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Abstract

Venoarterial extracorporeal membrane oxygenation (ECMO) has been used to treat acute massive pulmonary embolism (PE)
patients. However, the incremental benefit of ECMO to standard therapy remains unclear. Our meta-analysis objective is to
compare in-hospital mortality in patients treated for acute massive PE with and without ECMO. The National Library of
Medicine MEDLINE (USA), Web of Science, and PubMed databases from inception through October 2020 were searched.
Screening identified 1002 published articles. Eleven eligible studies were identified, and 791 patients with acute massive PE were
included, of whom 270 received ECMO and 521 did not. In-hospital mortality was not significantly different between patients
treated with vs. without ECMO (OR = 1.24 [95% CI, 0.63-2.44], p = 0.54). However, these findings were limited by significant
study heterogeneity. Additional research will be needed to clarify the role of ECMO in massive PE treatment.

Keywords Venoarterial extracorporeal membrane
oxygenation - Massive or high-risk pulmonary embolism

Introduction

The yearly incidence of pulmonary embolism (PE) in the USA
is 115 per 100,000, with approximately 100,000 annual deaths
(1-3). This incidence may further increase in the current pan-
demic as PE is reported in 2.6-8.9% of hospitalized patients

Elona Rrapo Kaso and Jonathan A. Pan are co-first authors.

Associate Editor Navin Kumar Kapur oversaw the review of this article

< Aditya M. Sharma
asharma@virginia.edu

Department of Medicine, Cardiovascular Division, University of
Virginia, 1215 Lee Street, Charlottesville, VA, USA

Department of Radiology and Medical Imaging, University of
Virginia, Charlottesville, VA, USA

Department of Biomedical Engineering, University of Virginia,
Charlottesville, VA, USA

Department of Medicine, Division of Pulmonary and Critical Care,
University of Virginia, Charlottesville, VA, USA

@ Springer

with coronavirus disease-2019 (COVID-19) and up to one-
third of those requiring intensive care unit admission (4).
About 5% of all acute PEs are massive (5). Systemic throm-
bolysis (ST) reduces the risk of PE-related mortality and the
composite all-cause death or treatment escalation by 85% and
80%, respectively (6). However, many patients presenting
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with acute massive PE are not candidates for systemic throm-
bolysis. Stein PD et al. used the Nationwide Inpatient Sample
database and reported a significant reduction in mortality in
unstable PE with the use of thrombolytic therapy (15% vs.
47%; p<.0001). The study also reported that only 30%
(21,390 of 72,230) received thrombolytic therapy (7).
Similarly, the RIETE registry reported that only 20% (238/
1207) of patients with acute PE and hemodynamic instability
received thrombolytic therapy. For patients in whom systemic
thrombolytic therapy is contraindicated or has failed,
venoarterial extracorporeal membrane oxygenation (ECMO)
can serve as a bridge to catheter-directed therapies (CDT) or
surgical pulmonary embolectomy (SPE) (8). ECMO can he-
modynamically stabilize patients who manifest with shock or
cardiac arrest by providing full mechanical circulatory support
and oxygenating the circulating blood (9, 10). Nevertheless,
the impact of ECMO on survival in these patients is not well-
reported. Limited data from case series and case reports sug-
gest that ECMO may improve morbidity and mortality in this
setting (11). Our meta-analysis objective is to compare in-
hospital mortality in patients treated for acute massive PE with
vs. without ECMO.

