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Abstract 

Background: The survival rate of patients with critical coronavirus disease-19 (COVID-19) over time is inconsistent in 
different settings. In Japan, a national database was organized to monitor and share the patient generation across the 
country in an immediate response to the COVID-19 pandemic. This study aimed to evaluate changes in survival over 
time and the prognostic factors in critical COVID-19 patients receiving mechanical ventilation with/without extracor-
poreal membrane oxygenation (ECMO) using the largest database in Japan.

Methods: This is a prospective observational cohort study of patients admitted to intensive care units in Japan with 
fatal COVID-19 pneumonia receiving mechanical ventilation and/or ECMO. We developed a prospective nationwide 
registry covering > 80% of intensive care units in Japan, and analyzed the association between patients’ backgrounds, 
institutional ECMO experience, and timing of treatment initiation and prognosis between February 2020 and Novem-
ber 2021. Prognostic factors were evaluated by Kaplan–Meier analysis and Cox proportional hazards analysis.

Results: A total of 9418 patients were ventilated, of whom 1214 (13%) received ECMO. The overall survival rate for 
ventilated patients was 79%, 65% for those receiving ECMO. There have been five outbreaks in Japan to date. The 
survival rate of ventilated patients increased from 76% in the first outbreak to 84% in the fifth outbreak (p < 0.001). 
The survival rate of ECMO patients remained unchanged at 60–68% from the first to fifth outbreaks (p = 0.084). Age 
of ≥ 59 (hazard ratio [HR] 2.17; 95% confidence interval [CI] 1.76–2.68), ventilator days of ≥ 3 before starting ECMO (HR 
1.91; 95% CI 1.57–2.32), and institutional ECMO experiences of ≥ 11 (HR 0.70; 95% CI 0.58–0.85) were independent 
prognostic factors for ECMO.

Conclusions: During five COVID-19 outbreaks in Japan, the survival rate of ventilated patients tended to have gradu-
ally improved, and that of ECMO patients did not deteriorate. Older age, longer ventilator days before starting ECMO, 
and fewer institutional ECMO experiences may be independent prognostic factors for critical COVID-19 patients 
receiving ECMO.
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Introduction
The infectious disease caused by the novel coronavirus 
(COVID-19), a worldwide pandemic since the end of 
2019, has generated high numbers of patients with critical 
respiratory failure [1]. To date, various therapeutic drugs 
have been developed for COVID-19 pneumonia, and 
some appear to be effective [2–4]. However, the number 
of effective drugs for acute respiratory distress syndrome 
(ARDS) caused by critical COVID-19 is still limited [5]. 
Minimizing severe hypoxemia and patient self-inflicted 
lung injury by appropriate management with mechani-
cal ventilation or extracorporeal membrane oxygenation 
(ECMO) may be effective for improving the prognosis 
of critical COVID-19-associated ARDS [6–8]. However, 
the survival rates associated with ventilatory and ECMO 
management in patients with critical COVID-19-associ-
ated ARDS are insufficient [9], with some studies demon-
strating gradually worsening outcomes over time [10, 11]. 
In Japan, a national database was organized to monitor 
and share the patient generation across the country in an 
immediate response to the COVID-19 pandemic.

This study aimed to evaluate changes in survival over 
time and the prognostic factors in critical COVID-19 
patients receiving mechanical ventilation with/without 
extracorporeal membrane oxygenation (ECMO) using 
the largest database in Japan [12].

Materials and methods
Development of the Japan ECMO network
In Japan, with the support of several academic societies, a 
non-profit organization called the Japan ECMO Network 
was established on February 15, 2020, to address several 
difficult situations [12, 13] . Specifically, we established a 
cooperative system of communication between high- and 
low-volume centers by telephone, e-mail, and direct vis-
its. In addition, we provided training seminars on ECMO 
and mechanical ventilation in all 47 prefectures in Japan, 
and published medical information on ECMO, ventila-
tion, and COVID-19 on our website and in articles [14, 
15]. We dispatched a large number of doctors, nurses, 
and clinical engineers to areas where an outbreak was 
occurring, such as Okinawa and Tokyo, to provide medi-
cal support for a long period of time (Additional file  1: 
Table S1). The medical support comprised evaluation of 
the indications for ECMO, medical interventions associ-
ated with ECMO, ECMO transport, and instructions on 
appropriate ventilatory management and prone position-
ing for moderately ill patients.

