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Abstract

Purpose:Time-to-event data of hazard ratios were used to generate a forest plot of all-cause mortality on
extracorporeal membrane oxygenation (ECMO) in both overall and individual indications of cardiopulmonary
disease in adults.

Materials and Methods:A systemic search was conducted in PubMed from 1975 to 2018. Among 4,121 articles, a
total of 34 clinical reports comprising 20,610patients (1,631 of the patients who underwent ECMO and 18,979 of
the patients who did not undergo ECMO) met the inclusion criteria.

Results:The pooled hazard ratio of 1.2828 (95% confidence interval: 0.9649, 1.7054) suggests that the ECMO
group was not significantly associated with a reduction in mortality compared with the no-ECMO group in the
overall ECMO indications. The results of subgroup analyses showed a significantly improved patient survival in
respiratory failure with 0.6308 (0.5037, 0.7900), and a worse patient survival after lung transplantation with
2.0600 (1.6987, 2.4981), in bridging to heart transplantation with 1.4212 (1.0309, 1.9592), and after heart
transplantation with 5.6365 (1.7569, 18.0827).

Conclusions:Most of the included studies are retrospective, which diminishes the significance of the findings due
to a higher risk of selection bias, which was exemplified by the allocation of ECMO based on the patients’ severity
condition.

Troubleshooting
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INTRODUCTION
In recognition of the benefits of extracorporeal membrane oxygenation (ECMO)[1], clinical outcomes have been
the subject of multiple meta-analyses. Pr evious meta-analyses of ECMO treatment reported forest plots based on
relative risks. Unlike a hazard ratio (HR), a relative risk does not consider the time to event and censoring and runs
the risk of not using all the available information[2]. In other words, with respect to the patient mortality, the
relative risk between ECMO and no-ECMO patient groups cannot avoid overlooking the critical factor of how
ECMO has influenced the timing of each event or patient death over the course of disease progression.
Previous meta-analyses have focused on a single indication presumably because, given the wide range of
potential applications for ECMO, studying a particular patient population separately is a crucial step in terms of
reducing confounding factors. The present study endeavors to investigate ECMO indications of cardiopulmonary
disease as a whole and to list the findings of ECMO mortality in individual indications as subgroup analyses. This
was done to ensure that a positive result of a particular indication is not automatically applied to a different patient
population that may not have the same benefit, and thereby to prevent a potentially unnecessary intervention.
Based on the ECMO indications[3, 4], the present study applies time-to-event data to evaluations of both the
overall and individual cardiopulmonary indications of ECMO in adult patients in relation to relevant meta-analyses.

MATERIAL AND METHODS
Identification of studies
We conducted a systemic electronic search for articles on the US National Library of Medicine's PubMed
database. The search keywords include at least one of “extracorporeal membrane oxygenation,” "extra corporeal
membrane,” “extra-corporeal membrane,” "ECMO," “extracorporeal life support,” “extra corporeal life support,”
“extra-corporeal life support,” “ELS,” "ECLS"[5], and, at the same time, at least one of “mortality,” “mortalities,”
"hazard,” "hazards,"” and “survival,” in consideration of prior pilot searches.
Protocol.io:http://dx.doi.org/10.17504/protocols.io.5xdg7i6

Eligibility criteria

All relevant articles were evaluated using the following selection and exclusion criteria: published in English from
1975 to 2018, inclusively; survival analysis stratified by ECMO status; an HR with a 95% confidence interval (Cl) or
sufficient data for estimating them[6]; case-controlled, retrospective, prospective, or randomly controlled in
design, with its basic demographic information; and equal to or exceeding total 10 human adult subjects[7, 8]. If
more than one study was based on the overlapping population, only the most recently published study was
included in the analysis.

Classification of ECMO indications

This study was mainly based on ECMO indications and data representation in cardiopulmonary disease in adults,
according to Squierset al.[3] and Abramset al.[4].

