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Abstract

Rationale—Two distinct acute respiratory distress syndrome (ARDS) subphenotypes have been 

identified using data obtained at time of enrolment in clinical trials; it remains unknown if these 

subphenotypes are durable over time.

Objective—To determine the stability of ARDS subphenotypes over time.

Methods—Secondary analysis of data from two randomised controlled trials in ARDS, the 

ARMA trial of lung protective ventilation (n=473; patients randomised to low tidal volumes only) 

and the ALVEOLI trial of low versus high positive end-expiratory pressure (n=549). Latent class 

analysis (LCA) and latent transition analysis (LTA) were applied to data from day 0 and day 3, 

independent of clinical outcomes.

Measurements and main results—In ALVEOLI, LCA indicated strong evidence of two 

ARDS latent classes at days 0 and 3; in ARMA, evidence of two classes was stronger at day 0 than 

at day 3. The clinical and biological features of these two classes were similar to those in our prior 
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work and were largely stable over time, though class 2 demonstrated evidence of progressive organ 

failures by day 3, compared with class 1. in both LCA and LTA models, the majority of patients 

(>94%) stayed in the same class from day 0 to day 3. Clinical outcomes were statistically 

significantly worse in class 2 than class 1 and were more strongly associated with day 3 class 

assignment.

Conclusions—ARDS subphenotypes are largely stable over the first 3 days of enrolment in two 

ARDS Network trials, suggesting that subphenotype identification may be feasible in the context 

of clinical trials.

INTRODUCTION

As the critical care community continues to try to understand why so many clinical trials for 

sepsis and the acute respiratory distress syndrome (ARDS) fail to show benefit, there has 

been increased attention to the clinical and biological heterogeneity of these syndromes as a 

potential culprit.1 We recently reported that latent class analysis (LCA) identifies two 

clinically and biologically distinct subphenotypes in independent analyses of three large 

ARDS cohorts, all from the National Heart Lung and Blood Institutes’s (NHLBI)ARDS 

Network: the ARMA trial of low tidal volume ventilation, the ALVEOLI trial of low versus 

high positive end-expiratory pressure (PEEP) and the Fluid and Catheter Treatment Trial of 

liberal versus conservative fluid management.23 Importantly, the two subphenotypes had 

clear differences in biomarker profiles and differential responses to randomly assigned PEEP 

and fluid management strategies, suggesting that these subphenotypes may in fact be 

endotypes of ARDS.

While these data provide strong support for the presence of two subphenotypes of ARDS 

early in its course,4 the stability of these subphenotypes over time is an important question 

that has not yet been studied. Some have queried whether the two subphenotypes may 

represent different temporal stages in ARDS evolution and therefore would not be expected 

to be stable over time. After time in the hospital and treatment of critical illness, 

subphenotypes may no longer exist; alternatively, more or fewer subphenotypes may be 

found, or patients may transition between subphenotypes over time. The durability of 

subphenotypes over time is critically important for understanding the underlying 

pathogenesis of each subgroup and for determining whether these subphenotypes can 

realistically be targeted in clinical trials, since the subphenotypes must be at least reasonably 

stable over several days if they are to be used to guide trial enrolment.5 Therefore, we set out 

to study the durability of ARDS subphenotypes over time in the ARMA and ALVEOLI 

cohorts by addressing four key questions.

First, is there evidence of the existence of distinct ARDS subphenotypes 3 days after study 

entry? Second, if subphenotypes are found 3 days after study entry, are they similar to the 

subphenotypes observed at day 0? Third, do subjects move between subphenotypes from day 

0 to day 3? Finally, is stability of subphenotype membership related to clinical 

characteristics of the patients and/or clinical outcomes? We hypothesised that we would 

identify two subphenotypes at day 3 as in our prior studies and that these subphenotypes 

would be relatively stable over the 3-day period studied.
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METHODS

Subjects

We used previously measured clinical and biomarker data from subjects enrolled in two 

randomised controlled trials of patients with ARDS. The full results of these studies have 

been previously published.67 Briefly, ARMA enrolled 902 patients from 1996 to 1999. One 

arm of the study found that a lower tidal volume ventilatory strategy resulted in lower 

mortality.6 Therefore, as in our previous study, subjects randomised to the higher tidal 

volume strategy in ARMA were excluded from the current analysis.2 The ALVEOLI trial 

enrolled 549 subjects from 1999 to 2002 and found no mortality difference between a low 

versus high PEEP ventilatory strategy.7 In both ARMA and ALVEOLI, subjects were 

included if they met ARDS diagnostic criteria within 36 hours prior to enrolment.

