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Abstract 

Background  In acute respiratory distress syndrome (ARDS), respiratory drive often differs among patients with simi‑
lar clinical characteristics. Readily observable factors like acid–base state, oxygenation, mechanics, and sedation depth 
do not fully explain drive heterogeneity. This study evaluated the relationship of systemic inflammation and vascular 
permeability markers with respiratory drive and clinical outcomes in ARDS.

Methods  ARDS patients enrolled in the multicenter EPVent-2 trial with requisite data and plasma biomarkers were 
included. Neuromuscular blockade recipients were excluded. Respiratory drive was measured as PES0.1, the change 
in esophageal pressure during the first 0.1 s of inspiratory effort. Plasma angiopoietin-2, interleukin-6, and interleu‑
kin-8 were measured concomitantly, and 60-day clinical outcomes evaluated.

Results  54.8% of 124 included patients had detectable respiratory drive (PES0.1 range of 0–5.1 cm H2O). Angiopoi‑
etin-2 and interleukin-8, but not interleukin-6, were associated with respiratory drive independently of acid–base, 
oxygenation, respiratory mechanics, and sedation depth. Sedation depth was not significantly associated with PES0.1 
in an unadjusted model, or after adjusting for mechanics and chemoreceptor input. However, upon adding angiopoi‑
etin-2, interleukin-6, or interleukin-8 to models, lighter sedation was significantly associated with higher PES0.1. Risk 
of death was less with moderate drive (PES0.1 of 0.5–2.9 cm H2O) compared to either lower drive (hazard ratio 1.58, 
95% CI 0.82–3.05) or higher drive (2.63, 95% CI 1.21–5.70) (p = 0.049).

Conclusions  Among patients with ARDS, systemic inflammatory and vascular permeability markers were indepen‑
dently associated with higher respiratory drive. The heterogeneous response of respiratory drive to varying sedation 
depth may be explained in part by differences in inflammation and vascular permeability.
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Background
Respiratory drive can vary considerably between patients 
receiving mechanical ventilation for acute respiratory 
failure [1]. Preserving some level of respiratory drive 
seems important to preventing diaphragm disuse atro-
phy and functional respiratory muscle weakness, which 
otherwise may impede liberation from the ventilator [2, 
3]. However, high drive might predispose to lung and 
diaphragm injury through dyssynchronous patient-venti-
lator interactions, high tidal volumes, and excessive dia-
phragm load [4, 5].

Critical illness is accompanied by a multitude of physi-
ological perturbations that can influence respiratory 
drive [6–8]. These factors may include chemoreceptor 
input from acid–base disturbances, hyper-/hypocapnia, 
and hyper-/hypoxemia; mechanoreceptor input resulting 
from pulmonary atelectasis, consolidation, and edema; 
and suprapontine input from depressed consciousness, 
anxiety, pain, and accompanying analgesics/sedatives 
[8]. To an extent, each of these factors is observable, and 
often routinely monitored, in clinical care.

We have found that substantial heterogeneity in res-
piratory drive exists among adult patients with acute res-
piratory failure even after accounting for these clinically 
observable factors [1]. Inflammation and vascular perme-
ability, though not as readily quantifiable clinically, may 
also influence respiratory drive [9–12]. Both systemic 
inflammation and vascular permeability are thought to 
be potential mediators of lung injury, multiorgan dys-
function, and mortality in ARDS [13]. While hyperin-
flammatory states and endothelial barrier dysfunction 
are common in critical illness, the degree of inflamma-
tion and vascular permeability can differ substantially 
between patients with acute respiratory failure, including 
those with acute respiratory distress syndrome (ARDS) 
[14–16].

The present study was conducted to evaluate the rela-
tionship of systemic inflammation and vascular perme-
ability markers with respiratory drive among patients 
with ARDS. We hypothesized that greater inflammation 
and endothelial barrier dysfunction are associated with 
higher respiratory drive and may help explain drive het-
erogeneity in patients with ARDS after accounting for 
other clinically observable factors. We also evaluated the 
association of respiratory drive with clinical outcomes.

Methods
Study participants
Patients enrolled in the multicenter EPVent-2 trial 
(NCT01681225) were evaluated for inclusion in this sub-
study. Eligibility criteria for the parent trial have been 
published previously [17] and include patients aged at 

least 16  years and undergoing invasive ventilation for 
early moderate or severe ARDS (PaO2/FiO2 ≤ 200  mm 
Hg). The trial compared two strategies for titrating posi-
tive end-expiratory pressure (PEEP): one guided by oxy-
genation and esophageal pressure combined, and one 
guided by oxygenation alone. There was no significant 
difference in primary or secondary clinical endpoints 
between treatment groups. All trial participants, regard-
less of randomized treatment allocation, underwent 
esophageal manometry per trial protocol.

Trial participants were excluded from this sub-study 
if esophageal pressure waveform recordings were una-
vailable for analysis at baseline or within one hour of 
enrollment, the period of interest for this analysis. Trial 
participants also were excluded if plasma biomark-
ers of inflammation were not obtained, or if the patient 
received neuromuscular blockade during the measure-
ments of interest.

Measure of respiratory drive
Airway flow, airway pressure, and esophageal pressure 
were measured as previously described [17] using dedi-
cated equipment for signal acquisition. Waveforms were 
recorded at a sampling rate of 60  Hz. The esophageal 
manometry catheter was positioned with the balloon in 
the mid-thoracic retrocardiac esophagus; placement was 
confirmed by visualization of cardiac pressure oscilla-
tions and a confirmatory maneuver consisting of chest 
wall push with airway occlusion during which an approx-
imately 1:1 change in airway:esophageal pressure was 
observed.