Study settings
We developed a novel web-based database system, CRoss 
Icu Searchable Information System (CRISIS), to properly 
track real-time information in ICUs throughout Japan 
during the COVID-19 pandemic. The research plan to 
collect data on several clinical variables included in CRI-
SIS from nationwide ICUs and to use them for analysis as 
Japanese epidemiological data was approved by the Ethi-
cal Review Committee of Hiroshima University (approval 
number: E-1965). Because only publicly available data 
were used in this study, the need for institutional review 
board approval and patient consent at each institution 
was waived. The ethics committees of the Japanese Soci-
ety of Intensive Care Medicine, the Japanese Association 
for Acute Medicine, and the Japanese Society of Respira-
tory Care Medicine agreed to this waiver. The total num-
ber of ICU beds registered in CRISIS is > 6600, which 
covers almost all designated ICU beds including tertiary 
emergency centers in Japan. Since there is no officially 
approved definition of an ECMO center in Japan, we 
included in our analysis ICUs that are registered as cer-
tified facilities with these societies. These certified facili-
ties are staffed by physicians who have acquired sufficient 
skills and passed the certification examinations. The 
included patients were patients of all ages and both sexes 
with critical COVID-19 who received mechanical venti-
lation and ECMO in Japan. Since data entry into CRISIS 
was not a mandatory requirement for the facilities certi-
fied by the academic societies, a 100% coverage rate could 
not be achieved at the start of this project. However, 
the number of facilities registered in CRISIS has now 
increased to more than 6600, which covers almost all the 
facilities certified by the academic societies. Including the 
newly added centers, there was little information regard-
ing patients treated with mechanical ventilators and 
ECMO during the study period. These findings suggested 
that the CRISIS used in the analysis included almost all 
patients with critical COVID-19 who received intensive 
care during the five outbreaks. COVID-19 patients were 
defined as those with a positive severe acute respiratory 
syndrome coronavirus-2 (SARS-CoV-2)—polymerase 
chain reaction (PCR) test and pulmonary involvements 
typical of COVID-19.

ECMO indications
The indications for ECMO in patients with COVID-19 
generally followed the respiratory severity criteria of 
the EOLIA trial [16], although a standardized protocol 
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was not used throughout Japan. However, considering 
the balance between medical resources and patient sur-
vival, the Japan ECMO network released nationwide 
information that ECMO could be considered in cases 
of progressive deterioration with a ratio of the partial 
pressure of arterial oxygen  (PaO2)/fraction of inspired 
oxygen  (FiO2) < 100, even with a positive end-expiratory 
pressure (PEEP) of ≥ 10 cm  H2O.

In Japan, the ECMO Project Committee, established 
by the Japanese Society of Respiratory Medicine and the 
Japanese Society of Intensive Care Medicine, has regu-
larly held educational workshops on the indications and 
adequate use of ECMO throughout the country since 
2009. Since most institutions started using ECMO after 
staff attended this workshop, it is presumed that there is 
no significant difference in the criteria and contraindica-
tions for the use of ECMO throughout Japan.

Data collection
Data registered in CRISIS comprise patient background 
characteristics, severity of acute respiratory failure, num-
ber of days of mechanical ventilation and ECMO, mor-
tality, other adjunctive therapies, and other data. Detailed 
information was collected separately as text information. 
The data used in the analyses in this study were obtained 
from February 2020 to November 2021. Construction of 
the registry and checking for incomplete data entry were 
performed by non-profit organization ICU Collaboration 
Network (ICON). Data extraction and cleaning were per-
formed by a different person than the person in charge of 
the data analysis.

