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Abstract 

Background  Sub-phenotyping of acute respiratory distress syndrome (ARDS) could be useful for evaluating 
the severity of ARDS or predicting its responsiveness to given therapeutic strategies, but no studies have yet investi-
gated the heterogeneity of patients with severe ARDS requiring veno-venous extracorporeal membrane oxygenation 
(V-V ECMO).

Methods  We conducted this retrospective multicenter observational study in adult patients with severe ARDS 
treated by V-V ECMO. We performed latent class analysis (LCA) for identifying sub-phenotypes of severe ARDS based 
on the radiological and clinical findings at the start of ECMO support. Multivariate Cox regression analysis was con-
ducted to investigate the differences in mortality and association between the PEEP setting of ≥ 10 cmH2O and mor-
tality by the sub-phenotypes.

Results  We identified three sub-phenotypes from analysis of the data of a total of 544 patients with severe ARDS 
treated by V-V ECMO, as follows: Dry type (n = 185; 34%); Wet type (n = 169; 31%); and Fibrotic type (n = 190; 35%). 
The 90-days in-hospital mortality risk was higher in the patients with the Fibrotic type than in those with the Dry 
type (adjusted hazard ratio [95% confidence interval] 1.75 [1.10–2.79], p = 0.019) or the Wet type (1.50 [1.02–2.23], 
p = 0.042). The PEEP setting of ≥ 10 cmH2O during the first 3 days of ECMO decreased the 90-days in-hospital mortality 
risk only in patients with the Wet type, and not in those with the Dry or Fibrotic type. A significant interaction effect 
was observed between the Wet type and the PEEP setting of ≥ 10 cmH2O in relation to the 90-day in-hospital mortal-
ity (pinteraction = 0.036).

Conclusions  The three sub-phenotypes showed different mortality rates and different relationships between higher 
PEEP settings in the early phase of V-V ECMO and patient outcomes. Our data suggest that we may need to change 
our management approach to patients with severe ARDS during V-V ECMO according to their clinical sub-phenotype.
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Background
Patients with acute respiratory distress syndrome 
(ARDS), a life-threatening lung injury characterized by 
inflammatory pulmonary edema, sometimes require 
mechanical support by veno-venous extracorporeal 
membrane oxygenation (V-V ECMO). Although V-V 
ECMO is helpful in improving their oxygenation and 
decarboxylation, their hospital mortality rate is greater 
than 40% [1, 2], which suggests that we may need to 
develop better strategies for the management of V-V 
ECMO in order to improve their outcomes.

Recently, the heterogeneity of ARDS was addressed 
by different management strategies by sub-phenotyping. 
One of the most frequent classifications, based on latent 
class analysis (LCA) using clinical and plasma biomarker 
data, divides patients into a hyper-inflammatory or hypo-
inflammatory sub-phenotype. Several studies have shown 
the usefulness of this sub-phenotyping for evaluating the 
severity of ARDS [3, 4] or predicting its responsiveness 
to given therapeutic strategies [5, 6] in a general popula-
tion of ARDS patients. However, there are no reports of 
studies conducted to investigate sub-phenotypes focus-
ing on severe ARDS patients requiring V-V ECMO, the 
most severely ill subpopulation of ARDS patients with a 
high risk of death.

The most appropriate ventilator setting for patients 
with severe ARDS requiring V-V ECMO remains unclear 
[7]. Because oxygenation and CO2 removal are mainly 
accomplished by ECMO rather than by mechanical 
ventilation (MV) and the PEEP setting can be adjusted 
without limiting oxygenation, the optimal positive end-
expiratory pressure (PEEP) setting for patients requir-
ing V-V ECMO support is more controversial than it is 
for ARDS patients not requiring V-V ECMO [8]. While 
a recent international guideline recommends a PEEP set-
ting of ≥ 10 cmH2O during ECMO [9], the Consensus 
Conference 2014 recommends that “mechanical ventila-
tion be adjusted to minimize the plateau pressure, while 
administering a minimum positive expiratory pressure” 
[10]. We hypothesized that the optimal PEEP setting dif-
fers according to the subgroups of severe ARDS patients 
that require V-V ECMO and that effective sub-phenotyp-
ing could be helpful in identifying the optimal PEEP for 
each subgroup.