Respiratory failure: The original “Acute respiratory disease syndrome” (ARDS) and "Hypercapnic respiratory
failure” indications[4]were expanded and grouped together as “respiratory failure” to incorporate ‘oxygenation
failure’ and ‘ventilatory failure'[9], because the referenced articles were not always designed and conducted to
meet one criteria between ARDS and hypercapnic respiratory failure, strictly and mutually exclusively.

protocols.io | https://dx.doi.org/10.17504/protocols.io.bb3tignn February 5, 2020 3/12


https://www.protocols.io/
https://www.protocols.io/
https://dx.doi.org/10.17504/protocols.io.bb3tiqnn

€3} protocols.io Partof SPRINGERNATURE

Bridge to LTx, Intra-LTx, Post-LTx (lung transplantation):Referenced studies tended to handle indications of
ECMO on LTx in the order of bridge to LTx, intra-LTx, and post-LTx, separately and sequentially.

Cardiogenic shock:Each etiology for the cardiogenic shock is noted in Table 1.

Bridge to HTx (heart transplantation), Bridge to VAD (ventricular assist device): The original “Bridge to VAD
implantation or heart transplantation”[3, 4]was divided into bridge to heart transplantation and bridge to VAD, in
order to investigate the indications of ECMO on HTx in the order of bridge to HTX, intra-HTx, and post-HTx,
separately and sequentially, similar to the aforementioned LTx.

E-CPR:Extracorporeal cardiopulmonary resuscitation vs. conventional cardiopulmonary resuscitation was
investigated under this indication criterion.

Others:If ECMO had been indicated for a use not specifically listed in Squierset al.[3] and Abramset al.[4], those
referenced articles would be grouped and investigated under this criterion.

Data extraction and quality assessment

For each study, the following information was collected: (1) first author’s name; (2) year of publication; (3) study
type; (4) size of ECMO and no-ECMO groups; (5) HR and ClI or other equivalent information to estimate both; (6)
whether outcome of interest was all-cause mortality, disease-specific mortality, or graft survival. The Newcastle-
Ottawa quality assessment scale was used for case controls and cohort studies to evaluate selection,
comparability, and outcome, whereas the bias assessments was employed for the randomized controlled trial
(RCT), in terms of random sequence generation, allocation concealment, blinding of participants and personnel,
etc[10]. The maximum score was 9 and a high-quality study was defined as one with a score of=6. Data extraction
and quality assessment were performed independently by two authors (HFR and CGK), and discrepancies were
resolved through discussion. The final results were reviewed by the senior investigators (SHC, JMK).

Statistical information

Statistical analyses were performed using R (Supplemental material S1) for forest plots, Begg's test[11], and
Egger’s test[12]using the package “meta” and funnel plot asymmetry by the package “rmeta."” Statistical tests
were two two-tailed andp-values below 0.05 were considered statistically significant. The PRISMA
checklist[13]was used as a protocol for meta-analysis. Heterogeneity of studies was assessed with Q and
Izstatistics, where the [?statistic >50% was taken to indicate heterogeneity[14]. Pooled estimates were calculated
with the fixed-effect model (Mantel-Haenszel method)[15]if there was no significant aforementioned
heterogeneity; otherwise, we used the random-effect model (DerSimonian-Laird method)[16]. However, if
substantial heterogeneity in the patient populations and study designs is observed, one may consider using the
random-effect model instead. HRs and 95% ClIs were used to evaluate the strength of association. If not explicitly
available, the Cochrane web page[6lillustrated various methods of estimating those values from other reported
parameters, according to Parmaret al.[2]. For example, with respect to computing the HR from the Kaplan-Meier
survival curve, an Excel spreadsheet of Tierneyet al.[17], with the help of Digitizelt software[18]in case of the
necessity of estimating the coordinate of survival curves, was employed as conducted in a similar meta-
analysis[19, 20]. If more than one type of HR such as univariate HR and multivariate HR was reported, multivariate
hazard ratios were employed, whenever possible, for the forest plot analysis, as univariate analysis is usually used
to screen variables that are used later in the multivariate analysis, even though univariate analysis are sometimes
reported solo due to, for example, small sample sizes that limit complete multivariable analysis. Next, the Pearson
correlations between the year of publication and HR and between the year and log HR were computed, in order to
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investigate the correlation between the year and the mortality from the ECMO use.Potential publication bias was
illustrated by a funnel plot with Begg's test[11]and Egger’s test[12]based on rank correlation and weighted linear
regression, respectively. The natural logarithm with the logarithm base of e was used throughout the computation.