Statistical analysis
Patient characteristics data were expressed as n (%) for 
categorical variables and as median (interquartile range, 
IQR) for continuous parameters, as appropriate. The chi-
square test or Fisher’s exact probability test was used for 

analysis of categorical variables, and the Mann–Whit-
ney U test or multiple comparison test with Bonfer-
roni correction was used for comparisons of continuous 
parameters. p < 0.05 was considered to indicate a signifi-
cant difference. Receiver operating characteristic (ROC) 
curves were used to determine the cutoff values for con-
tinuous parameters. The Kaplan–Meier method and Cox 
proportional hazards model were used for survival time 
analysis. We selected items with a p-value < 0.05 in uni-
variate analysis as variables to be included in the model. 
Univariate and multivariate analyses were conducted 
with continuous variables either as they were, or as nomi-
nal variables bisected by a cutoff value. In model 1, as 
many continuous variables as possible were included in 
the multivariate analysis. In model 2, as many nominal 
variables as possible were included in the multivariate 
analysis, bisected by cutoff values. All statistical analyses 
were performed using R software (R Foundation for Sta-
tistical Computing, Vienna, Austria) and SPSS (IBM Cor-
poration, Armonk, NY).

Results
Patient characteristics
Table  1 shows the patients’ characteristics. A total of 
9418 patients were enrolled in the registry; 8204 (87%) 
received mechanical ventilation alone and 1214 (13%) 
received ECMO. Compared with the ventilator-alone 
group, the ECMO group was predominantly male, 
younger, and had a higher BMI (all p-values < 0.001). 
The  PaO2/FiO2 ratio before starting ECMO was 85 (IQR, 
70–104).

Trends in the number of patients and the proportion 
of patients with ECMO added to mechanical ventilation
Additional file  2: Fig. S1 shows the number of new 
COVID-19 patients per week. To date, there have been 
five COVID-19 outbreaks in Japan. In the first outbreak, 

Table 1 Patient characteristics

Bold indicates analyses with statistically significant differences (p < 0.05)

Data are expressed as number (percentage) or median (interquartile range, IQR)

N/A, not available

*The p-values are the values comparing the ventilation alone group with the ECMO group

Variable Total cohort Ventilator alone group ECMO group p-value*

Number of patients 9418 8204 1214

Male gender 7093 (75) 6176 (75) 971 (80)  < 0.001
Age 64 (54–73) 65 (55–74) 58 (50–65)  < 0.001
Height (cm) 167 (160–172) 166 (160–171) 169 (163–173)  < 0.001
Weight (kg) 70 (61–82) 70 (60–80) 79 (69–90)  < 0.001
Body mass index (kg/m2) 25.7 (22.9–29.1) 25.4 (22.8–28.5) 27.8 (24.7–31.6)  < 0.001
PaO2/FIO2 at starting ECMO N/A N/A 85 (70–104) N/A

PEEP at starting ECMO (cmH2O) N/A N/A 12 (10–15) N/A
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the percentage of patients who used ECMO was high at 
over 30%; however, this percentage decreased gradually 
thereafter and remained unchanged at approximately 
10–15% in the second to fifth outbreaks.

Trends in the overall survival rate
The overall survival rate was 77%; 79% in the ventilator-
alone group and 65% in the ECMO group (p < 0.001, 

Table  2). The 90-day survival rates were similar. The 
number of patients receiving mechanical ventilation 
increased with each outbreak from the first to the fifth 
outbreaks (Additional file 3: Fig. S2A). However, the sur-
vival rate, which was approximately 70% during the first 
outbreak, improved continuously to approximately 80% 
in the fifth outbreak. In the third outbreak, the survival 
rate of patients receiving ECMO decreased temporarily 
to 57%, but in the remainder of the outbreaks, survival 
remained almost unchanged at 63–68% (Additional file 3: 
Fig: S2B). The survival rate multiplied by the number of 
patients per month (busyness-adjusted survival index) 
improved continuously from 26.0 in the first outbreak to 
57.6 in the fifth outbreak.

Association between ventilator days before starting ECMO 
and survival
Figure  1 shows the association between the number of 
ventilator days before starting ECMO and the survival 
rate. The survival rate decreased as the number of ven-
tilator days before starting ECMO increased. When 
the number of ventilator days was > 6, the survival rate 
decreased to < 50%. The majority of patients were started 
ECMO within 6 days, while the remaining patients were 
started ECMO after longer ventilatory management.