Previously, we developed a database of patients with 
severe ARDS receiving V-V ECMO, namely, the Japan 
Chest CT for ARDS Requiring V-V ECMO Registry 
(J-CARVE registry), including data from 24 institutions 
across Japan [11]. The J-CARVE includes chest com-
puted tomography (CT) imaging data, as well as data on 
comorbidities and laboratory data at the start of ECMO 
support. Undoubtedly, chest CT findings are helpful for 
understanding the pathophysiology of ARDS [12, 13], 

and we hypothesized that patients with severe ARDS 
requiring V-V ECMO could be more effectively classified 
based on a radiological findings. Hence, the aim of this 
study was to identify sub-phenotypes of severe ARDS 
requiring V-V ECMO based on the radiological and clini-
cal parameters at the start of ECMO support.

Methods
Study design
This study was conducted using the J-CARVE registry, a 
retrospective database of patients with severe ARDS on 
V-V ECMO, that includes the chest CT images of the 
patients at the start of ECMO. It was registered in the 
University Hospital Medical Information Network Clini-
cal Trials Registry (UMIN-CTR) before the start of data 
collection (UMIN000048709). The details of the regis-
try are described in our previous report [11]. Briefly, the 
registry includes data on the basic demographics and 
comorbidities of the patients, laboratory data, MV set-
tings and the measured values, treatment, outcomes, 
and anonymized chest CT data at the time of initiation 
of ECMO. This study was conducted with the approval 
of the Institutional Review Board of Hiroshima Univer-
sity Hospital (E-2768), which waived the need to obtain 
informed consent from the patients, to ensure partici-
pant anonymity as stipulated in the Japanese government 
guidelines.

Participants
Adults (aged ≥ 18 years) with severe ARDS who were ini-
tiated on V-V ECMO support between January 2012 and 
December 2022 at any of 24 intensive care units (ICUs) 
were included in this study. Severe ARDS was diagnosed 
on the basis of the Berlin criteria (P/F ratio ≤ 100) [14]. 
Patients were excluded, if they had not undergone chest 
CT examination at the start of V-V ECMO support 
(within a time window of 3 days from the start of the V-V 
ECMO support). Patients with extra-pulmonary ARDS 
were also excluded, because of significant differences in 
the characteristics, including the prognosis, between 
patients with extra-pulmonary and intra-pulmonary 
causes of ARDS [15, 16]. Also, we considered that more 
definitive therapies might be available for patients with 
extra-pulmonary ARDS than supportive ARDS manage-
ment, which could have a significant influence on the 
prognosis. In addition, patients whose chest CT images 
were interpreted by radiologists as not showing any evi-
dence of ARDS were also excluded from the study.

Interpretation of the chest CT images
All patients were deeply analgosedated, and, whenever 
necessary, neuromuscular blockade was used during 
the CT examination. The method of interpretation of 
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the chest CT images is described in detail in our regis-
try report [11]. The chest CT findings are summarized 
in sTable 1. Briefly, the findings were interpreted by two 
blinded reviewers who were randomly selected from 
among five Japanese board-certified radiologists. Any 
disagreements were resolved by a third reviewer in a 
blinded manner. Prior to the interpretation of any CT 
findings, the diagnosis of ARDS was confirmed radiologi-
cally, and patients whose CT images were interpreted by 
both radiologists as not showing any evidence of ARDS 
were excluded from further assessments.

Outcomes
The primary outcome was the 90-day in-hospital mortal-
ity (in-hospital mortality up to 90 days after the initiation 
of V-V ECMO support). As a secondary outcome, the 
rate of successful liberation from V-V ECMO, which was 
defined as liberation without the need for re-cannulation 
within 48 h, was also evaluated.

Statistical analyses
Data are shown as the mean ± standard deviation for 
continuous variables with parametric distributions, the 
median (25th-75th percentile) for continuous variables 
with non-parametric distributions and the counts and 
frequencies for categorical variables. An unpaired two-
tailed Student t test or Mann–Whitney U test was used 
to compare two independent groups, as appropriate, for 
continuous variables. The chi-square test was used to 
compare the categorical variables. The method for impu-
tation of missing values is described in eMethods in the 
online data supplement.