Methods
Literature Search Strategy and Selection

A meta-analysis was performed according to Meta-
analysis of Observational Studies in Epidemiology guide-
lines (12), Preferred Reporting Items for Systematic
Reviews and Meta-Analyses documents, and
Methodological Standards for Meta-Analyses (13), and
Qualitative Systematic Reviews of Cardiac Prevention
and Treatment Studies (14). The National Library of
Medicine MEDLINE (USA), Web of Science, and
PubMed databases were systematically searched from in-
ception through October 2020 using Medical Subject
Headings and text words, supplemented by scanning bib-
liographies of the recovered articles. Keywords used in-
cluded “Pulmonary embol*” AND “Extracorporeal” in all
fields. Three authors (JAP, ERK, and AMS) reviewed and
selected relevant articles based on the following eligibility
criteria: (a) included adults greater than 18 years of age
with massive/high-risk pulmonary embolism as defined
by the American Heart Association (AHA) scientific
statement (15), (b) enrolled patients were treated with
and without venoarterial ECMO, and (c) reported in-
hospital mortality. Only English-language manuscripts
appearing in peer-reviewed journals were included.
Abstracts, case reports, conference presentations, edito-
rials, and expert opinions were excluded.

Data Extraction and Critical Appraisal

Data from each study was individually extracted by three inves-
tigators (ERK, JAP, AMS). In the event of overlapping studies, a
single study was chosen based on data availability, quality of
methodology, and sample size. Any uncertainties were resolved
by consultation with the senior reviewer (AMS). Abstracted co-
variates included study population, intensive care unit and hospi-
tal length of stay, ECMO duration, presence of cardiogenic shock
or cardiac arrest prior to initiation of ECMO, ECMO duration,
and additional therapies (ST, SPE, and CDT), pH, and lactate
level. ECMO was classified as primary or salvage therapy.
Salvage therapy was defined as ECMO used for rescue therapy
when other therapies were not successful and when patients were
still considered at high risk for early mortality from PE. When
ECMO was used before the initiation of other therapies, it was
considered primary therapy. The risk of bias was assessed by
using the ROBINS-I tool (Risk Of Bias In Non-randomized
Studies - of Interventions) by the Cochrane Handbook of
Systematic Reviews (16).

Statistical Analysis

Statistical analysis was performed according to the Cochrane
Collaboration using Review Manager (RevMan) (computer
program) Version 5.3. Copenhagen: The Nordic Cochrane
Center, The Cochrane Collaboration, 2014. The primary out-
come was in-hospital mortality compared between patients
undergoing treatment with and without ECMO. Inverse vari-
ance odds ratio (OR) point estimates and associated 95% con-
fidence intervals (CIs) were calculated using a random-effects
model. Heterogeneity was assessed using the /° measure,
which is an estimated percentage of total variation across stud-
ies due to heterogeneity rather than chance. I measures great-
er than 50% were considered to reflect substantial heteroge-
neity. Sensitivity analyses (including the exclusion of 1 study
at a time) were also conducted to explore heterogeneity.
Publication bias was assessed using funnel plots (plotting of
standard error of the logarithm of the OR against log of OR),
Peter’s test, and Egger’s test (17, 18).

The pooling of covariates and meta-regression were per-
formed using “metafor” and “meta” package in R version
3.6.1 (R Foundation for Statistical Computing, Vienna,
Austria). Pooled covariates and 95% CI were calculated based
on either inverse variance method or sample size. Meta-
regression was used to compare the mortality odds ratio with
study-level covariates including age, gender, year of publica-
tion, and rate of cardiac arrest. Other covariates were excluded
due to insufficient reporting in most studies.

Dichotomous variables are presented as frequencies with
percentages and continuous variables as mean + standard de-
viation or median with interquartile range, as appropriate. All
p values < 0.05 were considered statistically significant.
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Results

Published Articles

Study characteristics appear in Table 1. The search identified
1002 published articles from 1992 to 2020, eleven of which
were included (all retrospective case series) (Fig. 1). Eight
were single-center experiences, two were multi-center studies,
and one publication was from a cardiovascular surgery data-
base, including 538 hospitals. Four of the 11 studies were
published in the USA, three in Asia, and four in Europe.
There were 791 subjects with massive pulmonary embolism,
270 underwent venoarterial ECMO, and 521 did not. All stud-
ies included information regarding the use of advanced thera-
pies such as SPE, CDT, and ST. Seven studies reported the
incidence of cardiac arrest in patients presenting with massive
PE.

