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Abstract
Background The Acute Respiratory Distress Syndrome (ARDS) is characterized by lung inflammation and edema, 
impairing both oxygenation and lung compliance. Recent studies reported a dissociation between oxygenation 
and compliance (severe hypoxemia with preserved compliance) in early ARDS and COVID-19-related-ARDS 
(CARDS). During the pandemic, in patients requiring prolonged mechanical ventilation, we observed the opposite 
combination (mild-moderate hypoxemia but significantly impaired compliance). The purpose of our study was to 
investigate the prevalence of this combination of mild-moderate hypoxemia and impaired compliance in persistent 
ARDS and CARDS.

Methods For this retrospective study, we used individual patient-level data from two independent cohorts of ARDS 
patients. The ARDSNet cohort included patients from four ARDS Network randomized controlled trials. The CARDS 
cohort included patients with ARDS due to COVID-19 hospitalized in two intensive care units in Greece. We used 
a threshold of 150 for PaO2/FiO2 and 30 ml/cmH2O for compliance, estimated the prevalence of each of the four 
combinations of oxygenation and compliance at baseline, and examined the change in its prevalence from baseline 
to day 21 in the ARDSNet and CARDS cohorts.

Results The ARDSNet cohort included 2909 patients and the CARDS cohort included 349 patients. The prevalence 
of the combination of mild-moderate hypoxemia and low compliance increased from baseline to day 21 both in the 
ARDSNet cohort (from 22.2 to 42.7%) and in the CARDS cohort (from 3.1 to 33.3%). Among surviving patients with 
low compliance, oxygenation improved over time. The 60-day mortality rate was higher for patients who had mild-
moderate hypoxemia and low compliance on day 21 (28% and 56% in ARDSNet and CARDS), compared to those who 
had mild-moderate hypoxemia and high compliance (20% and 50%, respectively).
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Introduction
Acute respiratory distress syndrome (ARDS) is defined as 
non-cardiogenic pulmonary edema causing hypoxemia 
[1]. Filling of the injured alveoli with protein-rich edema 
fluid [2], causes both an impairment in gas exchange and 
a reduction in lung compliance. Impairments in oxygen-
ation and mechanics are thought to coincide and reflect 
the severity of ARDS [1]. However, it was observed that 
several patients with ARDS due to the coronavirus dis-
ease-19 (COVID-19) presented a dissociation between 
severe hypoxemia and relatively well-preserved com-
pliance [3, 4]. A subsequent secondary analysis of the 
LUNG SAFE study revealed that approximately one in 
eight patients meeting the hypoxemia criterion of ARDS 
exhibited preserved compliance [5], confirming this 
dissociation between oxygenation and compliance in 
patients presenting with ARDS regardless of etiology. The 
above observations were limited to the first days after the 
onset of ARDS, i.e., at early stages.

The number of ARDS patients dramatically increased 
during the COVID-19 pandemic, as did patients who 
required prolonged mechanical ventilation [6]. During 
the pandemic, we observed that many patients after sev-
eral days of mechanical ventilation exhibited an ‘opposite’ 
dissociation between oxygenation and compliance, char-
acterized by mild-moderate hypoxemia but significantly 
reduced compliance.

Whether such a dissociation between oxygenation 
and compliance becomes prevalent in persistent ARDS 
regardless of etiology, or rather it is a particular feature of 
COVID-19 related ARDS is not known. This knowledge 
may be important given that a nonnegligible proportion 
of patients with ARDS require prolonged mechanical 
ventilation; i.e., they remain under ventilation more than 
21 days after intubation [7]. Based on our observation, 
we endeavored to systematically examine the presence 
of this combination of mild-moderate hypoxemia and 
significantly impaired compliance, focusing specifically 
on patients with ARDS requiring prolonged mechanical 
ventilation.

Methods
For this retrospective study, we used individual patient-
level data from two independent cohorts of patients with 
ARDS.

The first cohort of our study (“ARDSNet” cohort) 
consisted of patients with ARDS enrolled in four 

prospective therapeutic clinical trials conducted by the 
ARDS Network, namely FACTT [8], ALTA [9], EDEN 
[10], and SAILS [11]. As previously [12, 13], we were 
granted access to data through the Biologic Specimen 
and Data Repository Information Coordinating Cen-
ter (BioLINCC) of the National Heart, Lung, and Blood 
Institute (NHLBI). Because data would be received in de-
identified form, the Institutional Review Board of Evan-
gelismos Hospital waived the need for informed consent 
and approved the study.