Predictive accuracies were evaluated by determin-
ing the AUC: The predictive accuracy for an AUC value 
of > 0.9 was regarded as excellent and that for a value 
of > 0.7 was regarded as acceptable [17]. LCA was con-
ducted using radiological, laboratory and respiratory 
mechanics variables, as well as data on the basic comor-
bidities (age, sex, and body mass index [BMI]) that were 
available in our registry (sTable 1). The method for LCA 
is described in eMethods in the online data supplement.

The methods for the survival analyses were also 
described in eMethods in the online data supplement. 
Briefly, we plotted Kaplan–Meir survival curves with the 
log-rank test, and performed adjusted Cox proportional 
hazards regression analyses to compare the 90-day in-
hospital mortality among the three sub-phenotypes of 
ARDS. As for the rate of successful liberation from V-V 
ECMO, Fine and Gray competing-risk regression was 
used. Adjusted Cox proportional hazards regression 
analyses were also performed to evaluate the effect of 
PEEP ≥ 10 cmH2O during the first 3 days of ECMO sup-
port on the 90-day in-hospital mortality.

All reported P-values are two-sided, and p < 0.05 was 
considered as being indicative of statistical significance. 
The Fine and Gray proportional hazards regression anal-
ysis and non-parametric missing value imputation analy-
ses were performed using R version 4.3.2 (R Foundation 
for Statistical Computing, Vienna, Austria), and the rest 
of the analyses, including LCA were performed using 
JMP Pro 17.

Results
The flow diagram of patient recruitment for this study 
is shown in sFigure 1. Among the 697 patients admitted 
in any of the 24 participating ICUs in Japan, 153 were 
excluded, and the LCA for this study was conducted 
using the data of the remaining 544 patients. The time 
difference between chest CT examinations and the start 
of V-V ECMO support among the analyzed patients is 
shown in sFigure 2. In approximately 80% of all the ana-
lyzed patients, the CT examination had been performed 
within 24  h, and in 90%, it had been performed within 
48 h.

First, the most appropriate number of classes was 
determined based on the value of Bayesian informa-
tion criterion (BIC). Three classes showed the lowest 
values of BIC and entropy, and the decline in the values 
of Akaike information criterion (AIC) exhibited a more 
gradual transition around the number three (sFigure 3). 
We decided to apply a three-class latent model for this 
study, and named them the Dry, Wet and Fibrotic types 
based on the typical imaging findings of each. The chosen 
three-class latent model assigned 189 (34.7%) patients to 
the Dry type, 168 (30.9%) patients to the Wet type, and 
187 (34.4%) patients to the Fibrotic type. We confirmed 
that the number of classes remained at three even when 
we used different imputation methods, and the AUC of 
the classification using different imputation methods for 
our main classification was approximately 0.95, which 
implies that the effect of the imputation method on the 
latent class modelling was small (sFigure 4).

The categorical distribution of all variables used for 
the LCA and the baseline characteristics in each class 
are shown in Fig. 1 and Table 1, respectively. The median 
time from the start of oxygen supplementation to ini-
tiation of V-V ECMO support was 3.0 (1.0–6.0) days in 
patients with the Dry type, 2.0 (1.0–4.0) days in patients 
with the Wet type, and 7.0 (3.0–12.0) days in patients 
with the Fibrotic type (p < 0.001). The median values of 
the SOFA score, PF ratio, and C-reactive protein (CRP) 
at the start of ECMO support were 8.0 (5.0–11.0), 87.0 
(65.2–109.2), and 11.8 (4.7–17.1) mg/L, respectively, in 
patients with the Dry type, 12.0 (9.0–14.0), 71.1 (58.0–
89.8), and 17.0 (6.3–29.5) mg/L, respectively, in patients 
with the Wet type, and 10.0 (8.0–12.0), 86.0 (73.7–107.0), 
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Fig. 1  Differences among the three sub-phenotypes in the categorized variables used for latent class analysis. The proportions of each 
categorized variable used for the latent class analysis among three sub-phenotypes are shown. Abbreviations: l-r, left–right; d-v, dorso-ventral; 
CTR, cardiothoracic ratio; RU, right upper lobe; RM, right middle lobe; RL, right lower lobe; LU, left upper lobe; LL, left lower lobe; PA, pulmonary 
artery size; RA / LA, right atrium / left atrium ratio; IVC, inferior vena cava; WBC, white blood cell; CRP, C-reactive protein; APTT, activated partial 
thromboplastin time; BUN, blood urea nitrogen; Bil, bilirubin; TP, total protein; Alb, albumin; Hb, hemoglobin; BMI, body mass index
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and 11.8 (6.2–20.1) mg/L, respectively, in patients with 
the Fibrotic type (p < 0.001 for all comparisons). The 
baseline characteristics of pairs of groups were compared 
in a sTable 2, 3, and 4. The differences in the ventilatory 
parameters among the patients with the three sub-phe-
notypes are shown in sTable 5.