For the current analyses, we used clinical and biomarker data obtained on days 0 and 3 of 

study enrolment. Day 3 was selected because biospecimens were obtained at this time point 

in both clinical trials with minimal attrition. We included all subjects with clinical data who 

were alive at each time point. Study participants decreased by 3% (ARMA) and 4% 

(ALVEOLI) from day 0 to day 3, which was largely dropout due to death (online 

supplementary table S1). During the ARMA trial, some patients were randomised into one 

of two substudies.89 In one substudy, some patients received ketoconazole or placebo; in a 

second substudy, some patients received lisofylline or placebo.

Variable selection

We used as many of the same variables for these analyses as possible compared with our 

prior published analysis.23 For the current analyses, however, we only included variables 

that were available on both study days 0 and 3. We did not include PEEP because it was the 

randomised treatment in ALVEOLI. A full list of the variables used is available in the online 

supplement. Biomarkers for these analyses were previously measured for other studies.10–15 

Skewed variables were log-transformed to achieve a distribution closer to normal. As scales 

of measurement varied widely between variables, we standardised non-categorical variables 

to a mean of 0 and a SD of 1, for each study and day, as in our prior work.

Latent class analysis

Latent class models, a subset of finite mixture modelling, were separately fit to the data from 

each trial. Modelling was conducted separately at day 0 and day 3. As the effects of keto-

conazole and lisofylline on the subphenotypes are unknown, we also re-estimated the day 3 

LCA models for ARMA without those participants who received active study drugs (either 

keto-conazole or lisofylline; total n = 115 at day 3). Models with from 1 to 4 classes were fit. 

For each model, each subject is assigned a probability of belonging to each class. Ideally, the 

probability will be near 1.0 for a single class and close to zero for the others. In order to 

determine the optimal number of latent classes at each day, we considered multiple factors, 

including (1) the Bayesian information criterion (BIC), in which a decreasing number 

indicates an improved model fit, (2) the number of subjects assigned to each class, in which 

a small number would be unlikely to represent a clinically significant subgroup and (3) the 

Vuong-Lo-Mendell-Rubin (VLMR) test, which tests if k classes fits the data better than k-1 
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classes.16 We also examined entropy, in which values ≥0.80 represent good class separation.
17 As in our prior studies, clinical outcomes were not considered in the latent class 

modelling. All latent class and latent transition modelling was conducted in Mplus (V.7.4).

Latent transition model

To determine if subphenotype assignment was stable over the first 3 days of study 

enrolment, we estimated and tested a two-class latent transition model.18 This model 

simultaneously estimates the latent class model at each of the two time points and the 

relationship of the latent classes between these time points. This model also provides an 

estimate of latent class membership on each day and the probability of changing class. For 

this analysis, we incorporated all variables that were included in the initial latent class 

models.

Comparisons of clinical outcomes

Based on the latent transition analysis results, we compared subjects who stayed in the same 

latent class over time to those for whom class assignment changed over time. We used 

Pearson’s χ2 test to compare the proportion of patients alive at day 90. The Kruskal-Wallis 

non-parametric test was used to compare ventilator free days and organ-failure free days. 

These statistical analyses were conducted in SAS V.9.4.