The second cohort of our study (“CARDS” cohort) 
consisted of patients with ARDS related to COVID-
19 admitted between October 2020 and January 2022 
(i.e., when the alpha and delta Sars-Cov-2 variants were 
prominent) in two academic intensive care units (ICU) at 
tertiary hospitals in Crete and Ioannina, Greece. Part of 
data from those patients have been included in previously 
published observational studies [14, 15]. The Institutional 
Review Board at each participating study site (Ioannina: 
University Hospital of Ioannina, and Crete: University 
Hospital of Heraklion) approved of the data collection 
and waived the need for informed consent owing to the 
observational study design and the collection of de-iden-
tified data.

For both independent cohorts, we collected data on 
age, sex, Sequential Organ Failure Assessment (SOFA) 
score (both total SOFA score and non-respiratory SOFA 
score) at baseline, partial pressure of arterial oxygen to 
fraction of inspired oxygen ratio (PaO2:FiO2) and respi-
ratory system compliance at baseline (day 0 or, if miss-
ing, day 1) and on days 7, 12 or 14 and 21. Day 0 was 
the day of enrollment for the ARDSNet cohort, and the 
day of intubation for the CARDS cohort. Data on day 12 
were available from the ALTA, EDEN, and SAILS stud-
ies, while data on day 14 were available from the FACTT 
trial and the CARDS cohort. None of the patients were 
treated with extracorporeal oxygenation or carbon diox-
ide removal.

We used a threshold for low PaO2:FiO2 a value below 
150, which has been used to identify patients with sig-
nificant hypoxemia likely to benefit from prone posi-
tion [16], and for low compliance a value below 30 
mL/cmH2O, which has been shown to be associated with 
sustained high driving pressure and weaning failure [17, 
18]. Accordingly, we considered four combinations of 
oxygenation and compliance in our study: mild-moderate 
hypoxemia/low compliance, mild-moderate hypoxemia/

Conclusions Among patients with ARDS who require prolonged controlled mechanical ventilation, regardless of 
ARDS etiology, a dissociation between oxygenation and compliance characterized by mild-moderate hypoxemia but 
low compliance becomes increasingly prevalent. The findings of this study highlight the importance of monitoring 
mechanics in patients with persistent ARDS.
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high compliance, severe hypoxemia/high compliance, 
and severe hypoxemia/low compliance.

We first analyzed all patients at baseline, and evaluated 
the prevalence of each of the four combinations. Data 
from all patients were included in this analysis (no exclu-
sion criteria). In the ARDSNet cohort, we also conducted 
a sensitivity analysis by including only those patients who 
were randomized to the control group in the trials. We 
subsequently focused on patients who were on mechani-
cal ventilation and had available data on oxygenation (as 
assessed by PaO2:FiO2) and respiratory system compli-
ance on day 21. The primary endpoint of the study was 
the change in prevalence of the combination of mild-
moderate hypoxemia/low compliance over time from 
baseline to day 21 among these patients. Secondary end-
points included: the difference in the prevalence of the 
combination of mild-moderate hypoxemia and low com-
pliance between the ARDSNet cohort and the CARDS 
cohort; the trajectory of oxygenation among patients 
with either low or high compliance (using the abovemen-
tioned threshold of 30 mL/cmH2O) from baseline to day 
21; the mortality at day 21 based on the oxygenation-
compliance combination at baseline, and the 60-day mor-
tality based on the oxygenation-compliance combination 
on day 21.

We presented continuous variables as medians with 
interquartile range (IQR) and compared them using the 
Mann-Whitney test (for 2 groups) or the Kruskal-Wal-
lis test (for multiple groups). We presented categorical 
variables as percentages and compared them using the 
chi-squared or Fisher’s exact test, and corrected for mul-
tiple comparisons as appropriate. No formal sample size 
calculation prior to this purely observational study was 
performed. All p values were two-sided, and we consid-
ered statistical significance at an α level of 0.05. Statisti-
cal analyses were conducted using SPSS software version 
28.0 (SPSS, Inc., Chicago, IL), and alluvial plots using 
R software version 4.2.1 (R Foundation for Statistical 
Computing).

