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Abstract

Aims Percutaneous veno‐arterial extracorporeal membrane oxygenation (VA‐ECMO) is utilized for patients with cardiogenic
shock or cardiac arrest. However, the procedure protocol for weaning from VA‐ECMO has not been well established. The pres-
ent study aimed to determine the usefulness of echocardiographic and pulmonary artery catheter parameters for predicting
successful weaning from VA‐ECMO in patients with refractory cardiogenic shock.
Methods and results We retrospectively studied 50 patients who were hospitalized and supported by VA‐ECMO for >48 h
between January 2013 and March 2017. Patients successfully weaned from VA‐ECMO without reintroduction of VA‐ECMO or
left ventricular assist device implantation were defined as 30 day survivors. Echocardiographic and pulmonary artery catheter
parameters were evaluated when ECMO flow was limited to a maximum of 1.5–2.0 L/min. Twenty‐four patients were success-
fully weaned from VA‐ECMO, whereas 26 were not. Fractional shortening, corrected left ventricular ejection time (LVETc, de-
fined as LVET divided by the square root of heart rate), left ventricular outflow tract velocity time integral, and LVETc divided
by pulmonary artery wedge pressure (PAWP) were significantly larger in the 30 day survivor groups. Multivariable analysis re-
vealed LVETc∕PAWP as a significant independent predictor of successful weaning (LVETc∕PAWP, odds ratio 0.82, 95% confi-
dence interval 0.71–0.94, P = 0.005). Receiver operating characteristic curve analysis revealed 15.9 as the optimal
LVETc∕PAWP for predicting successful weaning (area under the curve 0.82).
Conclusions The present findings indicate that LVETc∕PAWP is a potential predictor of successful weaning from VA‐ECMO.

Keywords Veno‐arterial extracorporeal membrane oxygenation weaning; Mechanical circulatory support; Refractory cardiogenic
shock; Echocardiography; Pulmonary artery catheter
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Introduction

The survival rate of patients with refractory cardiogenic shock
(CS) remains low and is reported as 50–60% in 30 day
CS survivors.1,2 Recent studies have shown that percutane-
ous veno‐arterial extracorporeal membrane oxygenation
(VA‐ECMO) is effective in selected patients for improving

survival and can act as a bridge to recovery, heart trans-
plantation, or left ventricular (LV) assist device (LVAD)
implantation.3–12

Although assessment of cardiac function is necessary for
the management of advanced heart failure, and haemody-
namic assessment with echocardiography and pulmonary ar-
tery catheter (PAC) may be considered for patients with CS
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supported by mechanical circulatory support (MCS) devices,
few studies have investigated which haemodynamic parame-
ters can predict successful weaning from VA‐ECMO.2,13–24

Several studies have reported the following echocardiogra-
phy and PAC parameters as tools available for the manage-
ment of advanced heart failure with MCS devices: LV
ejection time (LVET), LVET divided by left atrial pressure
(LVET∕LAP) for patients with LVAD, and LV outflow tract veloc-
ity time integral (VTI) for patients with VA‐ECMO.13,16,22,23

Therefore, the present study aimed to investigate whether
the echocardiographic and PAC parameters of LVET, LVET di-
vided by pulmonary artery wedge pressure (LVET∕PAWP), and
VTI are useful for the assessment of cardiac function in pa-
tients with VA‐ECMO and whether they are predictors of suc-
cessful weaning from VA‐ECMO.

Methods

Design

This retrospective cohort study was conducted at the Na-
tional Cerebral and Cardiovascular Center, Osaka, Japan,
and conformed to the principles of the Declaration of

Helsinki. The study was approved by the National Cardiovas-
cular Center Ethics Committee (No. M29‐156‐2).

Enrolled in the study were 84 consecutive patients with re-
fractory CS or cardiac arrest who were supported by
VA‐ECMO between January 2013 and March 2017. The exclu-
sion criteria were cardiac arrest of non‐cardiac origin, an ab-
sence of echocardiographic data, an absence of PAC data
including pulmonary artery wedge pressure (PAWP) values,
severe aortic stenosis, severe aortic regurgitation, aortic valve
replacement, and VA‐ECMO support within the past 48 h. A
final total of 50 patients were selected (Figure 1).

