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Abstract

Purpose:Time-to-event data of hazard ratios were used to generate a forest plot of mortality on extracorporeal
membrane oxygenation (ECMO) in respiratory failure in adults.

Materials and Methods:A systemic search was conducted in PubMed from 1975 to 2018. Among 4,121 articles, a
total of 5 clinical reports comprising 1,014patients (333 of the patients who underwent ECMO and 681 of the
patients who did not undergo ECMO) met the inclusion criteria.

Results:The pooled hazard ratio of 0.64 (95% confidence interval (Cl): 0.54, 0.76) suggests that the ECMO group
comprising both veno-arterial (VA) type and a majority of veno-venous (VV) type was significantly associated
with a reduction in mortality compared with the non-ECMO group in respiratory failure. The results of VV-ECMO
alone also showed significantly improved patient survival of respiratory failure with the hazard ratio of 0.67 (0.56,
0.81).

Conclusions:The results of the ECMO group with VV and VA types, or the VV type alone revealed a reduction in
mortality for patients with respiratory failure based on time-to-event data.Future investigation of the efficacy of
VA-ECMO alone in respiratory failure may be more enlightening.

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. Respiratory failure incorporates ‘oxygenation failure’' of acquiring oxygen
and ‘ventilatory failure’ of eliminating carbon dioxide[2], which are, respectively, exemplified to ECMO indications
of “acute respiratory disease syndrome” (ARDS) and "hypercapnic respiratory failure”"[3, 4]. The controversial
efficacy of ECMO on patient mortality in respiratory failure has been statistically assessed by previous meta-
analyses based on relative risks[5-9].
Unlike a hazard ratio (HR), the relative risk does not consider the time to event or censoring and runs the risk of
not using all the available information[10]. In other words, with respect to patient mortality, the relative risk
between ECMO and non-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. In consideration of
heterogeneities such as veno-arterial (VA) and veno-venous (VV) types, this present study applies time-to-event
data to evaluations of the utility of ECMO in patients with respiratory failure.

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"[11], and, at the same time, at least one of “mortality,” “mortalities,”
"hazard,"” "hazards,” and “survival”. Protocol.io:dx.doi.org/10.17504/protocols.io.bat8ierw

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[12]; case-controlled, retrospective, prospective, or randomly controlled in
design, with its basic demographic information; and equal to or exceeding total 10 human adult subjects[13, 14]. If
more than one study was based on the overlapping population, only the most recently published study was
included in the analysis.

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 non-ECMO groups; (5) HR and CI or other equivalent information to estimate both; (6)
whether outcome of interest was all-cause mortality, disease-specific mortality, or graft survival. (Please note that
all-cause mortality was assumed unless it was explicitly indicated otherwise such as cardiovascular-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[15]. The maximum score was 9 and a high-quality study was defined
as one with a score ofz 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).
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Statistical information

Statistical analyses were performed using R (Supplemental material S1) for forest plots, Begg's test[16], and
Egger’s test[17]using the package “meta”, funnel plot asymmetry by the package “rmeta,” and meta-regression by
"metafor". Statistical tests were two two-tailed andp-values below 0.05 were considered statistically significant.
The PRISMA checklist[18]was used as a protocol for meta-analysis. Heterogeneity of studies was assessed with Q

and Izstatistics, where the 1%statistic >50% was taken to indicate heterogeneity[19]. Pooled estimates were
calculated with the fixed-effect model (Mantel-Haenszel method)[20]if there was no significant aforementioned
heterogeneity; otherwise, we used the random-effect model (DerSimonian-Laird method)[21]. HRs and 95% Cls
were used to evaluate the strength of association. If not explicitly available, the Cochrane web page[12]illustrated
various methods of estimating those values from other reported parameters, according to Parmaret al.[10]. For
example, with respect to computing the HR from the Kaplan-Meier survival curve, an Excel spreadsheet of
Tierneyet al.[22], with the help of Digitizelt software[23]in case of the necessity of estimating the coordinate of
survival curves, was employed as conducted in a similar meta-analysis[24, 25]. 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. The meta-regression analysis of the midpoint of the study
period versus the hazard ratio will be investigated[26],to evaluate 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[16]and
Egger’s test[17]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 in PubMed from 1975 to 2018 resulted in 4,121 articles. Not
being able to exclude articles for the possible presence of a short summary of numerical hazard ratio information
in a table or a Kaplan-Meier survival curves figure, an extensive full-text review whenever possible was
performed of 2,089 articles. Most articles were excluded due to the absence of the survival analysis information
and no stratification by the status of ECMO, resulting in 34 studies (Supplemental material S2). Then, with respect
to respiratory failure in terms of 'oxygenation failure' and 'ventilation failure,' a total of five studies[27-31]were
eligible for the final analysis of the ECMO mortality assessment.