Results
Characteristics of included patients in the two cohorts
Figure  1 and Supplemental Fig.  1 present the patient 
flow diagram for both cohorts (ARDSNet and CARDS). 
In the ARDSNet cohort, out of the 2909 patients with 
ARDS, the majority of patients (67%) were liberated from 
mechanical ventilation (“extubated” group) by day 21, 
19% of patients had died (“deceased” group) by day 21, 
10% remained on mechanical ventilation but did not have 
data on compliance, mostly because they were ventilated 
on assisted or partially assisted modes (“ventilated in 
assisted modes” group) by day 21, and 4% of patients were 
on mechanical ventilation and had available data on oxy-
genation and compliance (“ventilated in control modes” 

group) on day 21. In the CARDS cohort, out of the 349 
patients, 17% were in the “extubated” group, 41% in the 
“deceased”, 15% in the “ventilated in assisted modes” and 
28% were in the “ventilated in control modes” group.

Table 1 presents the baseline characteristics of patients 
categorized based on their status on day 21 (i.e., ven-
tilated in control or assisted modes, extubated, or 
deceased) in the ARDSNet and CARDS cohorts. The 
combination of mild-moderate hypoxemia and low com-
pliance at baseline was less common among patients ven-
tilated in control modes compared to other groups in the 
ARDSNet cohort but not in the CARDS cohort.

Supplemental Table 1 presents the comparison of base-
line characteristics of patients included in the ARDSNet 
versus the CARDS cohort. Regardless of their status on 
day 21, patients in the ARDSNet cohort were younger, 
had higher total SOFA score, higher non-respiratory 
SOFA score and lower respiratory system compliance at 
baseline compared to patients in the CARDS cohort. The 
combination of mild-moderate hypoxemia but low com-
pliance at baseline was more common in the ARDSNet 
cohort than in the CARDS cohort.

Trajectory of oxygenation and compliance from baseline 
to day 21
In the ARDSNet cohort, the combination of mild-mod-
erate hypoxemia but low compliance increased among 
patients ventilated in control mode from a prevalence of 
22.2% at baseline to 42.7% on day 21 (p < 0.001). A sen-
sitivity analysis including only patients who were ran-
domized to the control group showed similar results, 
specifically the combination of mild-moderate hypox-
emia but low compliance increased from a prevalence of 
23.1% at baseline to 47.8% on day 21 (p < 0.001). Likewise, 
in the CARDS cohort, the combination of mild-moderate 
hypoxemia but low compliance increased from a preva-
lence of 3.1% at baseline to 33.3% on day 21 (p < 0.001). 
The prevalence of the combination of mild-moderate 
hypoxemia but low compliance on day 21 was similar in 
both the ARDSNet and CARDS cohorts (p = 0.155).

After limiting our analysis to only those patients ven-
tilated in control modes on day 21, the combination of 
mild-moderate hypoxemia but low compliance increased 
from a prevalence of 7.4% (12.0% and 2.1% in the ARD-
SNet and CARDS cohort, respectively) at baseline to 
38.6% (42.7% and 33.3% in the ARDSNet and CARDS 
cohort, respectively) on day 21 (p < 0.001 for all compari-
sons). Alluvial plots to depict the change in prevalence of 
the different combinations over time from baseline to day 
21 are shown in Fig. 2. In the sensitivity analysis includ-
ing only patients from the ARDSNet cohort with pneu-
monia as the primary risk factor of ARDS (Supplemental 
Table 2), the combination of mild-moderate hypoxemia 
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but low compliance increased from a prevalence of 5.4% 
at baseline to 34.6% on day 21 (p < 0.001).

Among patients who had low compliance, in whom the 
underlying pathophysiology, edema or atelectasis caus-
ing the impairment in mechanics, would be expected 
to affect oxygenation, oxygenation appeared to improve 
over time (Fig. 3A-B). This was also the case for patients 
who had high compliance (Fig. 3C-D).

Outcome
Supplemental Table 3 presents data on outcomes (i.e., 
extubated or dead) on day 21 of patients categorized by 
their oxygenation-compliance combination at baseline in 
both cohorts. The corresponding Kaplan-Meier curves 
are presented as Supplemental Fig. 2.