Respiratory drive was measured using PES0.1, the 
change in esophageal pressure during the first 0.1  s 
(100  ms) of patient inspiratory effort [18]. Inspiratory 
effort was detected by the abrupt negative deflection 
in slope of the PES-time tracing just prior to onset of a 
machine inspiratory cycle. Only efforts that resulted in 
triggering of a machine inspiratory cycle were considered.

PES0.1 measurements were performed on three rep-
resentative respiratory cycles and the average result 
reported. Representative cycles were characterized by the 
absence of recent coughing, swallowing, or esophageal 
spasm.

Vascular permeability, inflammation, and respiratory drive
Plasma angiopoietin-2 (angpt-2) was measured as a vas-
cular permeability marker [13, 19, 20]. Plasma cytokines 
interleukin-6 (IL-6) and interleukin-8 (IL-8) were meas-
ured as pro-inflammatory markers [13, 14]. Blood plasma 
samples were obtained at trial enrollment. Analytes were 
measured using the ProteinSimple Ella, a microfluidic 
multi-analyte immunoassay platform. Plasma biomarker 
concentrations were measured in triplicate, and the 
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average value was used for analyses. Values were log-
transformed for entry into models.

To visualize the crude relationship between plasma bio-
markers and respiratory drive, the range of PES0.1 across 
tertiles of biomarker values was examined. The associa-
tion of plasma biomarkers with respiratory drive was fur-
ther evaluated with a series of models. Respiratory drive, 
measured using PES0.1, was expected to have a semi-con-
tinuous distribution with zero-inflation and right-skewed 
positive values. To account for this distribution, we used 
marginalized two-part (MTP) models, modeling first the 
probability of having a zero-value, and then modeling the 
non-zero outcomes on a continuous positive domain [21, 
22], assuming a log-normal distribution. Covariates were 
entered for the non-zero continuous model, while an 
intercept-only model was used for the zero distribution.

With this statistical approach, a series of unadjusted 
models were developed entering each plasma biomarker 
as the independent variable. Then, a series of multi-
variable models were developed adjusting for variables 
known to modulate respiratory drive: mechanoreceptor 
inputs (end-inspiratory transpulmonary pressure, end-
expiratory transpulmonary pressure, and tidal volume 
scaled to predicted body weight), chemoreceptor inputs 
(pH, PaCO2, PaO2), and suprapontine input (sedation 
depth measured with Richmond Agitation-Sedation 
Scale [RASS]) [1, 8, 23, 24]. Although pain/discomfort is 
a potential contributor to respiratory drive, no measure 
of pain/discomfort was recorded in the trial, and thus it 
was not included in analyses.

Sensitivity analyses were performed replacing transpul-
monary pressure with airway driving pressure and PEEP, 
routinely clinically available measures. Similarly, addi-
tional models adjusted for clinically available surrogates 
of inflammation (temperature, white blood cell count) 
and organ injury (sequential organ failure assessment 
[SOFA]) to determine whether associations of plasma 
biomarkers with drive might be explained by clinically 
available data. To scrutinize robustness independent of 
modeling approach, analyses were repeated using hurdle 
models.

Sedation‑drive discordance
Marginalized two-part models as described above were 
also used to evaluate the relationship between sedation 
depth and respiratory drive. First, the unadjusted asso-
ciation of RASS with PES0.1 was evaluated. Then, a mul-
tivariable model was developed adjusting for clinically 
observable factors known to modulate respiratory drive: 
mechanics, chemoreceptor inputs, and suprapontine 
input, as described above.

Evaluation for potential confounding by vascular 
permeability or inflammation—which are not readily 

quantified clinically—was then evaluated in two series of 
models. First, plasma biomarkers were added to the mul-
tivariable marginalized two-part models to establish their 
association with respiratory drive and determine whether 
the relationship of sedation depth with respiratory drive 
changed after adjusting for between-patient differences 
in vascular permeability or systemic inflammation. Sec-
ond, linear regression was used to explore whether vas-
cular permeability or inflammation also correlated with 
sedation depth.

Respiratory drive and clinical outcomes
The relationship between respiratory drive and favora-
ble clinical outcomes was hypothesized to be U-shaped, 
with the best outcome anticipated among patients with 
moderate drive compared to those with high or low drive. 
To accommodate this non-linear relationship, patients 
were classified as having low drive if PES0.1 was less than 
0.5  cm H2O, moderate drive if between 0.5 and 2.9  cm 
H2O, and high drive if 3.0  cm H2O or higher, values 
selected a priori based on available literature [8, 25].

The unadjusted association between respiratory drive 
class and 60-day mortality was visualized with Kaplan–
Meier plots, which were compared using the log-rank 
test. Unadjusted Cox proportional hazards models were 
used to provide effect estimates for the association of 
drive class with 60-day mortality. Multivariable mod-
els were developed to account for potential confounders 
and well-established prognostic factors, incorporating 
measures of lung injury severity and multiorgan failure 
to improve effect estimate precision. The primary mul-
tivariable model adjusted for study arm and baseline 
values of airway driving pressure, PaO2/FiO2, ventila-
tory ratio (a surrogate of dead-space fraction [26]), and 
non-pulmonary sequential organ failure assessment 
(SOFA). Sensitivity analyses were conducted using more 
parsimonious and more expansive covariate adjustments 
(Additional file 1). The proportional hazards assumption 
was assessed per the method of Lin, Wei, and Ying [27], 
and by plotting Schoenfeld residuals versus time for the 
covariate of interest. For all Cox models, the Wald type-3 
test was used to test the effect of PES0.1 class as a 3-level 
non-ordinal class variable.