RESULTS
Literature search
As illustrated in Figure 1, a systemic literature search resulted in a total of 34 studies[21-54]for the final analysis.
(Please note that luset al.[41]reported survival analysis for both bridge to LTx and intra-LTx.) With respect to a
bridge to LTx, the most recently published study of Schechteret al.[24]was included, among three studies[24, 55,
56]using the United Network for Organ Sharing (UNOS) database that overlapped. Some studies were excluded
because we were unable to locate the explicit number of patients of the ECMO groups[57-59]and the control
groups[60-63]of the survival analysis.

Study characteristics

The main characteristics of the reviewed studies are summarized in Table 1. Sample sizes for the ECMO group
ranged from 7 to 150, with a total of 1,631 patients, whereas the control group samples ranged from 8 to 11,607,
with a total of 18,979 patients. There were 1 case control, 28 retrospective studies, 3 prospective studies, and 2
RCTs.The length of follow-up, for instance, ranged from 60~90 days for respiratory failure to years for
transplantations. Since the survival analysis is not the main focus of the referenced study, the relevant study
design information for the hazard ratio and Kaplan-Meier survival curve was mostly insufficient. Most hazard
ratios (in30 out of 35 studies) were estimated from the survival curves in the “HR (95% CI)” column, unless
indicated byt and 1 for numerical HR from univariate and multivariate analyses, respectively.

Quality assessment

Thequality scores of non-RCT studies ranged from 4 to 6, with a higher value indicating a better methodology in
the “"Q/A" (or Quality Assessment) column in Table 1. A total of 11 studies that had=6 score were categorized as
high-quality studies, while 21 studies that had < 6 score were categorized as low-quality studies.

For the bias assessment of RCT studies of Figure 2, although an RCT would be necessary to better assess the
benefits and adverse effects of ECMO treatments, the difficulty in rigorously conducting randomization should be
taken into account. After patients were randomly allocated to an ECMO group, the blinding between the ECMO
group with “percutaneous venovenous cannulation” and the no-ECMO group with “ventilatory treatment”[21]was
difficult to achieve. As noted in the one included RCT article, patients were randomly allocated to an ECMO group
but did not necessarily undergo treatment due to more than double the average cost of ECMO treatment[22].

Heterogeneities and random-effects model

Various heterogeneities of the referenced studies could have affected the outcome. First, the stratification by the
status of the ECMO into the ECMO group and the no-ECMO group should be considered. More specifically, the
ECMO group heterogeneously included “VA ECMO" (veno-arterial ECMO)[25], V-V ECMO group” (veno-venous
ECMO)[51], "MV & ECMO" (mechanical ventilator & ECMO)[23], etc., whereas the no-ECMO group included the
“no support”[24], and "mechanical ventilation"[40]. Second, different etiologies were applied to the indication for
ECMO treatment. For example, the individual ECMO indication of respiratory failure heterogeneously resulted from
ARDS [21], pulmonary embolism[35], etc. Third, a heterogeneity was evident in the length of follow-ups, as in “30
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days”[28], ..., and "4000 days"[54]. These heterogeneities prevented us from reporting more conclusive results,
and one should be aware of these limitations when understanding the statistical findings on the ECMO use for
each specific indication. To accommodate the heterogeneous patient groups, we used the random-effects model

to provide more conservative view, although the fixed-effects model may be indicated because 12was below 50%
and we were unable to reject the null hypothesis of homogeneity.

Treatment outcomes

Figure 3 provides a forest plot for the meta-analysis of HRs, in order to investigate all-cause mortality of the
ECMO and no-ECMO groups, for both overall indications and each indication in cardiopulmonary disease in
adults. The random-effects model with a pooled HR of 1.2828 (95% CI: 0.9649, 1.7054) for the overall
cardiopulmonary ECMO indications in adults suggests that there was no difference for the ECMO group as
compared to the no-ECMO group. As to subgroup analyses with respect to each indication of ECMO in adults, we
found that increased mortality in post-LTx with a pooled HR of 2.0600 (95% CI: 1.6987, 2.4981), bridge to HTx with
a pooled HR of 1.4212 (95% CI: 1.0309, 1.9592), and post-HTx with a pooled HR of 5.6365 (95% CI: 1.7569,
18.0827). In contrast, there was significant reduction of mortality in respiratory failure, with a pooled HR of 0.6308
(95% CI: 0.5037, 0.7900). For the remaining individual indications, it was not possible to conclude definitively
whether ECMO was associated with either increased or decreased mortality.