Supplemental Table 4 presents data on 60-day mor-
tality of patients categorized by their oxygenation-
compliance combination on day 21 in both cohorts. In 
the ARDSNet cohort, 60-day mortality was 28% in the 
mild-moderate hypoxemia/low compliance and 20% in 

the mild-moderate hypoxemia/high compliance com-
bination, 67% in the severe hypoxemia/high compliance 
combination, and 32% in the severe hypoxemia/low com-
pliance combination. In the CARDS cohort, 60-day mor-
tality was 56% and 50% in the mild-moderate hypoxemia/
low compliance and the mild-moderate hypoxemia/high 
compliance groups, and 82–83% in the severe hypoxemia 
with low and high compliance, respectively.

Discussion
The results of this study highlight the dissociation between 
oxygenation and compliance during the late stages of ARDS, 
as a combination of mild-moderate hypoxemia but severely 
impaired compliance, becomes increasingly prevalent over 
time, regardless of ARDS etiology.

The dissociation between oxygenation and compliance 
in ARDS has recently gained attention [4]. Impairment of 
both oxygenation and lung compliance typically character-
izes ARDS, and is the result of lung inflammation, impaired 
hypoxic pulmonary vasoconstriction and alveolar flooding 

Table 1  Baseline characteristics of patients according to status on day 21 of ARDSNet and CARDS cohort
ARDSNet cohort CARDS cohort
Ventilated 
in Control 
modes1 
(n = 124)

Ventilated 
in Assisted 
modes1 
(n = 302)

Extubated
(n = 1937)

De-
ceased 
(n = 546)

Ventilated 
in Control 
modes1 
(n = 96)

Ventilated in
Assisted 
modes1 
(n = 51)

Extu-
bated 
(n = 58)

De-
ceased 
(n = 144)

Age 52.5 
(41.0–65.8)

54.0 
(42.0–65.0)

50.0 
(39.0–
60.0)*

58.0 
(45.0–
71.0)*

71.0 
(61.0–75.8)

69.0 
(61.0–74.0)

63.5 
(53.0–
75.0)**

72.0 
(64.0–
77.0)

Female sex 
n (%)

50 
(40.3)

138 
(45.7)

975 
(50.3)

246 
(45.1)

32 
(33.3)

20 
(39.2)

23 
(39.7)

45 
(31.5)

Baseline SOFA score 7 
(5–9)

7 
(5–9)

6 
(4–8)#

8 
(6–10)#

4 
(4–6)

4 
(4–8)

4 
(4–6)##

5 
(4–7)##

Non-respiratory SOFA 3 
(1–6)

4 
(2–6)$

3 
(1–5)

5 
(3–7)$

1 
(0–3)

1 
(0–4)

1 
(0–2)

1 
(0–3)

PaO2:FiO2 at baseline 103 
(81–147)˚

146 
(107–195)

150 
(106–200)

127 
(89–177)˚

120 
(88–153)

131
(110–181)

118
(101–
158)

101
(76–
147)˚˚

Crs at baseline 27 
(22–35)

28 
(21–36)

30 
(23–40)¨

28
(21–38)

36
(30–45)

40 
(35–48)

38
(33–45)

32 
(26–39)¨¨

MH-LoC at baseline2 13/108 
(12.0)•

56/223 
(25.1)

357/1527 
(23.4)

76/405 
(18.8)

2/94 
(2.1)

0/43 
(0.0)

2/55 
(3.6)

6/128
(4.7)

Abbreviations: ARDS, acute respiratory distress syndrome; CARDS, COVID-19-related acute respiratory distress syndrome; n, number; SOFA, sequential organ 
failure assessment; PaO2:FiO2, partial pressure of arterial oxygen to fraction of inspired oxygen ratio; Crs, compliance; MH-LoC, mild-moderate hypoxemia and low 
compliance

Age, baseline SOFA, non-respiratory SOFA and lung mechanics at baseline are presented as median with interquartile range (IQR) and compared using the Kruskal-
Wallis test. Sex is presented as percentage and compared using the chi-squared test. Pairwise comparisons were corrected using the Bonferroni method, and 
statistical significance was considered at an α level of 0.05
1The “ventilated in control modes” group consisted of patients who were on mechanical ventilation and had available data on oxygenation and compliance on day 
21; the “ventilated in assisted modes” group consisted of patients who remained on mechanical ventilation but did not have data on compliance, mostly because 
they were ventilated on assisted or partially assisted modes by day 21; the “extubated” group consisted of patients who were liberated from mechanical ventilation 
by day 21; and the “deceased” group consisted of patients who died by day 21
2Due to missing data on respiratory system compliance at baseline, the total number of patients is less for this variable (shown as denominator)