Table 2 Patient outcome

Bold indicates analyses with statistically significant differences (p < 0.05)

Data are expressed as number (percentage) or median (interquartile range, IQR)

N/A, not available

*The p-values are the values comparing the ventilation alone group with the 
ECMO group

Variable Total cohort Ventilator 
alone 
group

ECMO group p-value*

Ventilator days 
before starting 
ECMO (days)

N/A N/A 1 (0–5) N/A

Ventilator days 
(days)

10 (6–19) 9 (6–16) 24 (15–44)  < 0.001

ECMO days 
(days)

N/A N/A 13 (9–24) N/A

Overall survival 7239 (77) 6515 (79) 785 (65)  < 0.001
90-day survival 7265 (77) 6524 (80) 801 (66)  < 0.001
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Fig. 1 Ventilator days before starting ECMO and survival rate. The majority of patients were changed to ECMO after 2–3 ventilator days; however, 
some patients were changed to ECMO after a longer period of ventilatory management. The survival rate decreased gradually in accordance with 
a higher number of ventilator days before starting ECMO. The gray bars indicate the numbers of survivors, the black bars indicate the numbers of 
deaths, and the white circles indicate the survival rates. ECMO, extracorporeal membrane oxygenation
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Association between the number of outbreaks 
and the survival rate
Figure  2 shows the association between the number of 
outbreaks and the survival curves of critical COVID-19 
patients receiving mechanical ventilation and ECMO. 
The survival rate of ventilated patients was the lowest 
during the first and third outbreaks, which improved in 
the fourth and the fifth outbreaks (p < 0.001). In contrast, 
the survival rate of patients receiving ECMO was almost 
constant from the first to the fifth outbreaks, and there 
was no significant difference between all groups in the 
first through fifth outbreaks (p = 0.084).

Survival curve analysis of patients receiving mechanical 
ventilation
Additional file  4: Fig. S3 shows the results of the ROC 
curve analysis of the predictors of mortality in critical 
COVID-19 patients receiving mechanical ventilation. 
The areas under the ROC curve (AUC) and 95% confi-
dence intervals (CIs) for each parameter were as follows: 
age, 0.71 (0.70–0.72); BMI, 0.57 (0.55–0.58); ventilatory 
days, 0.74 (0.73–0.76); and the number of institutional 
treatment experience of COVID-19 patients requiring 
mechanical ventilations, 0.52 (0.51–0.54). On the basis of 
the ROC curve analysis, the point with the highest sensi-
tivity and specificity was set as the optimal cutoff value. 
Age > 66  years, male sex, BMI < 25, and the number of 

institutional treatment experience of COVID-19 patients 
requiring mechanical ventilations less than 62 were asso-
ciated with a significantly decreased survival rate (all 
p-values < 0.001, Fig. 3).

Survival curve analysis of patients receiving ECMO
Additional file  5: Fig. S4 shows the results of the ROC 
curve analysis for predicting mortality in patients with 
critical COVID-19 receiving ECMO. The AUCs and 95% 
CIs for each variable were as follows: age, 0.67 (0.64–
0.70); BMI, 0.57 (0.53–0.60); ventilatory days before 
starting ECMO, 0.64 (0.61–0.67); number of ECMO 
cases experienced at an institution, 0.56 (0.52–0.59); and 
number of ECMO days, 0.68 (0.65–0.71). Age ≥ 59 years 
(p < 0.001), BMI < 27.7 (p = 0.003), ≥ 3 ventilatory days 
before starting ECMO (p < 0.001), and < 11 ECMO expe-
riences at an institution (p < 0.001) were significantly 
associated with mortality; sex was not a prognostic factor 
(Fig. 4).

Poor prognostic factors in ventilated patients and ECMO 
patients
Tables  3 and 4 show the univariate and multivariate 
analyses of poor prognostic factors in critical COVID-
19 patients receiving mechanical ventilation and ECMO. 
Among the several candidate predictors identified in the 
univariate analysis, age (continuous variable or above the 

1st outbreak

2nd outbreak
3rd outbreak

5th outbreak
4th outbreak

p =0.084

Follow-up days
1st

2nd
3rd
4th
5th

(A)

Follow-up days

p <0.001

1st
2nd
3rd
4th
5th

(B)