Pearson correlation between the year of publication and the mortality

It is acknowledged that the ECMO technology from 1975 has changed immensely such that mortality may be
correlated with the year, which is exemplified in the improved mortality over years in-between 1995-2000 and
2001-2004[64].Pearson correlation was employed to assess the significant correlation between the year and the
mortality. Pearson correlation coefficients between the year of publication and HR and between the year of
publication and logHR were 0.0829 and 0.1648 withp-values of 0.3529 and 0.1838, respectively. For the
referenced studies, the Pearson correlation between the year and the mortality were shown to be insignificant in
the scope of this study.

Publication bias

As illustrated in Figure 4,with respect to symmetric distributions around log(1.2828),no significant evidence of
publication bias appears from the statistical evaluation by either Begg's test (p-value = 0.2563) or Egger’s test (p-
value = 0.9471). Because the objective of the referenced articles was not solely to determine the survival
outcomes stratified by the ECMO status, a publication bias due to the lack of statistically negative results with
respect to worse treatment outcomes itself would be less likely to have influenced the pooled HR result.

DISCUSSION
To the best of our knowledge, the present meta-analysis is the first attempt to use time-to-event HR data to
illustrate a forest plot of all-cause mortality from the use of ECMO in adult patients, in terms of both overall
cardiopulmonary indications and individual indications as a subgroup analysis. As shown by the results of the
overall analysis, across various indications of ECMO in cardiopulmonary diseases in adults, outcomes favored
neither the ECMO group nor the no-ECMO group. However, as to the subgroup analyses, the reduction in mortality
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in the ECMO group was found in respiratory failure, whereas increased mortality in the ECMO group was noted in
post-LTx, bridge to HTx, and post-HTx.

These results should be understood not only in the context of weighing the benefits and adverse effects of ECMO,
but also in consideration of patient selection issues. We could not help but notice the propensity to allocate the
ECMO treatment to the poor patient conditions. In other words, the no-ECMO groups were selected and specified
as groups of patients who required no invasive support[23, 24, 49]. Presumably, this was so because, in a daily
practice, ECMO are used in desperate cases such as a cardiogenic shock where, without ECMO implantation, the
mortality is critically high. This discriminate propensity of ECMO allocation appears to reflect the wide recognition
of the benefits of ECMO treatments[1]but, at the same time, indicates a patient selection bias issue of a meta-
analysis on the retrospective studies. Therefore, in addition to the intrinsic benefits and adverse effects of ECMO
treatment, biased allocation of ECMO based on patient conditions as a whole appeared to contribute to the
aforementioned results.

In this regard, the significant reduction in mortality of the ECMO group in the patients with respiratory failure
compared with the no-ECMO group is worthy of mention. That is, against the patient selection biases that
presumably favor the superior outcome in the no-ECMO group, the significantly improved patient outcomes in
respiratory failure in the concurring ECMO group is evident. Our result favoring the ECMO group in respiratory
failure is consistent with previous meta-analyses for HIN1 pneumonia[65]and ARDS[66]. It can be tentatively
proposed thatthe inclusion of the two RCTs, which is less apt to be influenced by the patient selection bias, may
contribute to the significant reduction in mortalityof the forest plot due to the increased statistical power of the
pooled studies. In addition,Annichet al.stated that themajority of patients with respiratory failure including ARDS
has been well supported with veno-venous (V-V) ECMO[1]. In this regard, the increased likelihood of normal
cardiac function in respiratory failure conditions could enable the more frequent use of V-V ECMO (or all the use
of V-V ECMOI[22]), which could avoid the complications of veno-arterial (V-A) ECMO, such as systemic
embolization, arterial trauma, and increased left ventricular afterload[67, 68]. However, in consideration
ofnumerous possible confounding factors of heterogeneities that may have influenced the mortality results, this
hypothesisneeds to be enlightened by more meticulous reasoning that unleashes which factorscontributed to this
deviation of respiratory failure subgroup analysis from the overall global analysis.