*Deceased vs. all other groups p < 0.05, and extubated vs. ventilated in assisted modes p < 0.001; # Deceased vs. all other groups, and extubated vs. ventilated in 
control, assisted modes p < 0.05; $ Deceased vs. extubated, ventilated in control modes, and ventilated in assisted modes vs. extubated p < 0.001; ˚ Deceased vs. all 
other groups p < 0.05, and ventilated in control modes vs. ventilated in assisted modes, extubated p < 0.001; ¨ Extubated vs. deceased, ventilated in assisted modes 
p < 0.05; •Ventilated in control modes vs. ventilated in assisted modes, extubated p < 0.05

**Extubated vs. ventilated in control modes, deceased p < 0.05; ##Deceased vs. extubated p < 0.05; ˚˚Deceased vs. ventilated in assisted modes p < 0.01; ¨¨ Deceased 
vs. all other groups p < 0.01
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[19–21]. The recently described dissociation between oxy-
genation and compliance in early ARDS patients [3, 4] is 
attributed to increased shunt due to vasculopathy, and 
impaired hypoxic pulmonary vasoconstriction [4, 5, 22].

To our knowledge, this is the first systematic examina-
tion of an “opposite” dissociation of oxygenation and com-
pliance, observed in persistent ARDS, and characterized by 
mild-moderate hypoxemia but severely impaired compli-
ance. This dissociation was indicated, but not systematically 
examined by previous studies [23, 24], which were mostly 
limited to the first week from the onset of the syndrome 
[25]. Rather, the present analysis took advantage of longitu-
dinal data on oxygenation-compliance for three weeks from 
the onset of ARDS, for both traditional ARDS and COVID-
19-related ARDS. Specifically, our analysis showed that, 

although the combination of mild-moderate hypoxemia but 
low compliance was not as rare in early ARDS due to etiolo-
gies other than COVID-19 compared to COVID-19 (Sup-
plemental Table 1), the combination became prominent 
among patients with persistent ARDS requiring controlled 
ventilation, regardless of etiology.

It may be worth attempting an explanation why this com-
bination of mild-moderate hypoxemia and low compliance 
becomes increasingly prevalent over the course of ARDS 
among patients who remain under controlled mechanical 
ventilation. In persistent ARDS, the resolution of pulmo-
nary inflammation may lead to restoration of hypoxic pul-
monary vasoconstriction, which in turn may optimize the 
distribution of perfusion and thus attenuate hypoxemia [20, 
26]. In spite of the attenuation of hypoxemia, compliance 

Fig. 2 Alluvial plot of changes in prevalence of different combinations of oxygenation and compliance over time from baseline to day 21, among pa-
tients who remained on controlled ventilation and had available data on oxygenation and compliance, in (A) the ARDSNet cohort, and (B) the CARDS 
cohort. Each block represents a different combination, and the height of a block represents the number of patients in this combination. Combinations 
at baseline are illustrated with different colors. Each stream field between two blocks represents the change in the number of patients in the respective 
combinations from baseline to day 21, and the height of a stream field is proportionate to this number of patients. A total of 108 and 94 patients with 
available data on oxygenation and compliance on both baseline and day 21 are included in the alluvial plot of the ARDSNet and CARDS cohort, re-
spectively. MH-HiC: mild-moderate hypoxemia/high compliance; MH-LoC: mild-moderate hypoxemia/low compliance; SH-HiC: severe hypoxemia/high 
compliance; and SH-LoC: severe hypoxemia/low compliance
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may be reduced due to the progressive development of 
some degree of fibrosis, known to occur in persistent ARDS 
[27]. Therefore, concurrent improvement in ventilation-
perfusion matching and development of fibrosis over time 
may underlie the pathophysiology of improved oxygenation 
despite severely impaired compliance in persistent ARDS. 
The impaired compliance is likely the reason these patients 
could not be liberated from controlled ventilation, thus 
resulting in the increased prevalence of the combination 
of low compliance and mild-moderate hypoxemia among 
patients requiring prolonged controlled ventilation.