Patient Characteristics

Patient characteristics for the ECMO treatment and non-
ECMO treatment groups are shown in Tables 2 and 3, respec-
tively. The pooled mean age was 51 (95% CI, 44-59) for the
ECMO group and 61 (95% CI, 55-68) for the non-ECMO

group. The pooled proportion of men in each group was sim-
ilar, 46% (95% CI, 37-55%) for the ECMO group and 46%
(95% Cl, 35-58%) for the non-ECMO group. The pooled
percentage of patients that received ST was 30% (95% ClI,
12-56%) in the ECMO group and 46% (95% CI, 32—-62%)
in the non-ECMO group. The pooled percentage of patients
that received an advanced therapy such as ST, CDT, or SPE
was 67% (95% CI, 49-81%) in the ECMO group and 73%
(95% CI, 55-85%) in the non-ECMO group. The pooled in-
cidence of cardiac arrest was 64% (95% CI, 44-80%) and
49% (95% CI, 22—77%) in the ECMO and non-ECMO group
respectively. The pooled duration of ECMO was 4.15 days
(95% CI, 0.7-7.6 days). The pooled proportion of patients
who underwent ECMO as salvage therapy was 90% (95%
CIL, 35-99%).

In-hospital Mortality

The pooled in-hospital mortality incidence was 46% (95% CI,
31-61%) and 40% (95% CI, 25-58%) for the ECMO and
non-ECMO group, respectively. The forest plot in Fig. 2
shows that the odds ratio was 1.24 (95% CI, 0.63-2.44), sug-
gesting no significant difference in mortality rates (p = 0.54).
There was high heterogeneity across the studies (/ = 54%).

Table 1 Study characteristics
Studies Study Recruitment Country = ECMO Non- ECMO ICU Hospital Salvage Primary
design period (n) ECMO duration LOS LOS (days) therapy therapy
() (days) (days) (%) (%)

Caroll et al. Single 2015-2016  USA 2 9 - - - - -
(2017) center

Kjaergaard Single 2008-2014  Denmark 22 16 1.241.9 - - 100 0
etal. (2019) center

Maggio etal.  Single 1992-2005 USA 19 22 4.7+4.0 - - 100 0
(2007) center

Mandigers Multicenter 2014-2017  Netherlands 19 20 3[2-5] 19 - 100
etal (2019) [10-3-

5.5]

Meneveau Multicenter 2014-2015 France 52 128 2.5[1.0-7.0] 4[2-16] - - -
et al. (2018)

Minakawa Database ~ 2008-2014  Japan 94 261 - - - - -
etal. (2018)

Moon et al. Single 2004-2017  Korea 14 9 8.0£8.1 - 42+15 100 0
(2018) center

Pasrija, Shah  Single 20102017  USA 34 22 5.8[4.3-6.7] 10[8-16] 12[10-20] 3 97
etal. (2018) center

Slawek-Szmyt ~ Single 2018-2019  Poland 2 12 - - - - -
et al (2020) center

Wu et al. Single 2003-2012  Taiwan 7 17 - - - 100 0
(2013) center

Xenos et al. Single 2015-2017  USA 5 5 - - - - -
(2019) center

Continuous variables as mean + standard deviation or median [interquartile range]

ECMO extracorporeal membrane oxygenation, /CU intensive care unit, LOS length of stay, n number
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Fig. 1 Literature search strategy identified 1002 studies from 1992 to
2020. Screening abstracts and titles resulted in the exclusion of 236
duplicates and 729 studies that were not relevant for this meta-analysis.

Therefore, we performed a sensitivity analysis. There was an
improvement of heterogeneity with the removal of the
Mandigers L et al. (19) (I = 47%), Maggio P et al. (20) (I =
46%), and Wu MY et al (21) (I = 48%) studies. However,
mortality remained similar after the exclusion of each study
individually. The meta-regression analysis demonstrated a
significant association between the number of patients with
cardiac arrest and in-hospital mortality (p = 0.0006). There
was no significant association between publication year, age,
gender, or use of ST and mortality (»p = 0.37, 0.68, 0.057, and
0.94, respectively).