Although we are aware of the fact that other ECMO meta-analyses conducted database searches on PubMed,
EMBASE, Cochrane, and so forth, we searched against the PubMed database only[69], due to the following
reasons. During the pilot study, we found that this study required quite an inclusive search of keywords for various
cardiopulmonary ECMO indications, compared with meta-analyses on a single indication, as manifested by the
total number of articles we worked with. In addition, unlike meta-analyses on relative risks and mean differences,
a full-text was laboriously required to confidently make a decision to exclude its corresponding article, because
the survival analysis is usually not the main topic of the referenced study but typically comprising just one line of
hazard ratio information in the result table or one Kaplan-Meier survival curve figure. Nonetheless, we
acknowledge that the risk of missing appropriate articles by not searching against multiple databases could have
lowered the reliability of our study[70].

Whenever HRs and their variances were not reported explicitly, we estimated them from the information reported
in the studies. Therefore, the significance of the results of the forest plot should have been diminished by our
estimates of HR and variances. In further research, reporting numerical hazard ratios explicitly to facilitate later
meta-analysis should be encouraged to investigate the mortality associated with ECMO use.
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CONCLUSIONS
Based on the time-to-event data, overall, ECMO provides no advantages over alternative therapy with respect to
the patient mortality. The results of subgroup analyses revealed a better outcome for the patients with sole
respiratory failure and a worse outcome for those for whom ECMO was used in post-LTx, bridge to HTx, and post-
HTx. The value of the analysis was reduced by the low quality of the included studies, heterogeneities, and
selection bias where more unwell patients were often selected for the ECMO support.

Figure Legends

Identification [ PubMed Search Records (n = 4,121) ]

Screening " . _
& Ebgibillty ( Full Article Review (n = 2,089) ]

2,055 excluded after review:
Most articles were excluded due to the absence of the survival analysis information and no
stratification by the status of ECMO:
- Overlapping database: 3 for UNOS for LTx
- No explicit number of patients of the ECMO groups: 3
— - No explicit number of patients of the control groups: 4

ECMO: Extracorporeal membrane oxygenation
LTx: lung transplantation
UNOS: United Network for Organ Sharing

Inclusion | [ Studies included in meta-analysis (n = 34))

Figure 1.Schematic representation of the study selection process.
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Selective reporting (reporting bias)

Other bias

‘ Allocation concealment (selection bias)

Combes 2018

Peek 2009

. . Blinding of participants and personnel (performance bias)
. . Blinding of outcome assessment (detection bias)
. ‘ Incomplete outcome data (attrition bias)

‘ ‘ Random sequence generation (selection bias)

Figure 2. Bias assessments of RCTs. +, -, and a blank space denote lower risk, high risk, and unclear risk,
respectively, for the risk judgement.
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Figure 3A.A forest plot on the all-cause mortality of ECMO use in cardiopulmonary disease in adults. This forest
plot with subgroup analyses considers an aspect of mortality for both overall and individual indications as follows:
01. Respiratory failure, 02. Bridge to LTx (lung transplantation), 03. Intra-LTx, 04. Post-LTx, 05. Cardiogenic shock.
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Figure 3B.Continued: 06. Bridge to HTx (heart transplantation), 07. Post-HTx, 08. Bridge to VAD (ventricular assist

device), 09. E-CPR (extracorporeal cardiopulmonary resuscitation), and 10. Others.
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Figure 4.A funnel plot. It is used to evaluate the publication bias on the hazard ratio in relation with Figure 3.

B Table.pdf

Table 1. Characteristics of studies included for systematic review and meta-analysis

E Supplementary File 1.R

S1File:R script for a forest plot with subgroup analyses, a funnel plot, and Pearson correlation.

log(Hazard Ratio)

Supporting information

protocols.io | https://dx.doi.org/10.17504/protocols.io.bb3tignn February 5, 2020

12/12


https://www.protocols.io/
https://www.protocols.io/
https://dx.doi.org/10.17504/protocols.io.bb3tiqnn