1st outbreak
2nd outbreak
3rd outbreak

5th outbreak
4th outbreak

Fig. 2 Survival curves for the five COVID-19 outbreaks to date. A Survival curve of patients receiving mechanical ventilation, showing gradual 
improvement in survival from the first outbreak to the fifth outbreak. In the post hoc analysis, there was a significant difference between the first 
and fourth outbreaks (p = 0.033) and between the third and fourth outbreaks (p = 0.001). There was also a significant difference between the fifth 
outbreak and all other outbreaks (all p < 0.001). B Survival curve of patients receiving ECMO, showing that the survival rate remained nearly the 
same from the first outbreak to the fifth outbreak. COVID-19, coronavirus disease 2019; ECMO, extracorporeal membrane oxygenation
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(A) (B)

(C) (D)

Age >66

Age <66

Follow-up days Follow-up days

Follow-up days Follow-up days

Female
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BMI >25 Inst. Experience >62

Inst. Experience <62

p <0.001 p <0.001

p <0.001 p <0.001

Age <66
Age >66

Female
Male

BMI <25

BMI <25
BMI >25

<62
>62

Fig. 3 Survival curve analysis for predicting mortality in patients with severe COVID-19 receiving mechanical ventilation. A Survival curve for age, 
with a cutoff of 66 years; B for sex; C for body mass index, with a cutoff of 25; and D for the number of mechanical ventilations experienced at an 
institution for patients with severe COVID-19, with a cutoff of 62 cases. COVID-19, coronavirus disease 2019

(See figure on next page.)
Fig. 4 Survival curve analysis for predicting mortality in patients with critical COVID-19 receiving ECMO. A Survival curve for age, with a cutoff of 
59 years; B for sex; C for body mass index, with a cutoff of 27.7; D for the number of ventilator days before starting ECMO, with a cutoff of 3; and E 
for the number of ECMO experiences at an institution for patients with critical COVID-19, with a cutoff of 11. COVID-19, coronavirus disease 2019; 
ECMO, extracorporeal membrane oxygenation
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Fig. 4 (See legend on previous page.)
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cutoff of 66 years), BMI (continuous variable), and insti-
tutional treatment experience of COVID-19 patients 
requiring mechanical ventilations < 62 were the inde-
pendent predictors. In contrast, in patients with critical 
COVID-19 receiving ECMO, age (continuous variable or 
above the cutoff of 59  years), ≥ 3 ventilator days before 
starting ECMO, and institutional experience of ECMO 
(continuous variable or above the cutoff of 11 cases) were 
the independent poor prognostic factors.

Discussion
This study showed the incidence and outcomes of criti-
cal COVID-19-associated ARDS from an epidemio-
logical perspective using a nationwide registry covering 
most of the ICUs in Japan. Although the number of ven-
tilated patients per month has spiked five times to date, 
the rate of ECMO introduction has decreased over time. 
The survival rate of patients receiving mechanical ven-
tilation tended to improve over the study period, and 
that of patients receiving ECMO remained almost con-
stant, with no significant deterioration over time in either 
group. The independent poor prognostic factors for 
ECMO patients were older age, longer ventilatory days 

before starting ECMO, and lower number of institutional 
experiences of ECMO.

Previous studies [17, 18] have showed a survival rate of 
50–52% for COVID-19 patients who received ECMO. In 
a meta-analysis involving 22 studies with data from Japan, 
the survival rate with ECMO in COVID-19 was 64% [19]. 
However, many of the studies included in this meta-anal-
ysis were small, and the survival rate varied greatly, rang-
ing from 35 to 85%. The  PaO2/FIO2 ratio and PEEP before 
starting ECMO in Japan were almost the same as recom-
mended by EuroELSO. Even though the median age was 
61 years, slightly older than that in the EuroELSO cohort, 
the survival rate of 68% in Japan appeared to be compara-
ble to that in other countries.