Ventilator-free days were computed per the ARDSNet 
method as the number of days between successful lib-
eration from mechanical ventilation and study day 28, 
assigning a value of zero free days for non-survivors [28], 
The association between respiratory drive class and ven-
tilator-free days was evaluated via zero-inflated Poisson 
regression. Covariate adjustment mirrored that for the 
survival analyses detailed above, and an intercept-only 
zero-model was assumed.
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Common statistical procedures
Analyses were performed using SAS 9.4. For all analyses, 
p < 0.05 was considered statistically significant without 
adjustment for multiple comparisons.

Results
Patient characteristics
Of 200 enrolled patients in the EPVent-2 trial, 2 patients 
were excluded for missing respiratory waveform record-
ing files, 7 for missing plasma biomarkers, and 67 for 
neuromuscular blockade reported during waveform 
recordings. Thus, 124 patients enrolled across 12 sites 
were included in analyses (Additional file  1: Table  E1). 
Their baseline characteristics are presented in Table  1 
and Additional file 1: Table E2.

Sixty-eight of the 124 included patients (54.8%) had 
respiratory drive detectable with PES0.1 during the first 

hour of enrollment. Among those with detectable drive, 
the mean PES0.1 was 2.4 (standard deviation 1.2, maxi-
mum 5.1) cm H2O.

Inflammation, vascular permeability, and respiratory drive
The association of plasma biomarkers with PES0.1 is 
shown in Figs. 1 and 2.

Angiopoietin-2 entered as a continuous variable was 
significantly associated with respiratory drive (17.6% 
increase in PES0.1 per 1-unit increase in log-angiopoi-
etin-2) in unadjusted analysis. Higher angiopoietin-2 
remained significantly associated with higher drive in a 
multivariable model adjusting for mechanics, chemore-
ceptor input, and sedation depth.

IL-6 was not significantly associated with respiratory 
drive in unadjusted or adjusted models.

Table 1  Baseline characteristics of study participants

Variable All patients (n = 124) Respiratory drive 
present (n = 68)

Respiratory drive 
absent (n = 56)

Difference (95% CI)

Age, years 58 ± 15 61 ± 15 55 ± 16 5 (0–11)

Female 60 (48.4%) 35 (51.5%) 25 (44.6%) 6.8 (− 10.8 to 24.5)

Body mass index, kg/m2 33.1 ± 12.2 31.6 ± 12.5 35.0 ± 11.8 − 3.4 (− 7.8 to 0.9)

APACHE-II 27 ± 7 26 ± 7 28 ± 7 − 2 (− 5 to 0)

SOFA 11 ± 4 10 ± 3 12 ± 4 − 2 (− 3 to 0)

Duration of invasive ventilation prior to enrollment, hours 23 ± 12 21 ± 12 25 ± 13 -4 (-8 to 0)

Concomitant diagnoses

 Pneumonia 94 (75.8%) 50 (73.5%) 44 (78.6%) − 5.0 (− 20.1 to 10.0)

Sepsis 109 (87.9%) 59 (86.8%) 50 (89.3%) − 2.5 (− 13.9 to 8.9)

Shock requiring vasopressor or inotrope 68 (54.8%) 33 (48.5%) 35 (62.5%) − 14.0 (− 31.4 to 3.4)

Sedation depth, Richmond agitation-sedation scale (RASS) − 3 [− 4 to − 2] − 3 [− 4 to − 2] − 4 [− 4 to − 2] 0 (0–1)

Arterial blood gas

 pH 7.34 ± 0.08 7.36 ± 0.08 7.33 ± 0.09 0.03 (0.00 to 0.06)

 PaCO2, mm Hg 44 ± 11 42 ± 9 45 ± 13 -2 (-6 to 2)

 PaO2, mm Hg 78 ± 24 75 ± 18 81 ± 30 -5 (-14 to 3)

PaO2:FiO2 107 ± 37 106 ± 32 107 ± 42 − 1 (− 14 to 12)

Tidal volume, mL 398 ± 73 384 ± 67 415 ± 77 − 31 (− 57 to − 5)

Tidal volume, mL/kg PBW 6.5 ± 1.1 6.5 ± 1.0 6.6 ± 1.1 − 0.1 (− 0.5 to 0.3)

Set PEEP, cm H2O 13 ± 4 12 ± 4 14 ± 4 − 2 (− 3 to 0)

Respiratory rate, breaths/min 25 ± 5 25 ± 5 25 ± 5 0 (− 1 to 2)

Minute ventilation, L/min 9.9 ± 2.5 9.8 ± 2.3 10.1 ± 2.7 − 0.3 (− 1.2 to 0.5)

Ventilatory ratio 1.9 ± 0.5 1.9 ± 0.5 1.9 ± 0.5 0.0 (− 0.2 to 0.2)

Mechanics

 Plateau pressure, cm H2O 27 ± 5 26 ± 6 28 ± 5 − 2 (− 4 to − 1)

 Airway driving pressure, cm H2O 13 ± 4 13 ± 4 13 ± 3 0 (− 2 to 1)

