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Abstract

Rationale: Standard physiologic assessments of extubation
readiness in patients with acute hypoxemic respiratory failure
(AHRF) may not reflect lung injury resolution and could
adversely affect clinical decision-making and patient outcomes.

Objectives: We hypothesized that elevations in inflammatory
plasma biomarkers sST2 (soluble suppression of tumorigenicity-
2) and IL-6 indicate ongoing lung injury in AHRF and better
inform patient outcomes compared with standard clinical
assessments.

Methods: We measured daily plasma biomarkers and
physiologic variables in 200 patients with AHRF for up to 9 days
after intubation. We tested the associations of baseline values
with the primary outcome of unassisted breathing at Day 29. We
analyzed the ability of serial biomarker measurements to inform
successful ventilator liberation.

Measurements and Main Results: Baseline sST2
concentrations were higher in patients dead or mechanically
ventilated versus breathing unassisted at Day 29 (491.7 ng/ml

[interquartile range (IQR), 294.5–670.1 ng/ml] vs. 314.4 ng/ml
[IQR, 127.5–550.1 ng/ml]; P5 0.0003). Higher sST2
concentrations over time were associated with a decreased
probability of ventilator liberation (hazard ratio, 0.80 per log-unit
increase; 95% confidence interval [CI], 0.75–0.83; P5 0.03).
Patients with higher sST2 concentrations on the day of liberation
were more likely to fail liberation compared with patients
who remained successfully liberated (320.9 ng/ml [IQR, 181.1–
495.6 ng/ml] vs. 161.6 ng/ml [IQR, 95.8–292.5 ng/ml];
P5 0.002). Elevated sST2 concentrations on the day of liberation
decreased the odds of successful liberation when adjusted for
standard physiologic parameters (odds ratio, 0.325; 95% CI,
0.119–0.885; P5 0.03). IL-6 concentrations did not associate
with outcomes.

Conclusions: Using sST2 concentrations to guide ventilator
management may more accurately reflect underlying lung injury
and outperform traditional measures of readiness for ventilator
liberation.
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Patients with acute hypoxemic respiratory
failure (AHRF) managed with mechanical
ventilation account for a majority of ICU
admissions, and AHRF is associated with
increased short- and long-term ICU
mortality (1–3). However, clinicians remain
limited in their ability to predict the duration
of mechanical ventilation and determine
readiness for ventilator liberation in patients
with AHRF.

Lung-protective ventilatory strategies in
patients with acute respiratory distress
syndrome (ARDS) minimize the
development of ventilator-induced lung
injury and decrease mortality (4–10).
However, increased duration of mechanical

ventilation and the use of prolonged sedation
to facilitate ventilator synchrony are
associated with infection, longer ICU and
hospital stays, increased resource utilization,
andmortality (11, 12). Current assessments
of liberation readiness involve daily weaning
assessments and spontaneous awakening and
breathing trials if clinical criteria are met
(13–15). However, 10–20% of all patients
extubated after passing such trials fail
liberation and require reintubation within 48
hours, and these patients have increased
mortality and are less likely to be discharged
from the ICU (16). There remains a
significant need for improved recognition of
readiness for ventilator liberation and risk of
reintubation beyond physiologic assessments
alone.

Plasma biomarkers of lung injury are
attractive tools for determining readiness for
liberation. sST2 (soluble suppression of
tumorigenicity-2) and IL-6 are cytokines
elevated during pulmonary inflammation
(17, 18); sST2 is also secreted by lung tissue
(19). We previously studied the plasma
concentrations of these two biomarkers in
patients enrolled in FACTT (Fluids and
Catheters Treatment Trial) (20, 21) and
found that higher plasma concentrations of
sST2 and IL-6 in patients with ARDS are
associated with increased mortality and a
decreased likelihood of passing a weaning
assessment, passing a spontaneous breathing
trial, or being successfully extubated (21, 22).
We also showed that elevated biomarker
concentrations are associated with
reintubation (22). However, in the FACTT
analysis, biomarkers were only cross-
sectionally measured at baseline and on Day
3.We hypothesized that serial biomarker
measurements over time might better inform
clinical trajectory and ventilator
management in patients with AHRF. In this
study, we follow a prospectively enrolled
validation cohort of patients with AHRF
requiring mechanical ventilation and
investigate longitudinal sST2 and IL-6
measurement relative to clinical outcomes,
including successful liberation from
mechanical ventilation.