Echocardiographic parameters

All echocardiographic examinations were performed at least
every 24 h using a Vivid Q cardiovascular ultrasound system
(GE Healthcare Life Sciences, Piscataway, NJ). Standard
two‐dimensional echocardiographic parameters were mea-
sured according to the recommendation of the American So-
ciety of Echocardiography. The duration of aortic valve
opening, or LV ejection time (LVET), was measured by
M‐mode in parasternal long‐axis view. LVET is related to
heart rate, preload, LV systolic function, and afterload. There-
fore, corrected LVET (LVETc) is defined as LVET divided by the

Figure 1 Flow chart showing patient enrolment and clinical outcomes following veno‐arterial extracorporeal membrane oxygenation (VA‐ECMO) sup-
port. AR, aortic regurgitation; AS, aortic stenosis; AVR, aortic valve replacement; CA, cardiac arrest; CS, cardiogenic shock; LVAD, left ventricular assist
device; MOF, multiple organ failure; PAC, pulmonary artery catheter; PAWP, pulmonary artery wedge pressure; SAH, subarachnoid haemorrhage.
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square root of the RR interval, which is used to correct the QT
interval of an electrocardiogram (a modification of Bazett’s
equation). VTI was measured by traced LVOT pulsed wave
Doppler in standard apical three‐chamber or five‐chamber
views of the left ventricle. All echocardiographic measure-
ments were performed by experienced cardiologists or
sonographers and confirmed by at least two experienced car-
diologists and were taken as the average of three consecutive
cycles for patients with sinus rhythm and as the average of
seven consecutive cycles for patients with atrial fibrillation.

Pulmonary artery catheter parameters

A 7.5 Fr Swan‐Ganz thermodilution catheter (Model
744F75; Edwards Lifesciences, Irvine, CA) was inserted
through the internal jugular vein or the femoral vein, and
the following parameters were measured at least every
24 h: PAWP, pulmonary artery systolic pressure, pulmonary
artery diastolic pressure, mean pulmonary artery pressure,
and mean right atrial pressure (RAP). Mixed venous oxygen
saturation (SVO2) via PAC was collected at least every 24 h.
All PAC measurements were made by at least two experi-
enced cardiologists.

End‐organ function parameters

The following blood samples were collected at least every
24 h; arterial blood gas analyses (pH, bicarbonate, and lactate
levels), inflammation indexes (white blood cell count and
C‐reactive protein levels), liver function (total bilirubin, aspar-
tate aminotransferase, alanine aminotransferase, and lactate
dehydrogenase levels), renal function (blood urea nitrogen
and serum creatinine levels), and sequential organ failure as-
sessment score was calculated.

Veno‐arterial extracorporeal membrane
oxygenation device and management

A percutaneous VA‐ECMO system is basically a
femoro‐femoral bypass without a reservoir. This completely
preconnected system is a compact integrated cardiopulmo-
nary bypass unit comprising an artificial lung (Biocube TNC
coating 6000, NIPRO, Osaka, Japan) and a centrifugal blood
pump (Rotaflow, Maquet Getinge Group, Rastatt, Germany,
or Gyropump, Medtronic, Inc., Minneapolis, MN).

Veno‐arterial extracorporeal membrane
oxygenation weaning procedure

A VA‐ECMO weaning procedure was performed when the
patient was judged to have recovered from myocardial

damage and gained haemodynamic stability as reported
previously.25 Haemodynamic status was determined by at
least two attending physicians using parameters of cardiac
function and circulatory failure such as mean arterial blood
pressure (MBP), heart rate, LV end‐diastolic diameter, LV
end‐systolic diameter, fractional shortening (FS), LVETc,
VTI, PAC parameters, SVO2, lactate level, and renal and
liver function. After the patient was considered haemody-
namically stable, the VA‐ECMO flow rate was decreased
to 1.5–2.0 L/min and then to 0.5–1.0 L/min. If the haemo-
dynamic status was unstable, that is, MBP < 60 mmHg,
VA‐ECMO flow was returned to the initial rate and the pro-
cedure was stopped. VA‐ECMO removal was considered af-
ter the patient’s cardiac function was partially or fully
recovered and if the VA‐ECMO weaning procedure had
been tolerated. The VA‐ECMO was removed surgically if
the patient remained stable after complete‐circuit clamping.
When VA‐ECMO weaning was deemed impossible, bridging
to LVAD was considered.