Study characteristics

The main characteristics of the reviewed studies are summarized in Table 1. Sample sizes for the ECMO group
ranged from 14 to 124, with a total of 333 patients, whereas the control group samples ranged from 9 to 398, with
a total of 681 patients. There were 2 retrospective studies, 1 prospective studies, and 2 RCTs. The length of
follow-up ranged from 60 to 200 days. The proportion of ECMO recipients who received VV-ECMO was 100% in
three studies[28-30], and 0% in one study[31]. We had difficulty determining the VV-ECMO proportion in one
study[27]; nonetheless, its proportion, "84%," was taken from its meta-analysis [7]. Since the survival analysis is
not the main focus of the referenced study, the relevant study design information for the hazard ratio and Kaplan-
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Meier survival curve was mostly insufficient. Most hazard ratios[27, 29-31], except the one by Combeset a/.[28]
(Supplemental material S2), were estimated from the survival curves.

Quality assessment

A total of 3 non-RCT studies had < 6 quality scores, categorized as low-quality studies, in the "Q/A" (or Quality
Assessment) column in Table 1. For the bias assessment of RCT studies of Figure 2, the difficulty in rigorously
conducting randomization seems to be observed. After patients were randomly allocated to an ECMO group, the
blinding between the ECMO group with “percutaneous venovenous cannulation” and the non-ECMO group with
“ventilatory treatment”[28]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[30].

Treatment outcomes

Figure 3 provides forest plots for the meta-analysis of HRs, in order to investigate all-cause mortality in the
ECMO and non-ECMO groups, for respiratory failure in adults. In Figure 3A, the fixed-effects model with a pooled
HR of 0.64 (95% confidence interval (Cl): 0.54, 0.76) suggests asignificant reductionin mortality for the ECMO
group including both the VA type and a majority of the VV type, as compared to the non-ECMO group. The results
of VV-ECMO alone (Figure 3B) also shows significantly improved patient survival for respiratory failure with a ClI
of 0.67 (0.56, 0.81).

Publication bias

As illustrated in Figure 4A, admittedly, asymmetric distribution, with one study being an distinct outlier[27], is
observed, in spite of no significant evidence of publication bias by either Begg's test (p-value = 0.6242) or
Egger's test (p-value = 0.2909). Regarding VV-ECMO alone in which the previous outlier is not included (Figure
4B), no significant evidence of publication bias appears from the statistical evaluation by either Begg's test (p-
value = 0.6015) or Egger's test (p-value = 0.6879), with respect to symmetric distributions around 0.6737.
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. In this regard, having only 5
reference studies may not be sufficient and more studies may be needed in order to fully determine the
publication bias in respiratory failure.

Meta-regression analysis

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[32].For the referenced studies, themeta-regression analysis of the midpoint of the study period
versus the hazard ratio (Figure 5) illustrates an insignificance (p-value = 0.8011) and neither positive nor negative
correlation (r = 0.0635)in the scope of this study.

DISCUSSION

To the best of our knowledge, the present meta-analysis is the first attempt to use time-to-event data to
illustrate a forest plot of mortality from the use of ECMO in adult patients, comprising both VA type and a majority

protocols.io | https://dx.doi.org/10.17504/protocols.io.bb7nirme February 5, 2020 5/13



https://www.protocols.io/
https://www.protocols.io/
https://dx.doi.org/10.17504/protocols.io.bb7nirme

€3} protocols.io Partof SPRINGERNATURE

of VV type, in respiratory failure of 'oxygenation failure' and 'ventilatory failure', compared against no ECMO
group. When confining to only VV-ECMO, significant reduction in mortality was also noted.