Recognizing this dissociation among patients with per-
sistent ARDS may have important clinical implications. 
Hypoxemia dominates all diagnostic and management algo-
rithms of ARDS, such as the Berlin definition [1], indication 
for prone position [16] or ECMO [28], and for a good rea-
son: it is a cardinal symptom of ARDS at presentation, and 
lethal if not managed. The impairment in lung compliance 
is caused by the same underlying pathology, and commonly 
correlates with the severity of hypoxemia. As a result, res-
olution of hypoxemia over time is considered an adequate 
indicator of resolution of ARDS, and included in weaning 
protocols [8–11, 29], while improvement in lung mechan-
ics is not. Indeed, during the first couple of weeks of ARDS, 
in the majority of patients who improve, both oxygenation 
and compliance improve. However, as highlighted in this 
analysis, in a significant fraction of patients requiring pro-
longed controlled mechanical ventilation, the improvement 

of hypoxemia is dissociated from that of lung compliance 
at late stages of ARDS. Weaning attempts when lung com-
pliance is severely impaired might fail and place patients 
at risk of self-inflicted lung injury [30–32]. Indeed, strong 
inspiratory efforts may promote lung injury in ARDS, and 
sustained high driving pressures have been shown to occur 
during assisted ventilation only in patients with low compli-
ance [17, 33]. Therefore, acknowledging this common dis-
sociation between oxygenation and compliance in persistent 
ARDS, rather than relying solely on improvement of oxy-
genation to characterize a patient’s condition as improved, 
may have implications for patient management. For exam-
ple, in patients with persistent ARDS, attempts for assisted 
ventilation could be complemented by close monitoring of 
effort and driving pressure, to minimize the risk of ventila-
tor or self-inflicted lung injury [34, 35]. Studies on weaning 
focused on this specific group of patients are lacking and 
urgently needed.

The findings of this study should be interpreted in the 
context of the limitations imposed by its retrospective 
nature. First, although the ARDSNet cohort consisted of 
patients enrolled in multiple ICUs from one continent 
(North America), the CARDS cohort consisted of patients 
enrolled in only two ICUs from one European country. Sec-
ond, the sample size is limited by missing data on compli-
ance from patients who remained on mechanical ventilation 
on day 21, mainly because mechanics were not monitored 
on assisted modes. However, an exploratory analysis of 

Fig. 3 (A) Trajectory of oxygenation, as assessed by the partial pressure of arterial oxygen to fraction of inspired oxygen ratio (PaO2:FiO2), (line at median), 
and (B) percent of patients with mild-moderate hypoxemia, among patients with low compliance at baseline and on days 7, 14 and 21 in the two inde-
pendent cohorts (ARDSNet and CARDS). (C) Trajectory of oxygenation, as assessed by the partial pressure of arterial oxygen to fraction of inspired oxygen 
ratio (PaO2:FiO2), and (D) percent of patients with mild-moderate hypoxemia, among patients with high compliance at baseline and on days 7, 14 and 21 
in the two independent cohorts
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CARDS patients indicated that both compliance and oxy-
genation had improved prior to assisted ventilation (data 
not shown). Third, to facilitate the analysis, we had to use 
thresholds for oxygenation and compliance, acknowledging 
the inherent limitations of using thresholds to create classes 
in the continuum of a disease spectrum. We also had to use 
the PaO2:FiO2 ratio at different levels of FiO2 as an index of 
oxygenation, despite its nonlinear behavior, as this is what is 
currently used in clinical practice. Finally, we cannot provide 
information on the underlying cause of impaired compli-
ance, to what extent it contributed to the need for prolonged 
ventilation, or its management in the surviving patients.

Conclusions
In conclusion, in persistent ARDS regardless of the etiol-
ogy, a combination of mild-moderate hypoxemia but low 
compliance becomes prevalent among patients who remain 
under controlled ventilation. Acknowledging that improve-
ment in oxygenation is not always associated with resto-
ration of lung integrity in persistent ARDS, adds to the 
increasingly recognized importance of monitoring lung 
mechanics in mechanically ventilated patients, through-
out the course of ARDS in order to provide protective 
ventilation.
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