Some of these data have previously been reported in the form of an abstract.19

RESULTS

Day 0 subphenotypes

We began the analysis by repeating our prior latent class modelling at day 0 in both cohorts 

but using only the variables that were available at both day 0 and day 3. In both ARMA and 

ALVEOLI at day 0, as the number of classes increased, the BIC decreased, indicating 

improved model fit (online supplementary tables S2 and S3). Entropy was >0.80, indicating 

good separation between the classes in both cohorts. In ARMA, the VLMR test 

demonstrated that a two-class model provided an improved model fit over a one-class model 

(P=0.01). A three-class model did not provide a statistically significant improvement in 

model fit (P = 0.61). In ALVEOLI, the VLMR test demonstrated an improved fit with a two-

class model over a one-class model (P = 0.04); a three-class model did not result in 

improved model fit over a two-class model (P=0.33). These results were similar to our 

previous analysis, which was expected given the similarities in the variables considered.2 We 

retained a two-class model for both ARMA and ALVEOLI based on these results.

Day 3 subphenotypes in ARMA

We next carried out an LCA in the ARMA cohort at day 3 (n=458). As the number of 

classes was increased, the BIC decreased, indicating improved model fit with additional 

classes (tables 1 and 2). Entropy values >0.8 indicated good separation between the classes. 

The VLMR test did not indicate a statistically significant improvement in model fit with a 

two-class model over a one-class model (P=0.14). The two-class model, however, had a 

similar proportion of subjects assigned to each class as in our prior work. The three-class 
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model had only six patients in the third class, which seemed unlikely to represent a clinically 

significant subgroup.

In the models re-estimated without subjects who received an active drug in the ARMA trial, 

we found that a two-class model best fit the data, based on the entropy, the BIC and VLMR 

P value (P<0.0001;table 2). Additional analysis revealed that ketoconazole and lisofylline 

had differential effects on key class-defining biomarkers at day 3, including interleukin 

(IL)-6 for ketoconazole and protein C and soluble tumor necrosis factor receptor-1 

(sTNFr-1) for lisofylline (online supplementary tables S4 and S5), suggesting that active 

drug administration may interfere with class identification at this time point. In light of these 

results both with and without the ketoconazole and lisofylline patients, we proceeded with a 

two-class model for subsequent analyses of ARMA at day 3.2021

Day 3 subphenotypes in ALVEOLI

In latent class models of the ALVEOLI cohort on day 3 (n=525), the BIC decreased as the 

number of classes increased, and entropy was greater than 0.80 (table 3). Based on the 

VLMR test, a two-class model was a statistically significant improvement over a one-class 

model (P<0.0001). The addition of a third class did not provide an improvement over a two-

class model (P = 0.39). Based on these results, we also used a two-class model to describe 

the ALVEOLI cohort on day 3 of study enrolment.

Defining characteristics of days 0 and 3 subphenotypes

In ARMA, comparison of the continuous variables in the two classes at day 0 and day 3 

indicated that many of the same variables contributed to distinguishing the two classes at 

both time points (figure 1; online supplementary figure S1A). Specifically, of the top 15 

measures with the greatest absolute value difference (using standardised variables) between 

the classes at day 0, 13 were also in the top 15 at day 3. Likewise, in the ALVEOLI cohort, 

13 of the top 15 measures with the greatest absolute value difference between the classes at 

day 0 were the same at day 3 (figure 2; online supplementary figure S1B). As in our prior 

work, plasma biomarkers of inflammation tended to contribute heavily to class identification 

at both time points and suggested that one class is relatively ‘hyper-inflammatory’ at both 

time points compared with the other class (figures 1 and 2).

We next compared the results between the ARMA and ALVEOLI cohorts. On day 3, 9 of the 

10 continuous measures with the greatest absolute value difference between the classes were 

similar in ARMA and ALVEOLI: IL-8, IL-6, bilirubin, intercellular adhesion molecule-1, 

tumour necrosis factor receptor-1, mean airway pressure, protein C, creatinine and 

respiratory rate.(figures 1 and 2) Likewise, the variables that did not exhibit differences 

between the classes were similar. The raw values for selected clinical and biological 

variables at day 0 and day 3 in each class and each cohort are shown in online 

supplementary tables S6 and S7.