We evaluated the echocardiographic and PAC
parameters when VA‐ECMO flow was limited to a maximum
of 1.5–2.0 L/min. If VA‐ECMO flow could not be reduced to
this level, the most improved values were used for the
analysis. All other parameters were measured at this time.

Outcome variables

Patients who underwent the VA‐ECMO weaning procedure
were divided into two groups: 30 day survivor groups who
were successfully weaned from VA‐ECMO and non‐survivor
groups who were not weaned. We defined successful
weaning as 30 day survival without reintroduction of
VA‐ECMO or LVAD implantation due to recurring refractory
CS or cardiac arrest. The outcome variables included
30 day survival, 3 day survival, duration of VA‐ECMO, and
VA‐ECMO‐associated complications (e.g. major bleeding that
required blood transfusions, limb ischaemia, stroke, and
intracranial haemorrhage).

Statistical analysis

Statistical analyses were conducted using JMP 12.2 (SAS Insti-
tute, Cary, NC), Stata Version 15 (StataCorp LP, College Sta-
tion, TX), and R Version 4.0.2 (R Foundation for Statistical
Computing, Vienna, Austria). All P values <0.05 were consid-
ered to indicate statistical significance. Data are expressed as
mean ± standard deviation if normally distributed, or median
(25th–75th percentiles) otherwise. For intergroup compari-
son of continuous variables, t‐test was used for normally dis-
tributed data, and Wilcoxon rank‐sum test was used
otherwise. Nominal variables were compared using χ2 test
or Fisher’s exact test. The association of the successful
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VA‐ECMO weaning with patients’ baseline characteristics and
haemodynamic and end‐organ function parameters obtained
prior to VA‐ECMO weaning were evaluated. Using the vari-
ables showing P < 0.05 in the bivariable analysis including
age and sex as pre‐specified covariate, multivariable logistic
regression analysis by backward stepwise selection with a P
value ≥0.05 for removal of variables was conducted to iden-
tify predictors of successful VA‐ECMO weaning. The ability
of each variable to discriminate between the two groups
was assessed using the area under the receiver operating
characteristic curve (AUC) with their 95% confidence interval.
AUC values of ≥0.8, 0.7–0.8, and <0.7 were considered good,
moderate, and poor, respectively.

Results

Baseline characteristics

A total of 84 consecutive patients who were hospitalized and
supported by VA‐ECMO between January 2013 and March
2017 were originally enrolled. After applying the exclusion
criteria, 50 patients were admitted to the study. The follow-
ing were present in these 50 patients: acute myocardial in-
farction (n = 22), prior myocardial infarction (n = 5),
fulminant myocarditis (n = 12), end‐stage hypertrophic car-
diomyopathy (n = 3), end‐stage dilated cardiomyopathy
(n = 2), and other types of heart disease (n = 6). Table 1 lists
the baseline characteristics of the 50 patients.

Patient outcomes

Figure 1 shows the patients’ clinical outcomes. Among the 50
patients who received VA‐ECMO, 24 were successfully
weaned from VA‐ECMO and 26 were not. Of the 26 patients
who were not weaned, 14 were convincingly VA‐ECMO de-
pendent and did not tolerate the VA‐ECMO weaning proce-
dure (five patients died of multiple organ failure, and nine
patients required implantation of LVAD). Of the other 12 pa-
tients who were not weaned and in whom the VA‐ECMO was
removed, seven died of multiple organ failure, one died of
subarachnoid haemorrhage, three required reintroduction
of VA‐ECMO, and one required implantation of LVAD in the
following 30 days. Thirty‐one patients survived more than
3 days after having the VA‐ECMO removed. There was no sig-
nificant difference in terms of major complications associated
with VA‐ECMO support. Median total VA‐ECMO duration was
4.5 days (inter‐quartile range 2.3–6.3).