 Lung end-inspiratory pressure, cm H2O 8 ± 5 8 ± 5 7 ± 5 2 (0–4)

 Lung end-expiratory pressure, cm H2O − 2 ± 4 − 1 ± 4 − 2 ± 5 1 (0–3)

 Respiratory system compliance, cm H2O 34 ± 14 34 ± 17 33 ± 10 1 (− 4 to 6)

 Lung compliance, mL/cm H2O 50 ± 25 49 ± 25 52 ± 25 − 2 (− 11 to 7)

Assigned to esophageal pressure-guided PEEP trial arm 62 (50.0%) 31 (45.6%) 31 (55.4%) − 9.8 (− 27.4 to 7.8)
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IL-8 was not significantly associated with respiratory 
drive in an unadjusted model. However, after adjusting 
for mechanics, chemoreceptor input, and sedation depth, 
higher IL-8 was also significantly associated with higher 
respiratory drive.

Sensitivity analyses demonstrated robustness of find-
ings for angiopoetin-2, IL-6, and IL-8 to alternative mod-
eling approaches and entering alternative measures of 
respiratory mechanics and clinical surrogates of inflam-
mation that are routinely monitored in clinical practice 
(Additional file 1: Tables E3 and E4).

Sedation depth and respiratory drive
Sedation depth assessed via RASS ranged between una-
rousable (RASS −5) to awake and agitated (RASS +2), 
with a median RASS of −3 (interquartile range −4 to 
−2). Sedation depth was not significantly associated 
with PES0.1 in an unadjusted model, or in a multivari-
able model adjusting for mechanics and chemoreceptor 
input (Table 2). However, after plasma biomarkers angi-
opoietin-2, IL-6, or IL-8 were added to models, lighter 
sedation (higher RASS) was significantly associated with 
higher PES0.1 (Table 2). Similar findings were observed in 
sensitivity analyses replacing measures of transpulmo-
nary pressure with routinely clinically available measures 
of mechanics: the positive correlation of RASS with drive 
was statistically significant only after adjusting for plasma 
biomarkers of vascular permeability or inflammation 
(Additional file 1: Table E5).

To evaluate the role of vascular permeability and 
inflammation as potential confounders between sedation 
depth and respiratory drive, the unadjusted correlation 
between plasma biomarkers and RASS also was evalu-
ated. RASS was significantly inversely correlated with 
IL-6 (Pearson r: −0.36, 95% CI − 0.52 to − 0.17; p < 0.01) 
and IL-8 (Pearson r: −0.29, 95% CI − 0.47 to − 0.10; 
p < 0.01), but not angiopoietin-2 (Pearson r: −0.14, 95% 
CI − 0.33 to 0.07; p = 0.18), indicating deeper sedation 
depth was observed among patients with a more pro-
inflammatory immune response.

Respiratory drive and clinical outcomes
Low respiratory drive, defined as PES0.1 < 0.5  cm H2O, 
was observed in 45% of patients, all of whom had PES0.1 
of 0 cm H2O indicative of no drive. Moderate respiratory 
drive, defined as PES0.1 of 0.5–2.9 cm H2O, was observed 
in 38% of patients, in whom median PES0.1 was 1.6 (inter-
quartile range 1.3–2.3) cm H2O. High respiratory drive, 
defined as PES0.1 ≥ 3.0 cm H2O, was observed in 17% of 
patients, in whom median PES0.1 was 3.4 (interquartile 
range 3.2–4.4) cm H2O.

Mortality differed significantly by level of respiratory 
drive (Kaplan–Meier log-rank p = 0.04) and was lowest 
among patients with moderate respiratory drive (Fig. 3). 
Compared to patients with moderate drive (PES0.1 of 
0.5–2.9 cm H2O), the hazard ratio for death for patients 
with lower drive was 1.58, 95% CI 0.82–3.05, while the 
hazard ratio for death for patients with higher drive was 

Fig. 1  Association of circulating inflammatory biomarkers 
angiopoietin-2, interleukin-6, and interleukin-8, with respiratory 
drive. To facilitate data visualization, the range of PES0.1 across tertiles 
of biomarker values is shown
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Model Formulation
Mean (95% CI) Percent Change in PES0.1 per 

1-unit Increase in Log-Biomarker Concentration
P-value

Lower PES0.1  
with higher 

plasma biomarker 
concentration

Higher PES0.1  
with higher 

plasma biomarker 
concentration

Percent Change in PES0.1

Fig. 2  Association of circulating plasma concentration of inflammatory biomarkers angiopoietin-2, interleukin-6, and interleukin-8, with respiratory 
drive in univariable and multivariable models. Adjusted model 1 includes the biomarker of interest and measures of lung mechanics (tidal volume 
scaled to predicted body weight, end-inspiratory transpulmonary pressure, end-expiratory transpulmonary pressure), chemoreceptor input 
(pH, PaCO2, PaO2) and sedation depth (Richmond agitation-sedation score [RASS]). Adjusted model 2 includes all covariates in adjusted model 
1 plus clinical markers of inflammation (maximum temperature and white blood cell count in the 24 h preceding enrollment) and an index 
of multiorgan dysfunction (sequential organ failure assessment [SOFA]). The biomarker of interest was entered as a continuous log-transformed 
variable into each model. Additional sensitivity analyses with alternative model formulations are reported in the online supplement