Quality and Bias Assessment

Bias analysis was conducted for studies of patients treated
with and without ECMO. No evidence of publication bias
was observed in the funnel plot (Fig. 3). Peter’s and Egger’s
tests also showed no evidence of publication bias. ROBINS-I

Of the 37 reviewed studies, 26 were determined to not be eligible for
inclusion. The final meta-analysis included 11 studies in total

demonstrated an overall moderate risk of bias from the includ-
ed studies (Table 4).

Discussion

The right ventricle (RV) is thin-walled compared to the left
ventricle, with limited capacity to accommodate a significant
increase in pulmonary vascular resistance (PVR). Pulmonary
circulation usually is a low-pressure and low-resistance cir-
cuit. In the presence of an acute massive PE, typically associ-
ated with extensive thrombus burden in the pulmonary arter-
ies, there is a sudden increase in PVR, leading to RV’s inabil-
ity to adequately contract, leading to RV failure (22, 23).
Venoarterial ECMO bypasses the pulmonary circulation and
can help acute massive pulmonary embolism by restoring ad-
equate cardiac output and improving coronary artery and sys-
temic perfusion (9). ECMO can be used as a supportive
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Fig. 2 Forests plots Comparing ECMO Non-ECMO ) Odds Ratio Odds Ratio
udyorsubgroup vents ota vents ota elg , Random, o , Random, o
ECMO and non-ECMO groups. Study or Sub Events Total Events Total Weight IV,Random,95%CI IV, Random, 95% ClI
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P rtality Kjaergaard et al. 10 22 3 16 105%  3.61[0.80, 16.35] T

demonst‘rated a non-significant Maggio et al. 8 19 15 22 123% 0.34 [0.09, 1.22] —
odds ratio of 1.24 (p = 0.54). Mandigers et al. 13 19 19 20 65% 0.11[0.01,1.06) ———1
There was significant heteroge- Meneveau et al. 32 52 55 128 18.2% 2.12[1.10,4.11] =

: 2 _ 540 Minakawa et al. 23 94 50 261 19.1% 1.37 [0.78, 2.40] ™
neity of I = 54% among the
studies. Odds ratios of individual Wioon et al. S W 1 5 8% 03600625 il
studies are shown with blue Pasrija et al. 4 34 2 2 87% 1.33[0.22, 7.98]

- STV . Slawek-Szymt et al. 2 2 3 12  36% 13.57[0.51,358.64] N I —
squares with lines representing Wu etal. 4 7 1 17  55% 21.33[1.73,263.67] —_—
the 95% confidence interval. The Xenos et al. 4 5 4 5 3.9% 1.00 [0.05, 22.18]
black diamond demonstrates the
pooled odds ratio and 95% confi- Total (95% Cl) 270 521 100.0% 1.24 [0.63, 2.44]
dence interval Total events 108 163

Heterogeneity: Tau? = 0.55; Chiz = 21.93, df = 10 (P = 0.02); I? = 54% =0 o1 0= p : 130 » 00=
Test for overall effect: Z = 0.62 (P = 0.54) ECMO Non-ECMO

modality to maintain systemic circulation until other advanced
therapies such as CDT, SE, or ST can be administered to treat
massive PE.

The most recent 2019 AHA scientific statement suggests
that patients with massive PE who require therapeutic escala-
tion through SE, CDT, or ST may be supported by ECMO
while these therapies are administered (15). There has been an
increasing trend toward utilizing ECMO for massive PE as a
bridge to other adjunctive therapies such as SE, CDT, or ST
(24). The 2019 European Society of Cardiology (ESC) clinical
guidelines have provided a class II b recommendation for
ECMO when used in combination with SE or CDT in