Methods

Data Collection
We enrolled endotracheally intubated
patients with hypoxemia, which was defined
as a PaO2:FIO2 ratio of less than 300, that was
not solely attributable to cardiogenic

pulmonary edema. All patients were enrolled
within 24 hours of meeting the inclusion
criteria (see Figure E1 in the online
supplement). Detailed inclusion and
exclusion criteria can be found in Figure E2.
Physiologic variables were collected daily.
Patients underwent a daily weaning
assessment with subsequent spontaneous
breathing trial if indicated per ICU protocol
(Figure E3) (4). All extubated patients passed
a weaning assessment and spontaneous
breathing trial. The primary outcome was
breathing without assistance at Day 29,
which was defined as breathing without the
need for mechanical ventilation (Figure E3)
(4). Patients with tracheostomy placement
during the study period were excluded from
the primary outcome. A secondary analysis
was performed for successful ventilator
liberation, which was defined as unassisted
breathing without resumption of mechanical
ventilation for the duration of the study
period. Failed liberation was defined as any
subsequent requirement for mechanical
ventilation. Patients with a tracheostomy
who were able to breathe unassisted for
greater than 48 hours were included in the
secondary analysis. The study protocol was
approved by our institutional review board.
Informed consent was waived, as samples
were obtained from excess clinical
specimens.

Blood Sample Collection and Analysis
Plasma samples were collected from
excess clinical blood draws. Samples were
collected daily after study enrollment for
a maximum of 9 days. Biomarker
concentrations on the day of ventilator
liberation were available for sST2 in 127
patients and for IL-6 in 125 patients. The
last available measurements were used for
patients liberated after the 9-day
collection period. Samples were stored in
ethylenediaminetetraacetic acid–treated
plasma at280�C and examined using a
commercially available IL-6 assay
(Luminex; R&D Systems) and a highly
sensitive sST2 assay (Presage; Critical
Diagnostics).

Statistical Analysis
Summary statistics of patient
demographics, characteristics, and
outcomes were collected. The associations
between biomarker concentrations and
prespecified outcomes were determined at
Day 29. Fisher’s exact test for categorical
variables and the Student’s t test or the

At a Glance Commentary

Scientific Knowledge on the
Subject: Clinicians are limited in
their ability to predict extubation
readiness in patients with acute
hypoxemic respiratory failure
(AHRF) often because of a reliance
on physiologic parameters that may
not reflect the degree of underlying
lung injury. Plasma sST2 (soluble
suppression of tumorigenicity-2)
and IL-6 are biomarkers that are
elevated in lung inflammation and
may provide objective measures of
ongoing lung injury.

What This Study Adds to the
Field: In this study of 200 patients
with AHRF, elevated baseline sST2
concentrations were associated with
death or continued mechanical
ventilation at Day 29. Measured
longitudinally, each log-unit
elevation in sST2 was associated
with a 20% decrease in probability
of liberation from mechanical
ventilation. Patients with elevated
sST2 concentrations on the day of
liberation were more likely to fail
liberation and be reintubated, even
after adjustment for standard
physiological variables. IL-6
concentrations were not associated
with clinical outcomes. Measuring
sST2 concentrations in patients
with AHRF could provide real-time
prognostic information about a
patient’s clinical trajectory and
readiness for ventilator liberation.
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Kruskal-Wallis nonparametric test for
continuous variables were used to assess
the statistical significance of differences
between groups. Biomarker
concentrations were logarithmically
transformed for further analyses.
Mixed-model ANOVA was performed on
serial biomarker measurements with
Sidak’s correction for multiple
comparisons.

We used a shared-parameter joint
model for longitudinal and time-to-event
data to estimate a longitudinal mixed-
effects model for serial sST2
measurements and ventilator liberation,
accounting for the competing risk of
death. A proportional hazards approach
modeled the time-to-event outcome.
Estimates of event-free probabilities were
calculated using the Markov chain Monte
Carlo method. Information on sST2 was
right-censored on the basis of the day of
liberation, death before liberation, or last
measurement taken.

We created a multivariable model for
successful liberation using the log-
transformed biomarker values together with
covariates from the day of liberation. The
optimal biomarker cutoff values were
determined using the Youden Index
summary statistic with receiver operating
characteristic curve analysis (23, 24). We
dichotomized biomarkers around the cutoff
value and obtained odds ratios (ORs) and
95% confidence intervals (CIs) from
multivariable logistic regressions.