Table 2  Association of RASS with respiratory drive in marginalized two-part models

a AIC refers to Akaike information criterion, an index of how well the model fits the data. AIC is calculated from the model’s maximum likelihood and includes a penalty 
for increasing the number of independent variables in the model. Lower AIC signifies better model fit
b Core multivariable model includes the following covariates: tidal volume per predicted body weight, end-inspiratory transpulmonary pressure, end-expiratory 
transpulmonary pressure, pH, PaCO2, PaO2, Richmond agitation-sedation score (RASS)
c Coefficients for biomarkers in this model are presented in Table 2. Angiopoietin-2 and IL-8 were also significantly associated with PES0.1

Model specification Model AICa Percent change in PES0.1 per 
1-unit change in RASS

95% CI for RASS p value 
for RASS

RASS only 336.3 5.9% − 2.9 to 15.5% 0.19

Core multivariable model adjusting for mechanics, 
chemoreceptor input, and sedation deptha

318.9 9.2% − 0.5 to 19.7% 0.06

Core multivariable modelb plus angiopoetin-2c 312.4 11.7% 2.5–21.7% 0.01

Core multivariable modelb plus interleukin-6c 320.2 11.4% 0.7% to 23.4% 0.04

Core multivariable modelb plus interleukin-8c 317.4 12.9% 2.6–24.3% 0.01
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2.63, 95% CI 1.21–5.70 (p = 0.049 for 3-level non-ordinal 
class variable).

In the main multivariable model, level of respiratory 
drive remained significantly associated with 60-day mor-
tality after adjusting for treatment group, airway driving 
pressure, PaO2/FiO2, ventilatory ratio, and non-pulmo-
nary SOFA. Compared to patients with moderate drive, 
the hazard ratio for death with lower drive was 1.36, 95% 
CI 0.68–2.72, while the hazard ratio for death with higher 
drive was 2.62, 95% CI 1.20–5.73 (p = 0.049 for 3-level 
non-ordinal class variable). The relationship between 
level of respiratory drive and mortality remained statis-
tically significant and qualitatively similar in sensitivity 
analyses with more parsimonious and more extensive 
covariate formulations, including after adjustment for 
biomarker plasma levels (Additional file  1: Table  E6). 
Mortality was lowest among patients with moderate res-
piratory drive consistently across analyses.

Ventilator-free days did not differ significantly by level 
of respiratory drive in an unadjusted zero-inflated Pois-
son model (p = 0.09). However, in the main multivariable 
model, level of respiratory drive was significantly associ-
ated with ventilator-free days after adjusting for treatment 

group, airway driving pressure, PaO2/FiO2, ventilatory 
ratio, and non-pulmonary SOFA. In this model, ventila-
tor-free days appeared highest among patients with the 
highest respiratory drive class. The difference between 
low versus moderate drive appeared negligible. A similar 
pattern was observed across sensitivity analyses (Addi-
tional file 1: Table E7).

Discussion
To our knowledge, this study is the first to investigate 
the association between vascular permeability, systemic 
inflammation, and respiratory drive in patients with 
acute respiratory failure. Three major findings are of 
note. First, greater vascular permeability and systemic 
inflammation, signified by circulating angiopoietin-2 
and IL-8, were associated with higher respiratory drive 
independent of known drive-determining factors. In 
unadjusted analysis, however, only angiopoietin-2, a 
marker of vascular permeability, was correlated with 
respiratory drive. Second, heterogeneity in respira-
tory drive at a given sedation depth was explained in 
part by differences in vascular permeability and sys-
temic inflammation. Finally, patients with moderate 
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respiratory drive had lower 60-day mortality than 
patients with either low or high drive.

At least three overarching mechanisms exist by which 
vascular permeability and systemic inflammation may 
influence ventilatory control.

First, some cytokines may directly access the brain: 
by active transport and/or traversing the modified bar-
rier of the circumventricular organs [29–33]. Blood–
brain barrier dysfunction is common in critical illness 
and may be mediated in part by angiopoietin-2 [34–36], 
a potent regulator of endothelial barrier function and 
vascular permeability that is often elevated in critical 
illness [19, 20, 37].

Second, inflammatory signals may be transmitted 
neurally across the blood–brain barrier by peripheral 
neurosensory afferents of the vagus and carotid sinus 
nerves, which express cytokine receptors at the viscera 
and carotid body, respectively [38–41]. In the present 
study, higher plasma levels of  angiopoietin-2 and IL-8 
were correlated with higher drive, of potential rel-
evance to both mechanisms. Robust inflammation and 
vascular permeability may also indirectly influence 
drive through effects on gas exchange, perfusion, and 
respiratory mechanics.

Third, vascular permeability and systemic inflamma-
tion may be part of a positive feedback loop as higher 
respiratory drive contributes to patient self-inflicted lung 
injury (P-SILI), for example through high tidal volumes, 
breath stacking, and regional strain/pendelluft [4, 42–
44]. P-SILI in turn causes additional inflammation and 

vascular injury, increasing respiratory drive further. This 
resultant positive feedback loop is potentially deleterious.

The potential role of systemic inflammation and vas-
cular permeability as occult determinants of respiratory 
drive also bears clinical relevance in light of the routine 
practice [45–47], often ineffective [1, 48], of deepening 
sedation in attempt to achieve respirolysis. Respiratory 
drive can differ considerably between critically ill patients 
at any given sedation depth [1], and such heterogeneity 
is not fully explained by routinely clinically measured 
factors (e.g. pH, PaCO2, PaO2, respiratory mechan-
ics, sedation depth, pain). This study identifies systemic 
inflammation and vascular permeability as potential 
sources of drive heterogeneity. Therefore, sedatives and 
analgesics that are potent respirolytics in healthy indi-
viduals [49–53] may not consistently attenuate drive in 
critical illness in part because hyperinflammatory states 
and endothelial barrier dysfunction can differ between 
patients [14, 15, 54]. A theoretical depiction of the com-
plex relationships contributing to respiratory drive in 
critical illness is shown in Fig. 4.