Table 4 ROBIN-I tool for non-randomized studies

refractory circulatory collapse or cardiac arrest (25). However,
its use in this setting is supported by case series and reports.
Our meta-analysis included 11 studies with 791 subjects;
we compared in-hospital mortality in patients treated with and
without ECMO. We found no significant difference in out-
comes between the two groups. Our pooled in-hospital mor-
tality incidence for patients placed on ECMO was 46% (95%
CI, 0.31-0.61%). A meta-analysis from Pozzi M et al. (26)
reported an in-hospital survival that ranged from 38.4 to 95%,
though the results were limited by study heterogeneity (=
73.7%). They reported in-hospital survival with good neuro-
logical outcomes between 50 and 95%; however, they did not

Bias due to

Bias in Bias in deviations Bias due to Bias in Bias in
First Author,  Bias due to selection of classification . selection of Overall Risk
. .. from missing measurement .

Year confounding participants of . the reported of Bias

. . . intended data of outcomes

into the study interventions . result

interventions

Carroll, 2017 Inconclusive Inconclusive Inconclusive Inconclusive Inconclusive Low Low Inconclusive
Kjaegaard, 2019 Inconclusive = Moderate Serious  Inconclusive Moderate Moderate Serious
Maggio, 2006 Inconclusive Moderate Moderate Inconclusive Inconclusive Inconclusive Inconclusive
Mandigers, 2019 = Serious Low Low Moderate Inconclusive Low Low Moderate
Meneveau, 2018 Low Low Serious  Inconclusive Low Low Moderate
Minakawa, 2019 Inconclusive Inconclusive Inconclusive Inconclusive Low Serious Inconclusive
Moon, 2018 Serious Moderate Moderate Serious  Inconclusive Low Low Moderate
Pasrija, 2018 Serious Serious Serious Low Low Low Low Moderate
Slawek-Szmyt, . . . .
2020 yt Inconclusive Serious Moderate Inconclusive Low Low Serious
Wu, 2013 Inconclusive Moderate Serious  Inconclusive Low Moderate Moderate
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Fig. 3 Funnel plot for studies g--SE(0g[OR])
comparing ECMO vs non-ECMO
groups. The treatment effect is
plotted on the x-axis (odds ratio)
and precision (standard error of
odds ratio) is plotted y-axis. There 0.5+
was symmetric heterogeneity,
suggesting a publication bias is
unlikely. Circles represent indi-
vidual studies and blue line rep-
resents 95% confidence interval
using fixed effects assumption
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compare in-hospital mortality in patients treated with and
without ECMO, which was the focus of our meta-analysis.
Additionally, we provided a further pooled proportion of sex
differences, use of advanced therapies, and incidence of car-
diac arrest between the ECMO and the non-ECMO group. We
also provided a pooled proportion of patients undergoing
ECMO as salvage therapy being 90% (95% CI, 35-99%),
describing its utilization method. Elbadawi A et al. assessed
the National Inpatient Sample database and identified 77,809
hospitalizations for massive PE from 2005 to 2013. In-
hospital mortality for patients receiving ECMO was 61.6%,
with no change over the observational period (p = 68). In this
study, ECMO use in massive PE was associated with lower
mortality (p < 0.001). They performed multivariate regression
analysis and reported a history of chronic lung disease or heart
failure, obesity, advanced age, and female sex as independent
predictors of mortality with ECMO use in massive PE.

In our meta-analysis, the ECMO group had a high pooled
cardiac arrest rate of 64% (95% CI, 44-80%) and that the
majority of studies reported the use of ECMO as salvage ther-
apy. Also, cardiac arrest was shown to be a significant covar-
iate of in-hospital mortality. Due to a lack of patient-level data,
we could not report in-hospital mortality only in patients with
cardiac arrest treated with and without ECMO. Interestingly,
studies with high cardiac arrest rates in both ECMO and non-
ECMO groups such as those of Mandingers L et al. (19) and
Moon D et al. (27) had ORs favoring lower mortality with
ECMO use. As expected, studies such as those of Wu MY
et al. (21) and Meneveaus N et al. (28) that reported higher
cardiac arrest rates in only the ECMO groups had ORs favor-
ing lower mortality with non-ECMO treatment.