Table 1 lists the comparison of patients’ baseline character-
istics between two groups. There was significant difference
between the two groups in terms of age (P = 0.016) but not
for the other baseline characteristics between the two groups.

Haemodynamic and end‐organ function
parameters

Echocardiographic, PAC, other haemodynamic parameters,
and end‐organ function parameters were evaluated when

Table 1 Comparisons of patients’ baseline characteristics between the 30 day survivor and non‐survivor groups

Overall (n = 50) 30 day survivors (n = 24) Non‐survivors (n = 26) P value

Age (years) 67 (51–77) 76 (54–82) 64 (46–73) 0.016
Sex (male), n (%) 37 (74) 20 (83) 17 (65) 0.20
Height (cm) 165 (160–170) 163 (160–171) 165 (162–168) 0.79
Body weight (kg) 61 (55–70) 66 (56–72) 58 (51–65) 0.089
BMI, n (%) 22.9 (20.7–26.3) 23.4 (21.0–26.8) 22.9 (19.9–25.9) 0.33
Heart disease 0.19

Acute myocardial infarction, n (%) 22 (44) 12 (50) 10 (38)
Prior myocardial infarction, n (%) 5 (10) 3 (13) 2 (8)
Fulminant myocarditis, n (%) 12 (24) 5 (21) 7 (27)
Hypertrophic cardiomyopathy, n (%) 3 (6) 1 (4) 2 (8)
Dilated cardiomyopathy, n (%) 2 (4) 1 (4) 1 (4)
Other, n (%) 6 (12) 2 (8) 4 (15)

Indication for ECMO
Cardiogenic shock, n (%) 23 (46) 14 (58) 9 (35) 0.16

OHCA, n (%) 6 (12) 3 (13) 3 (12) 1.0
IHCA, n (%) 21 (42) 7 (29) 14 (54) 0.093
PCI, n (%) 21 (42) 11 (46) 10 (38) 0.77
Catheter ablation, n (%) 1 (2) 0 (0) 1 (4) 1.0
Other catheterization procedures, n (%) 1 (2) 1 (4) 0 (0) 0.48
Cardiac surgery, n (%) 2 (4) 1 (4) 1 (4) 1.0
Femoral ECMO, n (%) 50 (100) 24 (100) 26 (100) —

Bypass to peripheral FA, n (%) 14 (28) 6 (25) 8 (31) 0.76
Mechanical ventilation, n (%) 50 (100) 24 (100) 26 (100) —

CRRT, n (%) 20 (40) 10 (42) 10 (38) 1.0

BMI, body mass index; CRRT, continuous renal replacement therapy; ECMO, extracorporeal membrane oxygenation; FA, femoral artery;
IHCA, in‐hospital cardiac arrest; OHCA, out‐of‐hospital cardiac arrest; PCI, percutaneous coronary intervention.
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VA‐ECMO flow was limited to a maximum of 1.5–2.0 L/min
during the 24 h preceding VA‐ECMO weaning.

Table 2 lists the haemodynamic parameters in the two
groups. There was no significant difference between the
groups in terms of mean blood pressure or VA‐ECMO flow.
Under these conditions, FS (P = 0.003), VTI (P < 0.001), LVET
(P = 0.004), LVETc (P < 0.001), and LVETc divided by PAWP
(LVETc∕PAWP) (P < 0.001) were significantly larger and
PAWP (P = 0.049) was significantly lower in the 30 day sur-

vivor groups than in the non‐survivor groups. There was no
significant difference in terms of an intra‐aortic balloon
pump use, vasoactive inotropic score, blood pressure, heart
rate, pulse pressure, LV end‐diastolic diameter, LV
end‐systolic diameter, mean pulmonary artery pressure,
RAP, or SVO2.