Representative CT images from patients with the three 
classes are shown in sFigure 5. In general, the CT images 
of patients with the Dry type tended to show diffusely 
distributed pure ground-glass opacities or a mixed pat-
tern of pulmonary opacities without fibroproliferative 
changes (less characteristics of lung edema), those of 
patients with the Wet type showed a pure consolidation 
pattern of pulmonary opacities with pleural effusion, but 
no fibroproliferative changes (typical characteristics of 
lung edema, “wet lung”). On the other hand, the Fibrotic 
type was associated with fibroproliferative changes on 
the chest CT (e.g., reticular opacities, traction bronchi-
ectasis, etc.), which were rarely observed in the other two 
types. While the intensity of the opacities was similar 
between the Fibrotic and Dry types, signs of right ven-
tricular overload (e.g., pulmonary artery diameter > 3 cm 
and right atrium/left atrium ratio of > 1) tended to be 
seen in the Fibrotic type, but not the Dry type.

The top 15 variables which were important for the clas-
sification into the three phenotypes are shown in sFig-
ure 6. Multi-dimensional scaling using these 15 variables 
showed a high incidence of reticular opacities and trac-
tion bronchiectasis and a poor nutritional status (lower 
values of creatinine and albumin in the serum) in patients 
with the Fibrotic type. The Dry type tended to show 
no reticular opacities or traction bronchiectasis, nor-
mal serum levels of total protein, albumin, hemoglobin, 
and d-dimers, but an increased BMI. The Wet type also 
tended to show no reticular opacities or traction bron-
chiectasis, consolidations, ≤ 50% opacification of the left 
upper, right upper, and right middle lobe, focal distribu-
tion on the dorso-ventral axis, increased serum creatine 
levels, and decreased serum bicarbonate levels.

In order to confirm that our classification was not 
completely dependent on the disease severity, interval 
from intubation to initiation of ECMO support, or the 
PEEP setting at the time of the CT, we evaluated the 
predictive accuracies of these variables for our classifi-
cation. The AUC values were around 0.50 to 0.70, most 
of which fell outside acceptable predictive accuracy lev-
els (sFigure 7). Also, in order to investigate whether our 
classification was mainly dependent on the radiological 

Table 1  Baseline characteristics of all the subjects prior to ECMO initiation

Data are presented as the medians and interquartile ranges (25th-75th percentile), mean ± standard deviation or as absolute frequencies with percentages

BMI body mass index, COLD chronic obstructive lung disease, MV mechanical ventilation, ECMO extracorporeal membrane oxygenation, ARDS acute respiratory 
distress syndrome, SOFA score sequential organ failure assessment score, PF ratio PaO2/FIO2 ratio, CRP C-reactive protein
a Missing value = 3. bMissing value = 4. Missing value = 5

All patients (n = 544) Dry (n = 189) Wet (n = 168) Fibrotic (n = 187)

Age, y 60.0 (50.0–68.0) 56.0 (48.5–64.0) 60.5 (46.0–71.0) 62.0 (56.0–68.0)

Sex, male, n (%) 412 (75.7) 156 (82.5) 123 (73.2) 133 (71.1)

BMI, kg/m2a 25.9 (22.5–30.3) 30.4 (25.9–34.2) 24.0 (20.8–28.4) 24.5 (21.3–27.6)

Past medical history

 Chronic kidney disease, n (%) 43 (7.9) 6 (3.2) 25 (14.9) 12 (6.4)