Analyses were conducted using SAS
version 9.4 (SAS Institute Inc.) and R version
4.0 (R Core Team). The JM package was
used to construct our joint model. A two-
sided P value of less than 0.05 was considered
statistically significant.

Results

Characteristics of the Study
Population and Major Outcomes
We prospectively enrolled 217 patients with
AHRF within 24 hours of intubation at
Massachusetts General Hospital in Boston,
Massachusetts, from November 2015 to
January 2017. Of the 217 enrolled patients,
209 patients met the inclusion criteria and
had clinical plasma samples available for
measurement (Figure E1). Demographic
and baseline physiologic data for the 209
patients in the overall study population are
shown in Table 1. On enrollment, patients

had a mean modified Sequential Organ
Failure Assessment (mSOFA) score of 9.2
and PaO2:FIO2 ratio of 187. Vasopressors
were initiated in 183 patients (87.6%) within
24 hours of ICU admission. Of the 209
enrolled patients, 199 patients (95.2%) met
Berlin criteria for ARDS (25). The
distribution of baseline characteristics was
similar for patients with successful and
failed ventilator liberation, with exceptions
for ethnicity, mSOFA score, and duration of
mechanical ventilation. Nine patients were
terminally extubated before Day 29 and
were excluded from further downstream
analyses. The overall rate of survival to
hospital discharge and breathing without
ventilator assistance during the first 29 days
after enrollment is shown for the remaining
200 patients in Figure 1A, with 63.5% of all
patients breathing without assistance by
Day 29. The rate of breathing without
assistance at Day 29 was 92.1% for patients
who were successfully liberated from the
ventilator and 68.8% for those who failed
initial liberation (Figure 1B).

Elevated Baseline sST2
Concentrations Are Associated with
Mortality and Need for Mechanical
Ventilation at Day 29
Wemeasured average biomarker
concentrations on Study Days 1–9 and tested
the association between log-transformed
values and the primary outcome (Figure 2).
Thirty patients underwent tracheostomy
placement during the study period and were
not included in the primary outcome. sST2
concentrations were elevated on Days 1–9 in
patients dead or mechanically ventilated at
Day 29 compared with patients breathing
unassisted. Median baseline sST2
concentrations were higher in patients who
were dead or mechanically ventilated at Day
29 compared with patients who were
breathing unassisted (491.7 ng/ml
[interquartile range (IQR), 294.5–670.1 ng/
ml] vs. 314.4 ng/ml [IQR, 127.5–550.1 ng/
ml]; P5 0.0003; Figure 3). Median baseline
IL-6 values were similar between patients
dead or mechanically ventilated and those
breathing unassisted at Day 29 (88.4 pg/ml

Table 1. Baseline Characteristics and Physiological Factors at Study Enrollment

Variable
Overall
(n5209)

Successful
Liberation
(n5114)

Failed
Liberation
(n532)

P
Value

Demographics
Age, yr, mean6SD 59.7616.3 58.0617.0 57.26 16.5 0.82
Sex, n (%) 1.00
M 139 (66.5) 79 (69.3) 22 (68.8)
F 70 (33.5) 35 (30.7) 10 (31.3)

BMI, kg/m2, mean6SD 28.96 7.6 28.668.1 29.466.2 0.59
Ethnicity, n (%) 0.02
Non-Hispanic white 151 (72.2) 80 (70.2) 27 (84.4)
Non-Hispanic Black 14 (6.7) 9 (7.9) 0 (0.0)
Hispanic 12 (5.7) 10 (8.8) 0 (0.0)
Asian/Pacific Islander 8 (3.8) 3 (2.6) 3 (9.4)
American Indian/Alaska native 1 (0.5) 0 (0.0) 1 (3.1)
Other 23 (11.0) 12 (10.5) 1 (3.1)

Chest radiograph infiltrates*
Bilateral, n (%) 199 (95.2) 107 (93.9) 30 (93.8) 1.00
Number of quadrants, mean6SD 361 361 36 1 0.39

Baseline physiologic factors
PaO2:FIO2 ratio, mean6SD 187.06 92.8 189.7691.0 193.8693.9 0.83
Vasopressors, n (%) 183 (87.6) 81 (71.1) 24 (75.0) 0.29
mSOFA (no GCS), mean6SD 9.263.4 8.263.0 10.064.2 0.03