26

Table 3 shows the end‐organ function parameters in the
two groups. Lactate dehydrogenase (P = 0.020) was signifi-
cantly lower in the 30 day survivor groups than in the

Table 2 Comparison of haemodynamic parameters obtained prior to VA‐ECMO weaning between the 30 day survivor and non‐survivor
groups

Overall (n = 50) 30 day survivors (n = 24) Non‐survivors (n = 26) P value

VA‐ECMO flow (L/min) 1.9 (1.7–2.8) 1.8 (1.7–2.0) 2.0 (1.7–3.2) 0.11
VA‐ECMO duration (days) 3.9 (2.2–5.8) 3.9 (2.1–5.8) 3.9 (2.2–6.0) 0.95
Total VA‐ECMO duration (days) 4.5 (2.3–6.3) 4.0 (2.2–5.9) 4.8 (2.3–6.9) 0.56
IABP, n (%) 48 (96) 22 (92) 26 (100) 0.23
Vasoactive inotropic scorea 7.1 (5.0–13.6) 7.0 (5.0–13.7) 8.1 (4.8–15.2) 0.94
Systolic BP (mmHg) 104 (91–124) 114 (93–127) 100 (87–122) 0.24
Diastolic BP (mmHg) 50 (47–65) 54 (46–69) 50 (47–56) 0.47
Mean BP (mmHg) 70 (65–81) 75 (65–85) 69 (65–79) 0.24
Pulse pressure (mmHg) 47 (39–66) 50 (39–80) 45 (38–58) 0.44
Heart rate (/min) 82 (75–95) 83 (80–94) 82 (73–97) 0.34
Echocardiographic parameters

LVDd (mm) 49 (44–58) 50 (44–55) 48 (42–62) 0.85
LVDs (mm) 43 (35–50) 42 (36–49) 44 (34–58) 0.28
FS (%) 15 (7–19) 18 (12–22) 11 (6–16) 0.003
VTI (cm) 9.0 (6.7–11.4) 10.8 (9.0–12.1) 7.3 (4.6–8.5) <0.001
LVET (ms) 209 (170–250) 237 (200–266) 185 (140–222) 0.004
LVETc (ms) 240 (198–282) 265 (225–308) 208 (159–251) <0.001

PA catheter parameters
PAWP (mmHg) 15 (10–17) 14 (9–16) 16 (13–18) 0.049
Mean PAP (mmHg) 20 (16–23) 20 (15–25) 20 (16–23) 0.94
RAP (mmHg) 9 (6–12) 9 (6–11) 10 (6–12) 0.97

Other haemodynamic parameters
SVO2 (%) 72 (63–78) 76 (64–79) 67 (61–74) 0.072
LVETc∕PAWP (ms/mmHg) 16.8 (12.4–24.1) 22.0 (16.5–28.7) 12.9 (9.9–17.5) <0.001

BP, blood pressure; FS, fractional shortening; IABP, intra‐aortic balloon pump; LVDd, left ventricular end‐diastolic diameter; LVDs, left ven-
tricular end‐systolic diameter; LVET, left ventricular ejection time; LVETc, corrected left ventricular ejection time; PA, pulmonary artery;
PAP, pulmonary artery pressure; PAWP, pulmonary artery wedge pressure; RAP, right atrial pressure; SVO2, mixed venous oxygen satura-
tion; VA‐ECMO, veno‐arterial extracorporeal membrane oxygenation; VTI, left ventricular outflow tract velocity time integral.
aVasoactive inotropic score was calculated using the following formula: dopamine (μg/kg/min) + dobutamine (μg/kg/
min) + 100 × norepinephrine (μg/kg/min) + 10 × phosphodiesterase inhibitor (μg/kg/min) + 10 000 × vasopressin (U/kg/min).

