation. 2012;126(2):230–41.

	15.	 Donker DW, Brodie D, Henriques JPS, Broome M. Left ventricular unload-
ing during veno-arterial ECMO: a review of percutaneous and surgical 
unloading interventions. Perfusion. 2019;34:98–105.

	16.	 Harris PA, Taylor R, Thielke R, Payne J, Gonzalez N, Conde JG. Research 
electronic data capture (REDCap)—a metadata-driven methodology and 
workflow process for providing translational research informatics sup-
port. J Biomed Inform. 2009;42(2):377–81.

	17.	 Tonna JE, Selzman CH, Mallin MP, Smith BR, Youngquist ST, Koliopoulou 
A, Welt F, Stoddard KD, Nirula R, Barton R, et al. Development and imple-
mentation of a comprehensive, Multidisciplinary Emergency Department 
Extracorporeal Membrane Oxygenation Program. Ann Emerg Med. 
2017;70(1):32–40.

	18.	 Maldonado G, Greenland S. Simulation study of confounder-selection 
strategies. Am J Epidemiol. 1993;138(11):923–36.

	19.	 Birks EJ, Tansley PD, Hardy J, George RS, Bowles CT, Burke M, Banner NR, 
Khaghani A, Yacoub MH. Left ventricular assist device and drug therapy 
for the reversal of heart failure. N Engl J Med. 2006;355(18):1873–84.

	20.	 Truby LK, Takeda K, Mauro C, Yuzefpolskaya M, Garan AR, Kirtane AJ, 
Topkara VK, Abrams D, Brodie D, Colombo PC, et al. Incidence and Impli-
cations of Left Ventricular Distention During Venoarterial Extracorporeal 
Membrane Oxygenation Support. ASAIO J. 2017;63(3):257–65.

	21.	 Patel SM, Lipinski J, Al-Kindi SG, Patel T, Saric P, Li J, Nadeem F, Ladas T, 
Alaiti A, Phillips A, et al. Simultaneous venoarterial extracorporeal mem-
brane oxygenation and percutaneous left ventricular decompression 
therapy with Impella is associated with improved outcomes in refractory 
cardiogenic shock. ASAIO J. 2019;65:21–8.

	22.	 Hacking DF, Best D, d’Udekem Y, Brizard CP, Konstantinov IE, Millar J, Butt 
W. Elective decompression of the left ventricle in pediatric patients may 
reduce the duration of venoarterial extracorporeal membrane oxygena-
tion. Artif Organs. 2015;39(4):319–26.

	23.	 Youngquist ST, Hartsell S, McLaren D, Hartsell S. The use of prehospital 
variables to predict acute coronary artery disease in failed resuscitation 
attempts for out-of-hospital cardiac arrest. Resuscitation. 2015;92:82–7.

	24.	 Iqbal MB, Al-Hussaini A, Rosser G, Salehi S, Phylactou M, Rajakulasingham 
R, Patel J, Elliott K, Mohan P, Green R, et al. Predictors of survival and 
favorable functional outcomes after an out-of-hospital cardiac arrest in 
patients systematically brought to a dedicated heart attack center (from 
the Harefield Cardiac Arrest Study). Am J Cardiol. 2015;115(6):730–7.

	25.	 Dumas F, Cariou A, Manzo-Silberman S, Grimaldi D, Vivien B, Rosencher J, 
Empana JP, Carli P, Mira JP, Jouven X, et al. Immediate percutaneous coro-
nary intervention is associated with better survival after out-of-hospital 
cardiac arrest: insights from the PROCAT (Parisian Region Out of hospital 
Cardiac ArresT) registry. Circ Cardiovasc Interv. 2010;3(3):200–7.

	26.	 Reynolds JC, Callaway CW, El Khoudary SR, Moore CG, Alvarez RJ, 
Rittenberger JC. Coronary angiography predicts improved outcome fol-
lowing cardiac arrest: propensity-adjusted analysis. J Intensive Care Med. 
2009;24(3):179–86.

	27.	 Spaulding CM, Joly LM, Rosenberg A, Monchi M, Weber SN, Dhainaut JF, 
Carli P. Immediate coronary angiography in survivors of out-of-hospital 
cardiac arrest. N Engl J Med. 1997;336(23):1629–33.

	28.	 Goto Y, Funada A, Goto Y. Relationship between the duration of cardio-
pulmonary resuscitation and favorable neurological outcomes after out-
of-hospital cardiac arrest: a prospective, nationwide, population-based 
cohort study. J Am Heart Assoc. 2016;5(3):e002819.

	29.	 Zausig YA, Geilfus D, Missler G, Sinner B, Graf BM, Zink W. Direct cardiac 
effects of dobutamine, dopamine, epinephrine, and levosimendan in 
isolated septic rat hearts. Shock. 2010;34(3):269–74.

	30.	 Dyke CM, Lee KF, Parmar J, Dignan RJ, Yeh T Jr, Abd-Elfattah A, Wechsler 
AS. Inotropic stimulation and oxygen consumption in a canine model of 
dilated cardiomyopathy. Ann Thorac Surg. 1991;52(4):750–8.

	31.	 Pappalardo F, Schulte C, Pieri M, Schrage B, Contri R, Soeffker G, Greco T, 
Lembo R, Mullerleile K, Colombo A, et al. Concomitant implantation of 
Impella((R)) on top of veno-arterial extracorporeal membrane oxygena-
tion may improve survival of patients with cardiogenic shock. Eur J Heart 
Fail. 2017;19(3):404–12.

	32.	 Koeckert MS, Jorde UP, Naka Y, Moses JW, Takayama H. Impella LP 2.5 for 
left ventricular unloading during venoarterial extracorporeal membrane 
oxygenation support. J Card Surg. 2011;26(6):666–8.

	33.	 Vlasselaers D, Desmet M, Desmet L, Meyns B, Dens J. Ventricular unload-
ing with a miniature axial flow pump in combination with extracorporeal 
membrane oxygenation. Intensive Care Med. 2006;32(2):329–33.

	34.	 Cheng A, Swartz MF, Massey HT. Impella to unload the left ventricle 
during peripheral extracorporeal membrane oxygenation. ASAIO J. 
2013;59(5):533–6.

	35.	 Chaparro SV, Badheka A, Marzouka GR, Tanawuttiwat T, Ahmed F, Sacher 
V, Pham SM. Combined use of Impella left ventricular assist device and 
extracorporeal membrane oxygenation as a bridge to recovery in fulmi-
nant myocarditis. ASAIO J. 2012;58(3):285–7.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://ClinicalTrials.gov/show/NCT03345706
https://ClinicalTrials.gov/show/NCT03345706
https://ClinicalTrials.gov/show/NCT03065647
https://ClinicalTrials.gov/show/NCT03065647
https://ClinicalTrials.gov/show/NCT00965016
https://ClinicalTrials.gov/show/NCT00965016

	Exploratory analysis of myocardial function after extracorporeal cardiopulmonary resuscitation vs conventional cardiopulmonary resuscitation
	Abstract 
	Objective: 
	Results: 

	Introduction
	Main text
	Methods
	Study design
	Participants
	CCPR treatment
	ECPR treatment
	Outcomes and covariates
	Statistical analysis

	Results
	Study population

	Discussion
	Conclusions

	Limitations
	Acknowledgements
	References