Outcome
Ventilated days†, mean6SD 8.366.7 6.065.7 12.368.0 0.0002
In-hospital mortality, Day 29, n (%) 69 (33.0) 8 (7.1) 5 (15.6) 0.16
In-hospital mortality, Day 60, n (%) 75 (35.8) 11 (9.6) 6 (18.8) 0.21

Definition of abbreviations: BMI5body mass index; GCS5Glasgow Coma Scale; mSOFA5modified
Sequential Organ Failure Assessment.
Baseline physiologic factors were measured within 24 hours of ICU admission.
*Day 2 chest radiographs were read if enrollment chest radiographs were not present (n5 9).
†Total duration of mechanical ventilation in the first 29 days.
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[IQR, 28.5–483.7 pg/ml] vs. 63.4 pg/ml [IQR,
21.1–313.3 pg/ml]; P5 0.17).

Elevated sST2 Concentrations over
Time Are Associated with
Ventilator Dependence
Patients with higher sST2 concentrations
over time were more likely to die before
ventilator liberation (Figure E4A). Elevated
baseline sST2 values were also associated
with decreased cause-specific cumulative
hazard for liberation over the first 9 days

after intubation (Figure E4B). We
therefore tested the utility of longitudinal
sST2 measurement to inform ventilator
management by jointly modeling sST2
over the first 9 days after intubation with
ventilator liberation as the primary event
of interest, adjusting for baseline
covariates and accounting for the
competing risk of death. The joint model
showed that higher sST2 values at any
given time point during the first 9 days
after intubation were associated with

decreased adjusted probability of
liberation over time (hazard ratio, 0.80
per log-unit increase; 95% CI, 0.75–0.83;
P5 0.03; Table 2).

Elevated sST2 Concentrations on the
Day of Ventilator Liberation Are
Associated with Liberation Failure
To determine whether biomarkers could
provide real-time information regarding
liberation readiness, we compared biomarker
concentrations on the day of ventilator
liberation in patients who remained
successfully liberated to those who failed. Of
the 200 analyzed patients, 114 patients (57%)
were successfully liberated, and 32 patients
(16%) failed. Three patients who failed and
resumed mechanical ventilation had a
tracheostomy in place, and 29 patients were
reintubated. The median time to initial
ventilator liberation was 5 days (IQR, 4–8).
Patients who failed liberation resumed
mechanical ventilation within a median of 2
days (IQR, 1.0–5.25), with 11 patients
reintubated within 24 hours. The primary
indication for resumption of mechanical
ventilation was high breathing effort (Table
E1). Median sST2 concentrations on the day
of ventilator liberation were higher in
patients who failed liberation compared with
those who remained successfully liberated
(320.9 ng/ml [IQR, 181.1–495.6 ng/ml] vs.
161.6 ng/ml [IQR, 95.8–292.5 ng/ml];
P5 0.002; Figure 4A). Conventional
physiologic measures, including PaO2:FIO2
ratio, positive end-expiratory pressure
(PEEP), and _VE, were not associated with
liberation success. Median IL-6
concentrations on the day of liberation were
not different between patients who failed
liberation compared with those who were
successfully liberated (22.3 pg/ml [IQR,
10.8–45.2 pg/ml] vs. 14.9 pg/ml [IQR,
6.4–38.8 pg/ml]; P50.25). In addition, the
median sST2 concentration decreased from
baseline to the day of liberation in
successfully liberated patients (307.3 ng/ml
[IQR, 116.1–512.9 ng/ml] vs. 161.6 ng/ml
[IQR, 95.8–292.5 ng/ml]; P50.0007; Figure
4B) but remained elevated in patients who
failed liberation (497.1 ng/ml [IQR,
152.7–658.3 ng/ml] vs. 320.9 ng/ml [IQR,
178.4–505.2 ng/ml]; P50.15). Median IL-6
concentrations significantly decreased from
baseline to the day of liberation both in
patients successfully liberated (49.8 pg/ml
[IQR, 17.3–296.1 pg/ml] vs. 14.9 pg/ml [IQR,
6.4–38.8 pg/ml]; P,0.0001) and those who
failed liberation (195.6 pg/ml [IQR,