Table 3 Comparison of end‐organ function parameters obtained prior to VA‐ECMO weaning between the 30 day survivor and non‐sur-
vivor groups

Overall (n = 50) 30 day survivors (n = 24) Non‐survivors (n = 26) P value

SOFA score 11.0 (8.0–13.0) 9.0 (7.0–12.0) 11.0 (9.5–13.5) 0.091
ABG analysis

pH 7.47 (7.42–7.50) 7.46 (7.43–7.50) 7.47 (7.37–7.51) 0.79
Bicarbonate (mmol/L) 23.9 (22.9–26.3) 23.7 (22.0–25.9) 24.6 (23.0–26.9) 0.51
Lactate (mg/dL) 11.7 (9.6–17.6) 11.2 (9.0–16.0) 14.3 (10.1–21.7) 0.073

Laboratory data
Total bilirubin (mg/dL) 1.8 (1.0–4.4) 1.3 (0.8–3.0) 2.2 (1.2–5.1) 0.13
Aspartate aminotransferase (IU/L) 107 (70–246) 107 (59–192) 106 (72–267) 0.57
Alanine aminotransferase (IU/L) 50 (23–138) 41 (21–250) 56 (27–110) 0.57
Lactate dehydrogenase (IU/L) 944 (576–1338) 687 (464–1023) 1047 (682–1562) 0.020
Creatine phosphokinase (IU/L) 735 (398–2108) 736 (362–2219) 728 (359–2389) 0.83
Blood urine nitrogen (mg/dL) 34 (21–46) 31 (19–49) 34 (25–45) 0.70
Serum creatinine (mg/dL) 1.38 (0.82–2.28) 0.90 (0.76–2.82) 1.49 (0.88–2.19) 0.78
White blood cell count (/μL) 9000 (6500–12 650) 7000 (6075–11 950) 11 000 (7125–13 700) 0.079
C‐reactive protein (mg/dL) 11.2 (6.8–16.0) 9.7 (6.3–14.4) 12.0 (7.2–20.8) 0.24

ABG, arterial blood gas; SOFA, sequential organ failure assessment; VA‐ECMO, veno‐arterial extracorporeal membrane oxygenation.
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non‐survivor groups. There was no significant difference in
terms of the other end‐organ function parameters.

Potential parameters for predicting 30 day
survivors

Table 4 lists the potential parameters for predicting 30 day sur-
vival. Multivariable analysis revealed LVETc∕PAWP (P = 0.005)
as a significant independent predictor of successful weaning.

Haemodynamic and end‐organ function variables that
showed good or moderate discrimination for successful
weaning were LVETc∕PAWP (AUC 0.82), VTI (AUC 0.80), LVETc
(AUC 0.79), and FS (AUC 0.74). The highest AUC value was
found for LVETc∕PAWP. The optimal cut‐off point for
LVETc∕PAWP was identified; a threshold of 15.9 showed sen-
sitivity of 88% and specificity of 69% for predicting successful
weaning. Figure 2 shows the discriminate abilities of the var-
iables, quantified as AUC values, and the receiver operating
characteristic curves.

Figure 3 shows a scatter plot of PAWP vs. LVETc values that
were measured when VA‐ECMO flow was limited to a maxi-
mum of 1.5–2.0 L/min prior to the weaning procedure. The
patients were divided into four subsets based on thresholds
of 208 ms for LVETc and 15 mmHg for PAWP, which were
the optimal cut‐off points. These thresholds (LVETc ≥ 208 ms
and PAWP ≤ 15 mmHg) showed sensitivity of 75% and speci-
ficity of 81% for predicting successful weaning.

Discussion

In this observational study, 48% of the present patients were
successfully weaned from VA‐ECMO. Multivariable analysis
revealed LVETc∕PAWP as a single significant independent pre-
dictor of successful weaning.

Comparison with previous studies

Few studies have investigated the optimal ways for VA‐ECMO
weaning procedure or reported the haemodynamic parame-
ters that predict successful weaning from VA‐ECMO.