As noted previously, massive PE is associated with high in-
patient and short-term mortality. ST reduces mortality; howev-
er, most of these patients do not receive them often due to
contraindications. Major cardiovascular societies have

recognized that there is a role for ECMO, particularly as a
bridge to definitive therapies such as SE, CDT, or ST. As evi-
dent from our meta-analysis, the current literature is limited to
case series and one registry with significant heterogeneity. To
better understand which patients would benefit from ECMO, a
large multicenter randomized control trial would be ideal; how-
ever, this would be difficult to conduct in a controlled manner,
especially in patients with cardiac arrest where emergent thera-
pies are needed. The development of sizeable multicenter qual-
ity improvement registries with all institutions following stan-
dardized protocol to utilize ECMO will help understand its role.
The National Cardiogenic Shock Initiative (NSCI) is an ideal
example of participating healthcare centers adopting the NSCI
treatment algorithm and providing data from these patients (29,
30). Such initiatives help analyze the benefit of therapies such
as ECMO and underscore the importance of best practices and
define the standard of care. We can leverage existing programs
such as the National PERT™ Consortium to create initiatives
similar to NCSI (31, 32).

Although ECMO can serve as a bridge to receiving ad-
vanced therapies, it should be noted that ECMO is not a be-
nign procedure. Meta-analyses of ECMO in patients with car-
diogenic shock or cardiac arrest have reported high rates of
major bleeding (40.8%), infection (30.4%), acute kidney inju-
ry (55.6%), and neurological complications (13.3%) (33).
Another systemic review reported a 13% rate of neurological
complications which included intracranial hemorrhage (5%)
and ischemic stroke (5%) (34). Pozzi M et al. reported preva-
lences of lower limb ischemia in 8% and stroke (hemorrhagic
or ischemic) in 11% of patients.

Limitations

There were a number of limitations in our study. First, there
was significant heterogeneity in our results, which is likely the
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result of differences in study cohorts and disease severity such
as cardiac arrests among patients with massive PE. All of the
studies were retrospective case series with varying levels of
emphasis on ECMO as their clinical question. Second, studies
were mostly single-center trials with small enrollment groups.
There were no standard inclusion and exclusion criteria
among the studies. As a result, they were subject to a signif-
icant risk of confounding or selection bias and limited gener-
alizability. However, Egger’s and Peter’s test and the funnel
plot showed no evidence of a small study effect.

Regarding decline effect and early-extreme bias, meta-
regression showed that publication year was not a significant
covariate. Lastly, there was insufficient data to conduct sub-
group analysis on key variables such as patients that experi-
enced cardiac arrest or received advanced therapies such as
ST, CDT, and SPE. These factors likely have a significant
effect on patient outcomes and were not measured in this
meta-analysis.

Conclusion

In recent years, ECMO is increasingly used in the manage-
ment of acute massive PE. Although promising, there is a
critical gap in the knowledge of the role and benefit of
ECMO in treating acute massive PE. This meta-analysis pro-
vides a call to action to physicians and scientists caring for
thousands of patients worldwide to strongly advocate for bet-
ter data in evaluating ECMO’s role in massive PE with par-
ticular attention paid to massive PE subgroups such as those
with cardiac arrest and cardiogenic shock. The technology and
protocol for ECMO use are already well-established, and the
potential translation of future research is very high.

Abbreviations AHA, America Heart Association; CI, Confidence
interval; CDT, Catheter-directed therapies; ECMO, Venoarterial extra-
corporeal membrane oxygenation; ESC, European Society for
Cardiology; NCSI, National Cardiogenic Shock Initiative; OR, Odds ra-
tio; PE, Pulmonary embolism; PVR, Pulmonary vascular resistance; RV,
Right ventricle; SPE, Surgical pulmonary embolectomy; ST, Systemic
thrombolysis
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