Several previous studies [10, 11, 20] found that sur-
vival rates in patients with critical COVID-19 who 
received ECMO may have gradually declined over time. 
This decreased survival rate may have been associated 
with prolonged high-flow therapy and failure of non-
invasive positive pressure ventilation prior to tracheal 
intubation [21, 22]. This was because noninvasive res-
piratory support may increase the severity of patient 
self-inflicted lung injury if excessive spontaneous breath-
ing was not adequately controlled [23, 24]. There may 

Table 3 Univariate and multivariate analyses for predicting poor outcome in patients with COVID-19 receiving mechanical ventilation

Bold indicates analyses with statistically significant differences (p < 0.05)

HR hazard ratio; CI confidence interval; BMI body mass index; ECMO extracorporeal membrane oxygenation; COVID-19 coronavirus disease 2019; P/F partial pressure of 
arterial oxygen/fraction of inspiratory oxygen; PEEP positive end-expiratory pressure; Cont. continuous; Inst. institutional

Univariate analysis

Variable HR 95% CI (Lower) 95% CI (Upper) p-value

Age (cont.) 1.05 1.05 1.06  < 0.001
Age ≥ 66 2.10 2.65 3.19  < 0.001
Male gender 0.88 0.79 0.97 0.008
BMI (cont.) 0.97 0.96 0.98  < 0.001
BMI ≥ 25.0 0.74 0.67 0.81  < 0.001
Inst. experience of mechanical ventilation (cont.) 1.00 1.00 1.00 0.19

Inst. experience of mechanical ventilation ≥ 62 0.81 0.74 0.88  < 0.001
COVID-19 outbreak (fifth vs others) 0.90 0.87 0.93  < 0.001
Multivariate analysis (Model 1)

Age (cont.) 1.06 1.06 1.07  < 0.001
Male gender 1.08 0.97 1.20 0.14

BMI (cont.) 1.03 1.02 1.04  < 0.001
Inst. experience of mechanical ventilation ≥ 62 0.81 0.74 0.89  < 0.001
COVID-19 outbreak (fifth vs others) 1.20 0.98 1.46 0.76

Multivariate analysis (Model 2)

Age ≥ 66 3.03 2.70 3.39  < 0.001
Male gender 0.99 0.89 1.10 0.85

BMI ≥ 25.0 0.99 0.90 1.09 0.84

Inst. experience of mechanical ventilation ≥ 62 0.81 0.74 0.88  < 0.001
COVID-19 outbreak (fifth vs others) 1.10 0.90 1.35 0.34
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have been multiple factors involved in these longitudi-
nal declines in outcomes, including ECMO indication 
criteria, centralization, changes in treatment protocols, 
and well-developed vaccine. Although the strength of 
these confounding factors in Japan was unknown, the 
unchanged or slightly improved outcomes in Japan 
appeared to be a novelty.

Older age was a poor prognostic factor in patients 
with critical COVID-19-associated ARDS who received 
ECMO in Japan, consistent with previous studies [25]. 
The significant decrease in survival rate with each addi-
tional ventilatory day prior to ECMO initiation sug-
gested the importance of timely decision-making for 
ECMO indication. Although ECMO use should be care-
fully considered because of the risks of various compli-
cations, an appropriate balance between the advantages 
and disadvantages regarding the time to decision would 
be necessary.

Previous studies [26, 27] showed that annual experience 
of > 30 cases appeared to be associated with an improved 
survival rate. Although our analysis indicated a low cut-
off of 11 total cases, the number of ECMO experiences at 

an institution was significantly associated with improved 
patient survival. However, during the COVID-19 pan-
demic, the number of patients dramatically increased, 
making intensive care at ECMO centers difficult. In addi-
tion, Japan had problems with patient transport across 
different administrative regions (prefectures) and dif-
ficulties in transporting patients by air. In fact, only 156 
(13%) received ECMO transport, of which only 65 (5%) 
received primary or secondary ECMO transport. How-
ever, this ECMO network system, information provision, 
and educational system may have contributed to appro-
priate ECMO application decisions and relatively good 
survival rate in critical COVID-19 patients in Japan, even 
in situations of incomplete centralization.

We recognize our study has the following potential lim-
itations: First, because this study was an analysis of data 
from a national registry, detailed clinical information on 
individual patients was unavailable. Lack of information 
on various potential confounders was a major limitation 
of the study. Second, the decision to initiate or terminate 
mechanical ventilation or ECMO was left to the judg-
ment of the attending physician, and no standardized 

Table 4 Univariate and multivariate analyses for predicting poor outcome in patients with COVID-19 receiving ECMO

Bold indicates analyses with statistically significant differences (p < 0.05)

HR hazard ratio; CI confidence interval; BMI body mass index; ECMO extracorporeal membrane oxygenation; COVID-19 coronavirus disease 2019; P/F partial pressure of 
arterial oxygen/fraction of inspiratory oxygen; PEEP positive end-expiratory pressure; cont. continuous; Inst. institutional