Breathing without assistance

Alive

Day
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

A

P
ro

po
rt

io
n 

of
 P

at
ie

nt
s

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Day
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

P
ro

po
rt

io
n 

of
 P

at
ie

nt
s

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Successful Liberation

Failed Liberation

Breathing unassisted

Alive

Breathing unassisted

Alive

1.0

B
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patients (63.5%) were breathing without assistance. (B) At Day 29, 105 of the 114 successfully
liberated patients (92.1%) were breathing without assistance, whereas only 22 of the 32 patients
who failed liberation (68.8%) were breathing unassisted.
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29.8–531.3 pg/ml] vs. 22.3 pg/ml [IQR,
10.8–45.2 pg/ml]; P,0.0001).

sST2 Concentrations Are Associated
with Liberation Success after
Adjustment for Standard
Clinical Measures
The optimal log-transformed biomarker
cutoff value on the day of liberation that was
associated with liberation success was 2.49
pg/ml for IL-6 and 5.68 ng/ml for sST2
(sensitivity5 0.73, specificity5 0.54, and C-
statistic5 0.63). We created a multivariable
regression model for successful liberation
using the dichotomized sST2 and IL-6
values, age, PaO2:FIO2 ratio, PEEP, _VE, and
mSOFA score on the day of liberation. Each
variable was log-transformed, and adjusted
ORs were calculated. Results from the
multivariable logistic regression analysis
indicated that only sST2 concentration was
significantly associated with liberation
success (Figure 5 and Table E2). Patients

with log-transformed sST2 concentrations
>5.68 ng/ml on the day of liberation had a
decreased likelihood of liberation success
compared with patients with sST2
concentrations,5.68 ng/ml (adjusted OR,
0.325; 95% CI, 0.119–0.885; P50.03). Log-
transformed IL-6 concentrations>2.49 pg/
ml compared with,2.49 pg/ml were not
associated with liberation success (OR, 0.517;
95% CI, 0.179–1.489; P50.22).

Discussion

We have previously shown that in historical
patient cohorts such as FACTT, elevated
sST2 and IL-6 concentrations measured at
the time of intubation were associated with a
decreased rate of extubation and an
increased need for reintubation (21, 22). In
the present study, we hypothesized that
longitudinally measured sST2 and IL-6
concentrations are better indicators of lung

injury resolution and readiness for ventilator
liberation compared with standard clinical
assessments and that following serial
biomarker concentrations can inform patient
mortality and ventilator dependence. Our
results demonstrate that sST2 concentrations
strongly associate with mortality and
ventilator outcomes and may be a prognostic
marker of disease severity in patients with
AHRF. A single measurement of sST2 upon
intubation prognosticated future outcomes,
but repeated measurements added
considerable information regarding
likelihood for ventilator liberation.

Joint modeling is a powerful method
that combines random effects and survival
models, thereby avoiding informative
dropout bias. Using a joint model, we found
that elevated sST2 concentrations over time
were independently associated with
ventilator dependence among patients with
AHRF. The results show that for every log-
unit increase in sST2 concentration, there
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Figure 2. Biomarker trends by day and association with the primary outcome. (A) sST2 (soluble suppression of tumorigenicity-2) and IL-6
concentrations by day in patients dead or mechanically ventilated versus those breathing unassisted by Day 29. Data shown are mean and 95%
confidence interval (CI). (B) Comparison of log-transformed sST2 and IL-6 concentrations by day in patients dead or mechanically ventilated
versus those breathing unassisted by Day 29. Data shown are mean and 95% CI. Mixed-model ANOVA with Sidak’s test for multiple comparisons
was used to assess the statistical significance of differences between groups. *P, 0.05, **P, 0.01, ***P,0.001, and ****P, 0.0001.
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was a 20% decrease in the probability of
ventilator liberation. Thus, this study
suggests that elevated sST2 values measured

both cross-sectionally and longitudinally are
associated with the need for mechanical
ventilation even after adjusting for important

baseline clinical factors such as age, mSOFA
score, and PaO2:FIO2 ratio. The statistical
adjustments for these covariates and the use
of a joint model reinforce the association of
sST2 with outcomes. Concentrations of IL-6
did not provide prognostic information on
ventilator dependence.