This study observed that ARDS patients with moderate 
drive had lower mortality than those with lower or higher 
drive. Mechanistically, low drive could predispose to dia-
phragm disuse atrophy and atelectasis (from non-varia-
ble tidal insufflation), and signify depressed cough reflex 
that impedes secretion clearance [2, 3]. High drive may 
cause injury through greater lung strain and diaphragm 
load [55]. However, risks of lung and diaphragm injury 
undoubtedly are nonuniform between patients, even in 
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ARDS. Spontaneous breathing of course is a prerequi-
site for liberation from invasive mechanical ventilation 
and may explain the association between higher baseline 
drive and more ventilator-free days in this observational 
cohort—though notably high drive also was associated 
with higher mortality.

Limitations
Noteworthy limitations of this study include the follow-
ing. This analysis relied on observational data for which 
causality cannot be ascertained. The relationship of res-
piratory drive with inflammation, endothelial injury, and 
other drive determinants is undoubtedly complex and, in 
some cases, may be bidirectional. For example, high res-
piratory drive may increase inflammation and endothe-
lial permeability through P-SILI (potential reverse 
causation). We would speculate an injurious positive 
feedback loop between inflammation/endothelial perme-
ability, respiratory drive, and lung injury is most likely. 
This study’s cross-sectional design also precludes evalu-
ation of the within-patient relationship between changes 
in systemic inflammation, endothelial permeability, and 
respiratory drive.

No index of pain was recorded in the dataset. While 
thought to be infrequent with current best practice, 
untreated pain could contribute to increased respiratory 
drive.

The clinical trial from which data were obtained did 
not prospectively measure respiratory drive, which was 
instead quantified post-hoc via PES0.1 from waveform 
recordings. Other techniques for quantifying drive, such 
as Pairway0.1, pressure–time product, or work of breath-
ing, were not available because they require specific ven-
tilator maneuvers and/or observation of passive chest 
wall mechanics.

This hypothesis-generating analysis did not exhaus-
tively interrogate inflammatory or vascular path-
ways. Other pro-inflammatory, anti-inflammatory and 
endothelial/vascular biomarkers, including cytokines, 
reactive oxygen species, and signaling pathways that may 
be pertinent to respiratory drive were not measured. 
Which circulating molecules and pathways are mecha-
nistically linked—potentially relevant for targeted inter-
vention—remains to be determined.

This study’s definition for moderate drive (PES0.1 0.5–
2.9  cm H2O) was formulated to account for the upper 
limit beyond which accessory inspiratory muscle use 
may occur [8, 25], thus approximating the normal range 
in health. Mechanisms by which extremes of respiratory 
drive might worsen clinical outcomes were not evaluated 
in this study, and it remains possible this association is 
largely an epiphenomenon signifying illness severity.

Unpacking the determinants and clinical significance 
of respiratory drive is a complicated exercise given the 
complex pathways modulating control of breathing, 
inflammation, and endothelial barrier function, and the 
dynamic nature of both respiratory drive and critical ill-
ness. This study highlights inflammation and vascular 
permeability as potential contributors to respiratory 
drive heterogeneity and redemonstrates an association 
between respiratory drive extremes and untoward clini-
cal outcomes. However, it does not provide sufficient 
insight to guide clinical care. Whether targeting any par-
ticular range of respiratory drive is beneficial in acute 
respiratory failure remains untested.

Conclusions
In this cross-sectional study of critically ill adults with 
ARDS, markers of systemic inflammation and vascu-
lar permeability were independently associated with 
higher respiratory drive. These data suggest the hetero-
geneous response of respiratory drive to sedation may be 
explained in part by heterogeneity in systemic inflamma-
tion and vascular endothelial barrier dysfunction during 
critical illness. Patients with moderate respiratory drive, 
approximating the normal physiologic range, experi-
enced lowest risk of death. Whether therapeutically tar-
geting any particular level of respiratory drive affords 
clinical benefit remains untested.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13054-​024-​04920-4.

Additional file 1. Supplementary E-tables.

Acknowledgements
The authors would like to thank all of the patients and families who made this 
study possible, and the many hospital and research staff who contributed 
their time and expertise to this work.
Group authorship: The EPVent-2 study group includes: Daniel Talmor, Todd 
Sarge, Valerie Goodspeed, Emily Fish, Sayuri Jinadasa, Ray Ritz, Joseph 
Previtera, Michelle N. Gong, Lawrence Lee, Jeremy R. Beitler, Deborah Cook, 
France Clarke, Tom Piraino, Joseph Levitt, Rosemary Vojnik, Pauline Park, 
Kristin Brierley, Carl Haas, Andrew Weirauch, Eddy Fan, Andrea Matte, R. Scott 
Harris, Mamary Kone, Stephen Heard, Karen Longtine, Franćois Lellouche, 
Pierre-Alexandre Bouchard, Lewis Rubinson, Jennifer McGrain, Donald E. G. 
Griesdale, Denise Foster, Richard Oeckler, Amy Amsbaugh, Edgar Jimenez, 
Valerie Danesh.