 COLD, n (%) 79 (14.5) 27 (14.3) 22 (13.1) 30 (16.0)

 Interstitial lung disease, n (%) 23 (4.2) 5 (2.7) 5 (3.0) 13 (7.0)

Interval from the start of MV to ECMO initiation, days 2.0 (1.0–4.0) 2.0 (1.0–3.0) 2.0 (1.0–3.0) 2.0 (1.0–7.0)

Interval from the start of MV to ECMO initiation > 7 days, n (%) 88 (16.2) 18 (9.5) 19 (11.3) 51 (27.3)

Interval from the start of oxygen supplementation to ECMO 
initiation, daysb

3.0 (2.0–8.0) 3.0 (1.0–6.0) 2.0 (1.0–4.0) 7.0 (3.0–12.0)

Primary etiology of ARDS, n (%)

Bacterial pneumonia 99 (18.2) 11 (5.8) 61 (36.3) 27 (14.4)

 Viral pneumonia 312 (57.4) 155 (82.0) 53 (31.6) 104 (55.6)

 Other pneumonia 133 (24.4) 23 (12.2) 54 (32.1) 56 (30.0)

SOFA score at ECMO initiation 10.0 (7.0–12.0) 8.0 (5.0–11.0) 12.0 (9.0–14.0) 10.0 (8.0–12.0)

P/F ratio just before ECMO initiation 89.3 ± 36.7 94.5 ± 40.5 77.7 ± 30.2 94.5 ± 35.7

CRP, mg/L 14.8 ± 11.5 12.2 ± 8.8 18.7 ± 14.4 14.0 ± 10.0

Murray lung injury scorec 3.25 (2.75–3.50) 3.25 (3.00–3.50) 3.00 (2.75–3.50) 3.25 (2.75–3.50)

Use of neuromuscular blockers prior to ECMO initiation, n (%) 223 (41.0) 79 (41.8) 67 (39.9) 77 (41.2)

Prone positioning prior to ECMO initiation, n (%) 92 (16.9) 41 (21.7) 15 (8.9) 36 (19.3)
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or laboratory/respiratory mechanics data, we per-
formed LCA separately using only radiological data and 
only laboratory/respiratory mechanics data. The AUCs 
of the classification obtained using only radiological 
data for predicting our full-model classification were 
0.66 (for the Dry type), 0.88 (for the Wet type), and 0.78 
(for the Fibrotic type). The AUCs of the classification 
based on the laboratory/respiratory mechanics data 
were 0.81 (for the Dry type), 0.71 (for the Wet type), 
and 0.77 (for the Fibrotic type) (sFigure 8).

The outcomes of the three patient groups are sum-
marized in sTable 6. The log rank test on the Kaplan–
Meier curves showed that the mortality was higher in 
the patients with the Fibrotic type than in the patients 
with the other two sub-phenotypes (vs. the Dry type, 
p < 0.001; vs. the Wet type, p = 0.010); also, the probabil-
ity of successful liberation from ECMO was lower in the 
patients with the Fibrotic type (vs. both the other types, 
p < 0.001) (Fig. 2). Multivariate Cox regression analyses 
showed that patients classified into the Fibrotic type 
showed a higher 90-day in-hospital mortality risk than 
those classified into the Dry type (adjusted hazard ratio 
[95% confidence interval] 1.75 [1.10–2.79], p = 0.019) 
or Wet type (1.50 [1.02–2.23], p = 0.042) (sTable  7), as 
well as a lower probability of successful liberation from 
ECMO (0.63 [0.49–0.83], p < 0.001, and 0.67 [0.50–
0.89], p = 0.005) (sTable 8).

Then, we evaluated the effect of PEEP settings of ≥ 10 
cmH2O during the first 3 days of ECMO in the three sub-
phenotypes. Differences in the ventilatory parameters 
among the sub-phenotypes for ≥ 10 cmH2O and < 10 
cmH2O of PEEP setting groups were shown in sTable  9 
and 10. Kaplan–Meier curves showed that the value 
of PEEP setting of ≥ 10 cmH2O reduced the 90-day in-
hospital mortality only in patients with the Wet type 
(Fig.  3). Multivariate Cox regression analyses showed 
that the PEEP value of ≥ 10 cmH2O was associated 
with a decreased risk of 90-day in-hospital mortality in 
patients with the Wet type (0.48 [0.25–0.92], p = 0.026) 
(sTable  11). We performed multivariate Cox regression 
analysis to determine the interaction effect between the 
Wet type and the PEEP setting of ≥ 10 cmH2O in rela-
tion to the 90-day in-hospital mortality, and the results 
revealed a statistically significant interaction effect 
(pinteraction = 0.036) (sTable 12).