In comparing the categorical variables, there was no statistically significant difference in 

gender between the two classes on day 3 in either cohort (table 4). There were more white 

patients in the ‘hypo-inflammatory’ class 1 at day 3 for both studies, but the difference was 

statistically significant only in ALVEOLI (P = 0.03). There were significantly more patients 
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on vasopressors at day 3 in the ‘hyper-inflammatory’ class 2 in both cohorts (P<0.0001 for 

both). There was a statistically significant difference in primary ARDS risk factor between 

the two classes in both cohorts as well, with a higher proportion of patients with sepsis in the 

‘hyper-inflammatory’ class 2 compared with class 1 (P<0.01 for both).

Stability of ARDs subphenotypes from day 0 to day 3

In the latent transition model, estimates of class membership at each time point were very 

similar to those obtained from the latent class models. In ARMA, the sizes for classes 1 and 

2 in the latent transition model were 330 and 128, respectively, on Day 0, and 321 and 137, 

respectively, on Day 3. In ALVEOLI, the sizes were 376 and 149, respectively, on Day 0, 

and 369 and 156, respectively, on day 3. Entropy was 0.89 in both cohorts.

As seen in table 5 and online supplementary figure S2, in both cohorts, most patients 

assigned to a class at day 0 remained assigned to the same class at day 3 (>94%). While the 

probabilities of switching classes were low (all at or under 11%), there was a slightly higher 

probability of moving from the hyperinflammatory class (class 2) to the hypoinflammatory 

class (class 1) in both cohorts. Similar results were found when patients were assigned to 

their most likely class using the original latent class models (data not shown). The 

probability of class assignment generated in the original latent class models was not 

associated with the likelihood of moving between classes over time (online supplementary 

table S8).

Transition status is related to clinical outcomes

In the latent transition model for ARMA, 25 patients changed latent classes between day 0 

and day 3, and 29 changed in ALVEOLI. We compared the outcomes among four groups: 

(1) those who changed from class 1 to class 2; (2) those who changed from class 2 to class 1; 

(3) those who stayed in class 1; and (4) those who stayed in class 2. In both cohorts, 90-day 

mortality was lowest among those who were in the hypoinflammatory class 1 at both day 0 

and day 3 (18% ARMA, 16% ALVEOLI) (table 6). For those remaining in the 

hyperinflammatory class 2 on both days, the mortality rates were 48% in ARMA and 44% in 

ALVEOLI. Subjects who moved from the hypoinflammatory class 1 to the 

hyperinflammatory class 2 in the ARMA cohort had a high mortality in ARMA (n = 13/17, 

77%), though this was not observed in ALVEOLI (n = 7/18, 39%). For those moving from 

the hyperinflammatory class 2 into the hypoinflammatory class 1, mortality was 25% in 

ARMA and 9% in ALVEOLI. These differences were statistically significant in both studies 

(ARMA: P<0.0001; ALVEOLI: P<0.0001.) For ventilator-free days, in both studies, the 

fewest days were observed for those who were in the hyperinflammatory class 2 on day 3, 

regardless of initial class assignment (table 6). A similar pattern was observed for organ-

failure free days. No statistically significant differences between those who changed class 

and those who did not were found for age, race, gender, ARDS risk and, for ALVEOLI 

patients, PEEP assignment.
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DISCUSSION

In this analysis of the stability of ARDS subphenotypes over the first several days of 

enrolment in two separate ARDS clinical trials, we found strong evidence supporting the 

durability of two distinct subphenotypes of ARDS over time. While the evidence in support 

of a two-class model on day 3 was stronger in the ALVEOLI cohort than in the ARMA 

cohort, the two classes at day 3 in both cohorts had distinct clinical and biological 

phenotypes, similar in nature and distribution to those we previously reported at day 0 and 

that appeared largely stable over time. In both cohorts, clinical outcomes seemed to be most 

strongly related to class assignment at day 3, though the number of subjects moving between 

the classes over time was small.

These findings have important implications for future clinical trials of targeted therapies in 

ARDS.22 Specifically, if subphenotypes are to be used to help target clinical trials and/or 

future therapeutics,45 it is critical to understand their stability over time. These findings also 

support the hypothesis that there are fundamental biological and clinical differences between 

the subphenotypes that are not dictated by timing of measurement.