Author contributions
Concept and design: JRB. Acquisition of data: EBK, EM, TS, VMG, MAM, MNG, 
DC, SHL, DT, JRB. Interpretation of data: all authors. Statistical analysis: JRB. 
Drafting of manuscript: EBK, JRB. Critical revision of manuscript for intellec‑
tual content: all authors. Procurement of funding: VMG, DT, JRB. JRB had full 
access to all the data and takes responsibility for the integrity of the data and 
accuracy of the data analysis.

https://doi.org/10.1186/s13054-024-04920-4
https://doi.org/10.1186/s13054-024-04920-4


Page 10 of 11Baedorf‑Kassis et al. Critical Care          (2024) 28:136 

Funding
This study was funded by the US National Heart, Lung, and Blood Institute 
(grants UM1-HL108724, R01-HL168102, R21-HL145506).

Availability of data and materials
The datasets used during the current study are available from the correspond‑
ing author.

Declarations

Ethics approval and consent to participate
The parent clinical trial was approved by the institutional review board of each 
participating site. Informed consent was obtained for all participants. Separate 
approval was not required for this secondary analysis of a de-identified 
dataset.

Competing interests
The authors declare they have no competing interests directly related to this 
study. Unrelated to this study, the authors provide the following disclosures. 
Dr. Baedorf-Kassis reports receiving honoraria and travel reimbursement from 
Hamilton Medical for presenting at continuing education workshops. Dr. 
Dzierba reports serving as a Council Member for the Society of Critical Care 
Medicine. Dr. Gong reports fees from Endpoint for serving on the scientific 
advisory panel, fees from Regeneron for serving on the data safety monitoring 
board of a clinical trial, and serves on the Executive Committee for the Ameri‑
can Thoracic Society. Dr. Beitler reports prior consulting fees from Sedana 
Medical, Global Blood Therapeutics, Biomarck, and Arrowhead for work on 
advisory committees, and fees from Hamilton Medical for work as medical 
monitor of a clinical trial.

Author details
1 Division of Pulmonary and Critical Care Medicine, Beth Israel Deaconess Med‑
ical Center, Harvard Medical School, Boston, MA, USA. 2 Columbia Respiratory 
Critical Care Trials Group, Columbia University College of Physicians and Sur‑
geons, and New York-Presbyterian Hospital, 622 West 168th Street, New York, 
NY 10032, USA. 3 Center for Acute Respiratory Failure, New York-Presbyterian 
Hospital, New York, NY, USA. 4 Department of Pharmacy, New York-Presbyterian 
Hospital, New York, NY, USA. 5 Departments of Medicine and Anesthesia, 
University of California San Francisco, San Francisco, CA, USA. 6 Department 
of Anesthesia, Critical Care, and Pain Medicine, Beth Israel Deaconess Medical 
Center, Harvard Medical School, Boston, MA, USA. 7 Department of Critical Care 
Medicine, Montefiore Medical Center and Albert Einstein College of Medicine, 
Bronx, NY, USA. 8 St. Joseph’s Hospital and McMaster University, Hamilton, ON, 
Canada. 

Received: 25 October 2023   Accepted: 17 April 2024

References
	1.	 Dzierba AL, Khalil AM, Derry KL, Madahar P, Beitler JR. Discordance 

between respiratory drive and sedation depth in critically ill patients 
receiving mechanical ventilation. Crit Care Med. 2021;49:2090–101.

	2.	 Levine S, Nguyen T, Taylor N, Friscia ME, Budak MT, Rothenberg P, et al. 
Rapid disuse atrophy of diaphragm fibers in mechanically ventilated 
humans. N Engl J Med. 2008;358:1327–35.

	3.	 Jaber S, Petrof BJ, Jung B, Chanques G, Berthet J-P, Rabuel C, et al. Rap‑
idly progressive diaphragmatic weakness and injury during mechanical 
ventilation in humans. Am J Respir Crit Care Med. 2011;183:364–71.

	4.	 Beitler JR, Sands SA, Loring SH, Owens RL, Malhotra A, Spragg RG, et al. 
Quantifying unintended exposure to high tidal volumes from breath 
stacking dyssynchrony in ARDS: the BREATHE criteria. Intensive Care 
Med. 2016;42:1427–36.

	5.	 Goligher EC, Dres M, Patel BK, Sahetya SK, Beitler JR, Telias I, et al. Lung 
and diaphragm-protective ventilation. Am J Respir Crit Care Med. 
2020;202:950–61.

	6.	 Dempsey JA, Smith CA. Pathophysiology of human ventilatory control. 
Eur Respir J. 2014;44:495–512.

	7.	 Horn EM, Waldrop TG. Suprapontine control of respiration. Respir 
Physiol. 1998;114:201–11.

	8.	 Spinelli E, Mauri T, Beitler JR, Pesenti A, Brodie D. Respiratory drive in the 
acute respiratory distress syndrome: pathophysiology, monitoring, and 
therapeutic interventions. Intensive Care Med. 2020;46:606–18.

	9.	 Hocker AD, Stokes JA, Powell FL, Huxtable AG. The impact of inflamma‑
tion on respiratory plasticity. Exp Neurol. 2017;287:243–53.

	10.	 Jacono FJ, Mayer CA, Hsieh Y-H, Wilson CG, Dick TE. Lung and brainstem 
cytokine levels are associated with breathing pattern changes in a rodent 
model of acute lung injury. Respir Physiol Neurobiol. 2011;178:429–38.