Discussion
In a multicenter study performed with the participation 
of 24 institutions across Japan, where CT examinations 
are conducted frequently than in other countries [18], 
we conducted LCA using a combination of the radio-
logical findings and laboratory data, and successfully 
identified three sub-phenotypes among patients with 
severe ARDS requiring V-V ECMO. We also found that 
patients classified into the Fibrotic type showed higher 

Fig. 2  Differences in the outcomes among the three sub-phenotypes. The 90-day in-hospital mortality (A) and veno-venous extracorporeal 
membrane oxygenation (V-V ECMO) liberation ratio (B) were compared among the three sub-phenotypes using the log-rank test. Four patients 
were excluded because they had missing values about the time of ECMO liberation
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mortality as compared with those classified into the 
Dry or Wet type, while the patients classified into the 
Wet type showed a significant association between the 
PEEP setting of ≥ 10 cmH2O in the early phase and bet-
ter outcome. This is the first study to report sub-phe-
notyping the patients with severe ARDS requiring V-V 
ECMO.

In this study, we identified 3 classes, although histori-
cally, only two sub-phenotypes have been described in 
previous literature [3]. This discrepancy may be explained 
by the difference between the timing of the classifica-
tion. Our study aimed to sub-phenotype at the initiation 
of V-V ECMO, while previous studies did at the early 
phase after the onset of ARDS. In fact, our data included 
some patients who received V-V ECMO support in the 
late phase, which may be the reason why we identified 
the different number of phenotypes from that identified 
in previous studies. Also, our study included radiologi-
cal data for LCA, while previous studies mainly used for 
sub-phenotyping of ARDS patients have mainly used 
laboratory data and respiratory mechanics data (except a 
small retrospective study [19]). Undoubtedly, radiological 
data have the potential to add significant findings, such 
as fibroproliferative changes, which could explain why we 
identified an additional phenotype, namely, the Fibrotic 
type. Interestingly, classification using only radiological 
findings and that using only laboratory and respiratory 
mechanics data did not perfectly match the full-model 
classification, which indicates that each of the radiologi-
cal findings and laboratory data/respiratory mechanics 
significantly contributed to the sub-phenotyping.

The described multi-dimensional scaling using the 
top 15 important variables suggests that the differences 
among three types can be mainly explained by three 
domains; inflammatory response, intensity of opacities, 
and presence/absence of fibrotic changes (Fig. 4). Six of 
the seven selected laboratory and comorbidity variables 
have been reported as important factors for classification 
into the hyper- and hypo-inflammatory sub-phenotypes 
in previous studies (lower values of serum albumin, BMI, 
hemoglobin, and bicarbonate, and higher values of serum 
creatinine and d-dimer) [3, 20, 21]. Given together that 
increased ARDS severity and higher CRP levels in the 
patients in the Wet type [22–24], the Wet type may share 
the characteristics of the hyper-inflammatory type. On 
the other hands, the Dry type may share the characteris-
tics of the hypo-inflammatory type.

In the present study, there was both a longer interval 
from the start of MV to ECMO and a higher propor-
tion with an interval from the start of MV to ECMO ini-
tiation > 7 days in the Fibrotic type. A longer duration of 
MV support with a high plateau pressure can result in 
ventilator-induced lung injury (VILI), which can exacer-
bate the lung fibrosis [25]. Although the time from ARDS 
onset may not be completely matched with the progres-
sion of fibroproliferative change [26] and our classifica-
tion did not completely depend on this interval (as shown 
in sFigure 7), the differences in the duration of MV before 
ECMO initiation may have contributed to the results of 
our LCA. It would be of great interest to investigate the 
relationship between the pathophysiological phase of 
ARDS and our clinical sub-phenotypes.