These results also build on our prior
work by demonstrating that elevated sST2
concentrations measured at the time of
ventilator liberation strongly associate with
failed liberation and return to mechanical
ventilation. This association was not
observed for standard physiologic measures
of liberation readiness, including PaO2:FIO2
ratio, PEEP, and _VE, suggesting that elevated
sST2 concentrations may signify ongoing
unresolved respiratory disease at the time of
ventilator liberation. Moreover, following
serial sST2 concentrations over a patient’s
ICU course was strongly associated with
ventilator dependence over time, even when
adjusted for common physiologic
measurements. To our knowledge, this is the
first study to investigate a biomarker-
directed approach to bedside ventilator
management in patients with AHRF, and it
suggests that elevated sST2 concentrations
may be a better indicator of ongoing lung
injury than standard physiologic assessment
(26–28).

sST2 is a member of the IL-1 receptor
family of proteins, and the IL-33/ST2
signaling pathway is well described in allergic
and inflammatory conditions and in the
setting of myocardial strain among patients
with heart failure (29). Although IL-33
binding to the transmembrane form of ST2
is protective, sST2 is believed to act as a
“decoy receptor” that is associated with
increased tissue fibrosis and remodeling (29,
30). Serum and BAL sST2 concentrations are
increased in pulmonary inflammatory
diseases, including chronic obstructive
pulmonary disease, asthma, and pneumonia
(18, 31, 32). Notably, the highest
concentrations of sST2 are reported in
patients with ARDS, and prior work from
our group demonstrated that higher
concentrations of plasma sST2 accurately
discriminate between ARDS and heart failure
(21, 22). Recent data have shown that human
type II pneumocytes produce sST2 in
response to mechanical stress and that sST2
concentrations measured in human
bronchial aspirates correlate with serum
values (19, 22). Accordingly, though
measurement of sST2 has a prognostic role
in cardiac diseases, our results further
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Figure 3. Elevated baseline sST2 (soluble suppression of tumorigenicity-2) concentrations are
associated with mortality and need for mechanical ventilation at Day 29. Baseline sST2 concentration
and mSOFA score were higher in patients who were dead or mechanically ventilated at Day 29
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***P, 0.001 and ****P, 0.0001. mSOFA5modified Sequential Organ Failure Assessment.

Table 2. Results of the Joint Model of the Association of sST2 Values over Time
with Ventilator Liberation

Variable* Hazard Ratio 95% CI P Value

Log(sST2), ng/ml 0.80 0.75–0.83 0.03
Age, yr 0.99 0.99–1.00 0.01
PaO2:FIO2 1.81 0.41–8.08 0.15
PEEP, cm H2O 1.09 0.18–6.60 0.76
_VE, L/min 1.07 0.09–13.30 0.60
mSOFA score 0.85 0.77–0.95 0.01

Definition of abbreviations: CI5 confidence interval; mSOFA5modified Sequential Organ
Failure Assessment; PEEP5positive end-expiratory pressure; sST25 soluble suppression of
tumorigenicity-2.
*Model adjusted for baseline covariates. For continuous variables, hazard ratios are for a 1-unit
increase in the variable.
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emphasize the value of sST2 measurement
for detection of local epithelial cell injury in
the lung; longitudinal sST2 measurement
may provide readily accessible, real-time, and
dynamic information to clinicians about the
degree of ongoing lung injury in their
patients with AHRF over the course of an
ICU admission.

IL-6 is an important mediator of the
systemic inflammatory response and is a
pleiotropic cytokine secreted by multiple
immune and stromal cell types into the

circulation, where it exerts both
proinflammatory and antiinflammatory
effects (17, 33). Elevated plasma IL-6
concentrations have been associated with
increased mortality in ARDS (34). IL-6
concentrations may also increase in response
to lung overdistension, and higher plasma
and BAL concentrations of IL-6 have been
measured during conventional compared
with lung-protective ventilation (4, 5, 35, 36).
Although our prior work demonstrated that
IL-6 values upon intubation were associated

with mortality and likelihood of extubation
in the FACTT cohort, these findings were
not observed in this study (21). This
difference may be due to our current cohort
representing a sicker patient population, with
88% of enrolled patients on vasopressors
compared with 33% in the FACTT trial (20).
As IL-6 concentrations are known to be
elevated in systemic inflammation, a sicker
overall cohort may decrease this biomarker’s
predictive value. We also collected serial
biomarker measurements for a longer
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duration than in our prior studies, and this
longitudinal collection revealed that IL-6
concentrations decreased rapidly over time
in our patients with AHRF (Figures 2 and
4B). This rapid decline may limit the
predictive value of IL-6 over the course of an
ICU admission. Overall, IL-6 likely provides
a more global measure of systemic
inflammation in critically ill patients and
thus lacks specificity as a biomarker for
ongoing lung injury to predict liberation
readiness.