Univariate analysis

Variable HR 95% CI (Lower) 95% CI (Upper) p-value

Age (cont.) 1.05 1.04 1.06  < 0.001
Age ≥ 59 2.31 1.89 2.83  < 0.001
Male gender 0.91 0.71 1.15 0.41

BMI (cont.) 0.99 0.97 1.01 0.20

BMI ≥ 27.7 0.75 0.61 0.91 0.003
Ventilator days before ECMO (cont.) 1.04 0.87 1.24 0.67

Ventilator days before ECMO ≥ 3 2.01 1.65 2.44  < 0.001
Inst. experience of ECMO (cont.) 0.99 0.98 1.00 0.003
Inst. experience of ECMO ≥ 11 0.69 0.57 0.83  < 0.001
P/F ratio at starting ECMO 1.00 1.00 1.00 0.77

PEEP at starting ECMO 1.00 1.00 1.00 0.59

COVID-19 outbreak (fifth vs others) 1.00 0.73 1.36 0.98

Multivariate analysis (Model 1)

Age (cont.) 1.04 1.03 1.05  < 0.001
BMI ≥ 27.7 1.06 0.87 1.30 0.56

Ventilator days before ECMO ≥ 3 1.82 1.50 2.21  < 0.001
Inst. experience of ECMO (cont.) 0.99 0.98 1.00 0.015
Multivariate analysis (Model 2)

Age ≥ 59 2.17 1.76 2.68  < 0.001
BMI ≥ 27.7 1.02 0.84 1.26 0.82

Ventilator days before ECMO ≥ 3 1.91 1.57 2.32  < 0.001
Inst. experience of ECMO ≥ 11 0.70 0.58 0.85  < 0.001
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protocols were used. We speculate that the inter-facility 
differences in ECMO indications were small, as many 
centers refer to protocols published by academic societies 
[28]. However, this lack of standardized protocols could 
have been a potential bias. Third, we could not directly 
confirm an association between the contribution of the 
Japan ECMO Network and changes in patient outcomes 
or ECMO indications. The Japan ECMO Network has 
developed a cooperation between high- and low-volume 
facilities, held training seminars, and published medical 
information [14, 15]. All these efforts appeared to have 
been comprehensively effective, and indirectly contrib-
uted to the improvement of ventilatory management 
techniques and the appropriateness of ECMO indica-
tions during five outbreaks. However, a prospective 
study would be needed to verify this causal relationship. 
Fourth, we could not compare outcomes before and after 
the establishment of the Japan ECMO Network in the 
COVID-19 pandemic, as CRISIS is a database created 
by the Japan ECMO Network after its establishment. A 
pre- and post-comparison of survival rates in facilities 
supported by the Japan ECMO Network and those not 
supported by the Japan ECMO Network may provide an 
indirect but useful assessment of the effectiveness of the 
Japan ECMO Network. Future research is needed to ver-
ify the direct effects of the Japan ECMO Network.

In conclusion, we showed that the survival rate of criti-
cal COVID-19-associated ARDS in Japan may be compa-
rable to that previously reported. In addition, outcomes 
with mechanical ventilation tended to improve with time, 
and outcomes with ECMO did not deteriorate. How-
ever, older age, higher number of ventilatory days before 
starting ECMO, and the number of institutional ECMO 
experiences may be independent poor prognostic factors 
for patients receiving ECMO. CRISIS is one of the larg-
est databases in Japan, covering almost all ICUs at major 
facilities in Japan [12]. Analysis of CRISIS appears to be 
the most sensitive and universal indicator of the outcome 
of critical COVID-19 patients in Japan. The novelty of 
CRISIS was not only its high data coverage, but also the 
real-time updating of data and the continuous feedback 
of the summarized data to ICU physicians in Japan, even 
during the pandemic. However, the available data items 
in CRISIS are not sufficiently comprehensive, and many 
unmeasured confounding factors may be relevant. There-
fore, further analyses are desirable, considering sufficient 
confounding factors. Ideally, ECMO should probably 
be started promptly at a high-volume ECMO center in 
patients who meet the criteria for ECMO.
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