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. Although the propensity to allocate the ECMO treatment to
poor patient condition was not explicitly located in the referenced studies[27-31], the non-ECMO groups were
reportedly selected and specified as groups of patients who required no invasive support[33-35]. 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 non-ECMO group is worthy of mention. Although VV-ECMO could avoid the complications of
VA-ECMO, such as systemic embolization, arterial trauma, and increased left ventricular afterload[36, 37], even
VV-ECMO alone is still associated with risk of haemorrhage[27, 28, 30]and circuit-associated complications[5].
That is, against the known complications of the ECMOs and the patient selection biases that presumably favor the
superior outcome in the non-ECMO group, the significantly improved patient outcomes in respiratory failure in the
ECMO group is evident. Our result favoring the ECMO group in respiratory failure is consistent with previous
meta-analyses for HIN1 pneumonia[7]and ARDSI5]. It can be tentatively proposed that the inclusion of the two
RCTs, which is less apt to be influenced by the patient selection bias, may partially contribute to the significant
reduction in mortality of the forest plot due to the increased statistical power of the pooled studies. In addition, the
majority of ECMO in the referenced studies was veno-venous type, possibly due to the increased likelihood of
normal cardiac function in respiratory failure conditions, which enable the more frequent use of VV-ECMO (or only
the use of VV-ECMO[30]) and could avoid the complications of VA-ECMO. However, in consideration of numerous
possible confounding factors of heterogeneities that may have influenced the mortality results, this hypothesis
needs to be enlightened by more meticulous reasoning which unleashes what factors contributed to the positive
results of respiratory failure indication.

In reality, the number of ECMO studies tend to be small compared to those on relative risks, and relevant
mortality studies on ECMO were not always explicitly designed to meet one subcategory of respiratory failure
classification, such as 'ARDS' and 'acute respiratory failure', strictly and mutually exclusively. Thus, the scope of
this current study on respiratory failure comprises mortality of respiratory failure by either 'oxygenation failure' or
'ventilation failure.' In the meanwhile, technically speaking, respiratory failure type Ill occurs during perioperative
periods that can be related to cardiopulmonary ECMO indications, to name a few, of "bridge to lung
transplantation"[3, 4]; while respiratory failure type IV results from shock, which can be related to "myocardial
infraction-association cardiogenic shock"[3, 4]. Nonetheless, for more focused investigation, this study
condenses to the mortality of hypoxemic (type I: oxygenation failure) and hypercapnic (type Il: ventilation failure)
respiratory failure.

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. 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,
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we acknowledge that the risk of missing appropriate articles by not searching against multiple databases could
have lowered the reliability of our study[39].

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.

CONCLUSIONS
Based on the time-to-event data of respiratory failure, ECMO comprising both VV and VA types and the VV type
alone has shown to provide advantages over alternative therapy.Although VV-ECMO alone on respiratory failure
was mainly addressed in this study, future investigation of the efficacy of VA-ECMO alone in respiratory failure
may be more informative, due to being a more common modality of ECMO yet with greater complications[5].The
accumulation of ECMO time-to-event data studies in respiratory failure will enable more focused mortality
assessments, for example, on ARDS, exclusively.

Figure Legends

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

Screening ( Full Article Review (n = 2,089) J
& Eligibility

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.

\

Studies with survival analysis informatio
with startification by the status of ECMO
(n=34)

Only 5 studies were eligible for ECMO mortality studies for respiratory failure.

29 studies excluded: ]

Y

( Studies included in meta-analysis (n = 5) J

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

@ | @ | Biinding of participants and personnel (performance bias)

@ | @ | Blinding of outcome assessment (detection bias)
@ | @ | Incomplete outcome data (attrition bias)

. ‘ Random sequence generation (selection bias)

Peek 2009

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 3.A forest plot on the mortality of ECMO group (A)comprising veno-venous(VV) and veno-arterial (VA)
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Figure 4.Funnel plots are used to evaluate the publication bias on the hazard ratio in relation with Figure 3A and
3B, respectively.
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Figure 5.Meta-regression between the midpoint of the study period versus the hazard ratio. VA: veno-arterial, VV:
veno-venous.
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Table 1. Characteristics of studies included for systematic review and meta-analysis

Supplemental material
E Supplemental File ST.R

S1File.R script for a forest plot, a funnel plot, and meta-regression.

ﬁ Supplemental File S2.docx

S2 File.Supplementary dataset for hazard ratios collected during the PRISMA protocol, some of which can be
related to respiratory failure types lll and IV; a quick overview of estimating a hazard ratio from a Kaplan-Meier
survival curve of Combeset al.[28]; and R-script forthe hazard ratio with subgroup analyses
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