Fig. 3  Differences in the effect of high positive end-expiratory pressure values after the start of V-V ECMO support among the three 
sub-phenotypes. The 90-day in-hospital mortality was compared between patients who received PEEP ≥ 10 cmH2O and < 10 cmH2O after the start 
of veno-venous extracorporeal membrane oxygenation (V-V ECMO) in each sub-phenotype using the log-rank test. Three patients in the Dry type 
were excluded because of missing PEEP values. Abbreviations: PEEP, positive end-expiratory pressure
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The PEEP setting of ≥ 10 cmH2O during the early phase 
of ECMO was associated with improved in-hospital sur-
vival in the patients classified into the Wet type, but not 
in those classified into the Dry or Fibrotic type. It may 
be explained by the characteristics of the hyper-inflam-
matory type in the Wet type, which has been reported 
to show a higher responsiveness to higher PEEP values 
in patients with severe ARDS not needing ECMO sup-
port [3]. Also, consolidation opacity in the Wet type may 
indicate nonaerated or poorly aerated alveoli which can 
be opened by high PEEP [27], although further studies 
would be needed.

There were several limitations of this study. First, the 
values of PEEP and presence of spontaneous breathing 
at the time of the chest CT examination were varied, 
which can influence the interpretation of the opacities 
on chest CT [28]. However, we believe that the contri-
bution of the PEEP value at the time of the chest CT 
examination was minimal for our overall classification, 
because the values of PEEP could not predict our clas-
sification with acceptable accuracy (all AUC values 

were < 0.60). Second, the data used to conduct our anal-
ysis were limited to the variables that were available in 
our J-CARVE registry. For example, no data on fluid 
balance, which may have substantially influenced the 
patients’ outcomes, or respiratory mechanics variables 
after ECMO support, except dynamic driving pres-
sure and PEEP, were included in our registry. Third, 
we categorized all continuous laboratory variables in 
this study, which could have influenced our results. 
Fourth, there were differences between the major eti-
ologies of ARDS in our study and previous reports 
of large cohort studies [29], which could possibly be 
explained by the differences in the periods when the 
studies were conducted, that is, according to whether 
the studies included COVID-19 patients or not. The 
etiological differences among sub-phenotypes may have 
influenced the results of LCA. We need to confirm that 
the sub-phenotypes in our study can be also identified 
in different datasets in the future. Fifth, our study was 
conducted in a large sample of patients in Japan, and 
we observed some differences between our study and 

Fig. 4  Three-axis schema to explain the differences among the three sub-phenotypes. Based on the multi-dimensional scaling according 
to the top 15 important variables (see sFig. 6B), we assumed that the differences among the three types could be explained by their positions 
along three axes: inflammatory response, intensity of opacities, and presence/absence of fibrotic changes. Namely, the Dry type may share 
the characteristics of the hypo-inflammatory type and tends to show a GGO pattern on the chest CT. The Wet type may share the characteristics 
of the hyper-inflammatory type and tends to show a pure consolidation pattern on the chest CT. The Fibrotic type tends to show a GGO pattern 
with fibrotic changes on the chest CT
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reports from other registries [29–31], such as the lower 
percentage of patients who received neuromuscular 
blockers and prone positioning prior to the initiation of 
ECMO. Sixth, the mechanism underlying the beneficial 
effects of PEEP ≥ 10 cmH2O on the mortality has not 
been evaluated in this study. The differences between 
the ventilator setting during ECMO across partici-
pating hospitals in our study may have influenced the 
results of the survival analysis at PEEP values ≥ 10 
cmH2O. Finally, although all participating hospitals fol-
lowed the guidelines for the management before and 
during ECMO support, they depended on the clinical 
preference at each participating hospital. In particu-
lar, the titration method for PEEP values is unclear and 
may be different across participating hospitals, because 
the most appropriate method has not been established. 
We need to further investigate the effect of these differ-
ences in the future.

Conclusions
The three sub-phenotypes showed different mortality 
rates and different relationships between higher PEEP 
settings in the early phase of V-V ECMO and patient 
outcomes. Our data suggest that we may need to change 
our management approach to patients with severe 
ARDS during V-V ECMO according to their clinical 
sub-phenotype.
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