An important finding in our work is
that sST2 concentrations provide real-time
information about a patient’s readiness for
ventilator liberation beyond standard
physiologic measures alone that could
significantly inform treatment decisions and
patient outcomes. sST2 concentration
measured at the time of ventilator liberation
was able to discriminate between patients
who needed to resume mechanical
ventilation and patients who remained
successfully liberated. Importantly, sST2
performed better than conventional clinical

assessments and current standard of care, as
all extubated patients passed a spontaneous
breathing trial before extubation. Despite
this, sST2 measurement—both cross-
sectionally and longitudinally—added
unique information regarding a patient’s
likelihood for successful liberation from
mechanical ventilation.

The findings of this study support the
potential for a biomarker-directed
approach to ventilator management, as
elevated sST2 concentrations could
indicate the presence of ongoing lung
injury that is not apparent using standard
clinical measures. Although the clinical
management of mechanically ventilated
patients has advocated early and
aggressive attempts at spontaneous
breathing trials, conventional readiness
protocols still use cutoff values based on
the PaO2:FIO2 ratio, PEEP, and _VE. These
physiologic measures of global lung
function are unlikely to accurately reflect
the degree of underlying lung injury,
particularly when the injury is
heterogeneous. Indeed, our results show
that these physiologic measures are not
well predictive of liberation readiness. We
propose that sST2 and other tissue-
specific biomarkers of ongoing lung
epithelial injury, such as soluble receptor
for advanced glycation end products, may
be better predictors of weaning and
liberation success than current methods
and could guide the assessment of a
patient’s readiness for spontaneous
breathing (37, 38).

We acknowledge important
limitations of our study. Although 95% of
our enrolled patients met the criteria for
ARDS, we did not separate our cohort into
distinct ARDS subphenotypes, and this
could affect the discriminatory value of our
measurements (39). However, our study
likely underestimates the predictive value
of sST2 and IL-6, as we hypothesize that
inflammatory biomarkers would be more
predictive of patient outcomes in an
enriched hyperinflammatory ARDS cohort.
In addition, we only measured plasma, not
BAL, biomarker concentrations. Although
local measurements are likely to provide a
more accurate assessment of ongoing lung
injury, we designed our study to use
samples that are readily available at the
bedside. Moreover, serum sST2
concentrations have been shown to

correlate with bronchial aspirate values
(19). We acknowledge the potential for
surveillance bias, as individuals who
remained mechanically ventilated for a
longer duration had more measurements
taken. In addition, we adopted a pragmatic
approach to liberation failure in our
secondary analysis and included, for
example, patients reintubated for a
procedure (Table E1). Although unlikely to
be associated with elevated biomarker
concentrations, the observation that
elevated sST2 concentrations on the day of
liberation associate with liberation failure
despite the inclusion of these patients only
strengthens our findings. Finally, although
earlier identification of patient readiness
for liberation would decrease
complications associated with mechanical
ventilation, it remains an open question
whether prolonging mechanical ventilation
in patients with ongoing evidence of lung
injury would improve patient outcomes.
Although this area deserves further study,
we argue that more objective
measurements of lung injury are critical to
advancing patient care and improving
outcomes in mechanically ventilated
patients.

Clinicians are currently limited in their
ability to predict the duration of mechanical
ventilation and likelihood of liberation
success in their patients, often because of a
reliance on physiologic parameters that may
not reflect the true degree of underlying lung
injury (40). With a growing population of
spontaneously breathing patients with AHRF
using noninvasive support devices, such as
high-flow nasal cannulas, plasma biomarkers
such as sST2 could provide meaningful
bedside assessment of lung injury to help
predict a patient’s clinical trajectory and need
for intubation (41, 42). Ultimately, although
this study remains observational, a
randomized clinical trial comparing
established biomarker thresholds versus
standard physiologic criteria to guide
ventilator management and determination of
patient readiness for liberation from
mechanical ventilation is needed.�

Author disclosures are available with the
text of this article at www.atsjournals.org.
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