While the evidence for two classes in ARMA at day 3 is less strong than in ALVEOLI, we 

proceeded with a two-class model in this cohort for several reasons. First, the BIC and 

entropy values indicated respectively that a two-class model was a better fit for the data than 

a one class model and that the classes in the two-class model were well separated. Second, 

when we removed patients who received ketoconazole or lisofylline from the analysis (both 

of which impacted the biological markers used to identify subphenotype), the evidence for a 

two-class model was just as strong as it was in ALVEOLI. Third, the size of the two classes 

at day 3 in ARMA was quite similar to our previous findings from day 0. Fourth, the 

evidence for a two-class model in ARMA at day 0 in both our previous study2 and the 

current analyses is quite strong; thus, it is of considerable interest to determine how these 

two classes evolve over time. Fifth, the similarity in the clinical and biological phenotypes of 

the two classes at day 0 and day 3 in ARMA, and also between day 3 in ARMA and day 3 in 

ALVEOLI, supports a two-class model in ARMA at day 3. Finally, the findings of the latent 

transition analysis showing stability of class assignment from day 0 to 3 strongly support the 

presence of two classes at day 3 in ARMA. However, this finding should be interpreted with 

more caution than our findings in ALVEOLI. A smaller sample size at day 3, the lack of 

several key variables that distinguished the two classes in our prior analyses (most notably 

bicarbonate) and additional variance in the data due to substudies of ketoconazole and 

lisofylline may have contributed to a higher VLMR P value at day 3 in ARMA.

We analysed subphenotype membership over time in two different and complementary 

ways: first, using latent transition analysis, and second, by examining most likely class 

assignment in independent analyses of day 0 and day 3. The findings with these two 

different methods were qualitatively highly concordant, both indicating strong stability of 

subphenotype membership over time, thus providing further support for this conclusion.

While most patients remained in the same subphenotype from day 0 to day 3, approximately 

5.5% of patients in each cohort transitioned between subphenotypes over time. Interestingly, 
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some patients moved from the hypoinflammatory class 1 to the hyperinflammatory class 2 

over time, suggesting that some patients progressively developed more severe inflammation 

than was initially present at the time of ARDS development. Notably, for patients who 

changed subphenotype over time, clinical outcomes were more strongly associated with the 

later subphenotype, indicating that the transition from the hypoinflamma- tory class 1 to the 

hyperinflammatory class 2 may be reflective of an overall declining clinical trajectory. 

However, the number of patients who changed subphenotype over time was small, so 

additional replication is needed to confirm these findings.

These data provide an interesting opportunity to observe how the clinical and biological 

features of each subphenotype change over time (figures 1 and 2; online supplementary 

tables S6 and S7). While many of the variables distinguishing the two groups are the same at 

both time points, some variables contribute less to subphenotype identification over time, as 

reflected by more similar values between the two classes at day 3 compared with day 0: for 

instance, PaCO2 and heart rate. In contrast, other variables clearly become more different 

between the two subphenotypes over time; this list includes indices of organ failure 

(bilirubin, PF ratio and creatinine). This finding is concordant with our previously published 

data that patients in class 2 go on to have fewer organ failure-free days compared with those 

in class 1.23 It also suggests that ongoing biological differences between the classes remain 

relevant at day 3 (and therefore potentially targetable).

This study has several important strengths, including the consistency of findings in two 

distinct independent cohorts, a diverse patient sample drawn from a wide variety of centres 

in highly protocolised clinical trials and the measurement of eight biomarkers reflective of 

specific aspects of ARDS pathogenesis. This study also has some limitations. First, not all 

data points used in our initial identification of ARDS subphenotypes were available at day 3, 

likely contributing to a modest loss of power. Second, some patients included at day 0 were 

not included at day 3, almost entirely due to death before that time point. Since these 

patients likely represented extreme phenotypes, this attrition may have diminished the 

heterogeneity in the cohort at day 3 and therefore our ability to distinguish subtypes.