In an observational study of 51 patients, Aissaoui et al. re-
ported that echocardiographic parameters used for assessing
systolic LV performance, such as VTI, LVEF, and lateral mitral
annulus peak systolic velocity, were associated with success-
ful weaning.13,16 In a study of 10 patients, Aziz et al. recom-
mended the following haemodynamic criteria for deciding
the timing of weaning from a VA‐ECMO pump: cardiac index
>2.4 L/min/m2, MBP > 60 mmHg, PAWP < 18 mmHg, and
central venous pressure <18 mmHg.24 In a study of 22 pa-
tients, Nakatani et al. and Aoyama et al. reported the utility
of LVETc∕LAP for assessing cardiac function and predicting
cardiac function recovery in patients with LVAD.22,23 In addi-
tion, recent studies have supported the usefulness of PAC in-
dexes as an indicator of improved survival in patients with CS
and percutaneous LVAD.24,25

These results suggest that in the management of patients
with CS, it is of critical importance to perform haemodynamic
evaluation of cardiac output and pulmonary congestion using
the parameters of PAC as well as those of echocardiography.
However, there remain unanswered questions regarding the
clinical utility of these parameters of haemodynamic evalua-
tion for predicting successful weaning from VA‐ECMO. There-
fore, the present study investigated and showed that
usefulness.

Possible explanations and implications of the
present study

The present findings revealed that the parameter
LVETc∕PAWP could potentially predict the success of weaning
from VA‐ECMO in patients with refractory CS. Possible expla-
nations for its suitability are as follows.

First, LVETc∕PAWP is a haemodynamic parameter that is
based on both cardiac output and pulmonary congestion.
Several studies have reported that LVETc correlated with
stroke volume and cardiac output.27–32 Because high PAWP
values generally correlate with severe pulmonary congestion,
PAWP is considered as an objective and reliable method for
its assessment. As haemodynamic evaluation based on car-
diac output and pulmonary congestion is important for the
management of advanced heart failure, LVETc∕PAWP might
be a useful parameter for predicting successful weaning from
VA‐ECMO in these patients.

Second, we considered that LVETc should be corrected for
LV preload, that is, PAWP due to the following reasons. As is
the case for cardiac output, LVETc depends on both preload
and afterload besides systolic LV performance. As preload
and afterload may be strongly influenced by the VA‐ECMO

Table 4 Potential parameters for predicting 30 day survival: multi-
variable logistic regression analysis

Multivariable analysis

Odds ratio 95% CI P value

Age (years) — — —

Sex (male) — — —

FS (%) — — —

VTI (cm) — — —

LVETc (ms) — — —

LVETc∕PAWP (ms/mmHg) 0.82 0.71–0.94 0.005
Lactate dehydrogenase (IU/L) — — —

CI, confidence interval; FS, fractional shortening; LVETc, corrected
left ventricular ejection time; PAWP, pulmonary artery wedge pres-
sure; VTI, left ventricular outflow tract velocity time integral.
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flow rate and the native cardiovascular status, we compared
preload and afterload between two groups. In the present
study, PAWP showed significant difference, but MBP (indica-
tor of afterload) did not differ significantly between the
groups. For these reasons, we corrected LVETc by PAWP for
an index to predict successful weaning.

Third, LVETc∕PAWP is a simple haemodynamic parameter
with high reproducibility (Supporting Information, Table S1).
It is easier to obtain adequate and complete visualization of
LVET than other haemodynamic parameters with transtho-
racic echocardiography because it can be measured despite
the restrictions on the position of the transducer experienced
in patients with MCS devices.

Clinical relevance of haemodynamic classification
by corrected left ventricular ejection time and
pulmonary artery wedge pressure

To further investigate the relationship between LVETc and
PAWP measured prior to the weaning procedure, we divided
the patients into four subsets according to the thresholds of
208 ms for LVETc and 15 mmHg for PAWP, which were
determined as the optimal cut‐off points. In the scatter plot
in Figure 3, the patients in Class 1 (LVETc ≥ 208 ms and
PAWP ≤ 15 mmHg) had no pulmonary congestion or periph-
eral hypoperfusion and a low in‐hospital mortality following
VA‐ECMO weaning. The successful weaning rate in this class