In summary, we found strong evidence in support of the stability of two distinct ARDS 

subphenotypes over the first 3 days of enrolment in two clinical trials. These data provide 

important evidence that ARDS subphenotypes are durable, providing strong additional 

support for the potential value of subphenotype-targeted therapies in ARDS. Future studies 

should focus on methods for rapidly classifying patients by subphenotype in real time 

including the development of point-of-care assays, on how these subphenotypes may 

respond differently to ARDS therapies and on deeper study of the biology of each 

subphenotype.4

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key messages

What is the key question?

▸ Two distinct acute respiratory distress syndrome (ARDS) subphenotypes 

have been identified using data obtained at time of enrolment in clinical 

trials, with differential response to randomly assigned positive end-expiratory 

pressure and fluid management strategy; however, it remains unknown if 

these subphenotypes are durable over time.

What is the bottom line?

▸ ARDS subphenotypes are largely stable over the first 3 days of enrolment in 

two ARDS Network trials.

Why read on?

▸ This finding suggests that subphenotype identification may be feasible in the 

context of clinical trials and also supports the hypothesis that there are 

fundamental biological and clinical differences between the subphenotypes 

that are not dictated by timing of measurement.
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Figure 1. 
Differences in standardised values of each continuous variable by class in the ARMA cohort 

by day of assessment and latent class. The variables are sorted on the basis of the degree of 

separation between the classes at day 0, from maximum positive separation at day 0 on the 

left (ie, class 2 higher than class 1) to maximum negative separation at day 0 on the right (ie, 

class 2 lower than class 1). The y-axis represents standardised variable values, in which all 

means are scaled to 0 and SDs to 1. A value of +1 for the standardised variable signifies that 

the mean value for a given phenotype was one SD higher than the mean value in the cohort 

as a whole. Mean values are joined by lines to facilitate displaying class profiles. BMI, body 

mass index; ICAM-1, intercellular adhesion molecule-1; MAP, mean airway pressure; 

PaCO2, pressure of carbon dioxide in arterial blood; PAI, plasminogen activator inhibitor-1; 

Plateau, plateau pressure; SBP, systolic blood pressure; SPD, surfactant protein D; TNFr1, 

tumour necrosis factor receptor-1; VWF, von Willebrand factor.
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Figure 2. 
Differences in standardised values of each continuous variable by class in the ALVEOLI 

cohort by day of assessment and latent class. The variables are sorted on the basis of the 

degree of separation between the classes at day 0, from maximum positive separation at day 

0 on the left (ie, class 2 higher than class 1) to maximum negative separation at day 0 on the 

right (ie, class 2 lower than class 1). The y-axis represents standardised variable values, in 

which all means are scaled to 0 and SDs to 1. A value of +1 for the standardised variable 

signifies that the mean value for a given phenotype was one SD higher than the mean value 

in the cohort as a whole. Mean values are joined by lines to facilitate displaying class 

profiles. BMI, body mass index; HCTL, hematocrit (low); ICAM-1, intercellular adhesion 

molecule-1; MAP, mean airway pressure; PaCO2, pressure of carbon dioxide in arterial 

blood; PAI, plasminogen activator inhibitor-1; Plateau, plateau pressure; SBP, systolic blood 

pressure; SPD, surfactant protein D; TNFr1, tumour necrosis factor receptor-1; VWF, von 

Willebrand factor.
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Table 5

Transitions between classes from day 0 to day 3 in ARMA (panel A) and ALVEOLI (panel B) for latent 

transition model

(A) ARMA

Day 3 (n=458)

Class 1 Class 2

Day 0 Class 1 0.93 (313) 0.07 (17)

Class 2 0.09 (8) 0.91 (120)

(B) ALVEOLI

Day 3 (n=525)

Class 1 Class 2

Day 0 Class 1 0.95 (358) 0.05 (18)

Class 2 0.11 (11) 0.89 (138)

Tables represent transition probabilities for each class at day 3 compared with day 0; numbers in parentheses are numbers of patients in each group.
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