Figure 2 Comparison of the area under the receiver operating characteristic curve (AUC) values for the haemodynamic parameters and the receiver
operating characteristic curves with (A) corrected left ventricular ejection time divided by pulmonary artery wedge pressure (LVETc∕PAWP), (B) left ven-
tricular outflow tract velocity time integral (VTI), (C) corrected left ventricular ejection time (LVETc), and (D) fractional shortening (FS). The highest AUC
value was found for (A) LVETc∕PAWP. The optimal cut‐off point for LVETc∕PAWP was identified; a threshold of 15.9 showed sensitivity of 88% and spec-
ificity of 69% for predicting successful weaning.
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was ~78% (18/23 patients). The patients in Class 2
(LVETc ≥ 208ms and PAWP > 15mmHg) had pulmonary con-
gestion but no peripheral hypoperfusion. The successful
weaning rate in this class was ~43% (6/14 patients). Among
the eight patients who did not survive more than 30 days,
five survived more than 3 days after withdrawal of VA‐ECMO.
This finding indicates that in some patients of this class, more
aggressive approaches for myocardial recovery other than
medications, catheter intervention, and cardiac surgery could
be considered; these could include LVAD implantation and
heart transplantation. The patients in Class 3
(LVETc < 208 ms and PAWP ≤ 15 mmHg) had peripheral hy-
poperfusion but no pulmonary congestion, and none of these
patients were weaned. Among the eight patients in this class,
three tended to have relatively low PAWP along with high
RAP, which suggests that some patients in this class might
be complicated by severe right heart failure and PAC may
be useful for evaluating right heart failure and the right ven-
tricular–LV relationship. In some patients in this class, right
ventricular assist device implantation may be considered as
well as LVAD implantation. The patients in Class 4
(LVETc < 208 ms and PAWP > 15 mmHg) had peripheral hy-
poperfusion and pulmonary congestion, and none of these
patients were weaned. Accordingly, LVAD implantation and
heart transplantation should be considered in these patients.

Furthermore, the management of ventricular loading and
pulmonary congestion during the VA‐ECMO support is essen-
tially important. The four class subsets with PAC values may
potentially extract which subsets successfully wean and

require additional LV and/or right ventricular unloading strat-
egies for the recovery of myocardial function in patients with
VA‐ECMO support.

Study limitations

This study had the following potential limitations. First, it was
a retrospective observational study with a relatively small
population conducted in a single centre. Second, in each case,
the attending physicians made the final decision to remove
the patient’s VA‐ECMO based on their haemodynamic status.
Third, the evaluation for weaning from VA‐ECMO was per-
formed with measurements obtained when ECMO flow was
limited to 1.5–2.0 L/min. It may be difficult to evaluate the
parameters promptly and accurately under the condition of
flow reduced to <1.5 L/min after partial circuit clamping.
Fourth, the PAC providing simultaneous monitoring may be
beneficial to detect relative haemodynamic changes in the
VA‐ECMO setting. However, further studies are needed to
determine whether the PAC measurements are reliable in
central VA‐ECMO support. Fifth, although the tissue Doppler
imaging and the echocardiographic assessment of right ven-
tricular function and the right ventricular–LV relationship
are reported to be useful for the successful weaning, those
data are not available in the present study.13,16–19 Lastly, it
should be mentioned that VA‐ECMO support is characterized
by a rise in afterload of the left ventricle, which either further
impair or delay cardiac contractility improvement.

Figure 3 Four subsets of haemodynamic classification of patients supported by veno‐arterial extracorporeal membrane oxygenation. The patients
were divided according to corrected left ventricular ejection time (LVETc) and pulmonary artery wedge pressure (PAWP) values measured prior to
the weaning procedure, using thresholds of 208 ms for LVETc and 15.0 mmHg for PAWP, which had been determined as optimal cut‐off points.
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Percutaneous approaches utilizing unloading devices are be-
coming an option and require accumulating evidence.33

Conclusions

In conclusion, the present findings indicate that LVETc∕PAWP
is a potential predictor of successful weaning from VA‐ECMO.
Further prospective studies are required for validation of the
present findings.
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