	11.	 Jacono FJ, Peng Y-J, Nethery D, Faress JA, Lee Z, Kern JA, et al. Acute lung 
injury augments hypoxic ventilatory response in the absence of systemic 
hypoxemia. J Appl Physiol. 2006;101:1795–802.

	12.	 Preas HL, Jubran A, Vandivier RW, Reda D, Godin PJ, Banks SM, et al. Effect 
of endotoxin on ventilation and breath variability: role of cyclooxygenase 
pathway. Am J Respir Crit Care Med. 2001;164:620–6.

	13.	 Matthay MA, Zemans RL, Zimmerman GA, Arabi YM, Beitler JR, Mercat A, 
et al. Acute respiratory distress syndrome. Nat Rev Dis Prim. 2019;5:18.

	14.	 Calfee CS, Delucchi K, Parsons PE, Thompson BT, Ware LB, Matthay MA, 
et al. Subphenotypes in acute respiratory distress syndrome: latent class 
analysis of data from two randomised controlled trials. Lancet Respir 
Med. 2014;2:611–20.

	15.	 Heijnen NFL, Hagens LA, Smit MR, Cremer OL, Ong DSY, van der Poll T, 
et al. Biological subphenotypes of acute respiratory distress syndrome 
show prognostic enrichment in mechanically ventilated patients 
without acute respiratory distress syndrome. Am J Respir Crit Care Med. 
2021;203:1503–11.

	16.	 Famous KR, Delucchi K, Ware LB, Kangelaris KN, Liu KD, Thompson BT, 
et al. Acute respiratory distress syndrome subphenotypes respond dif‑
ferently to randomized fluid management strategy. Am J Respir Crit Care 
Med. 2017;195:331–8.

	17.	 Beitler JR, Sarge T, Banner-Goodspeed VM, Gong MN, Cook D, Novack V, 
et al. Effect of titrating positive end-expiratory pressure (PEEP) with an 
esophageal pressure–guided strategy vs an empirical high PEEP-FiO2 
strategy on death and days free from mechanical ventilation among 
patients with acute respiratory distress syndrome: a randomized clinical 
trial. JAMA. 2019;321:846–57.

	18.	 Conti G, Cinnella G, Barboni E, Lemaire F, Harf A, Brochard L. Estimation 
of occlusion pressure during assisted ventilation in patients with intrinsic 
PEEP. Am J Respir Crit Care Med. 1996;154:907–12.

	19.	 Agrawal A, Matthay MA, Kangelaris KN, Stein J, Chu JC, Imp BM, et al. 
Plasma angiopoietin-2 predicts the onset of acute lung injury in critically 
ill patients. Am J Respir Crit Care Med. 2013;187:736–42.

	20.	 David S, Mukherjee A, Ghosh CC, Yano M, Khankin EV, Wenger JB, et al. 
Angiopoietin-2 may contribute to multiple organ dysfunction and death 
in sepsis. Crit Care Med. 2012;40:3034–41.

	21.	 Neelon B, O’Malley AJ, Smith VA. Modeling zero-modified count and 
semicontinuous data in health services research part 1: background and 
overview. Stat Med. 2016;35:5070–93.

	22.	 Voronca DC, Gebregziabher M, Durkalski-Mauldin V, Liu L, Egede LE. 
MTPmle: a SAS macro and Stata programs for marginalized inference in 
semi-continuous data. J Stat Softw [Internet]. 2018 [cited 2022 Mar 3];87. 
Available from: http://​www.​jstat​soft.​org/​v87/​i06/

	23.	 Vaporidi K, Akoumianaki E, Telias I, Goligher EC, Brochard L, Georgopoulos 
D. Respiratory drive in critically ill patients: pathophysiology and clinical 
implications. Am J Respir Crit Care Med. 2020;201:20–32.

	24.	 Haberthür C, Guttmann J. Short-term effects of positive end-expiratory 
pressure on breathing pattern: an interventional study in adult intensive 
care patients. Crit Care. 2005;9:R420.

	25.	 Perrigault PF, Pouzeratte YH, Jaber S, Capdevila XJ, Hayot M, Boccara G, 
et al. Changes in occlusion pressure (P0.1) and breathing pattern during 
pressure support ventilation. Thorax. 1999;54:119–23.

	26.	 Sinha P, Calfee CS, Beitler JR, Soni N, Ho K, Matthay MA, et al. Physiological 
analysis and clinical performance of the ventilatory ratio in acute respira‑
tory distress syndrome. Am J Respir Crit Care Med. 2019;199:333–41.

	27.	 Lin DY, Wei LJ, Ying Z. Checking the Cox model with cumulative sums of 
martingale-based residuals. Biometrika. 1993;80:557–72.

	28.	 Schoenfeld DA, Bernard GR, ARDS Network. Statistical evaluation of 
ventilator-free days as an efficacy measure in clinical trials of treatments 
for acute respiratory distress syndrome. Crit Care Med. 2002;30:1772–7.

http://www.jstatsoft.org/v87/i06/


Page 11 of 11Baedorf‑Kassis et al. Critical Care          (2024) 28:136 	

	29.	 Banks WA, Kastin AJ, Durham DA. Bidirectional transport of interleukin-1 
alpha across the blood–brain barrier. Brain Res Bull. 1989;23:433–7.

	30.	 Banks WA, Kastin AJ, Gutierrez EG. Penetration of interleukin-6 across the 
murine blood–brain barrier. Neurosci Lett. 1994;179:53–6.

	31.	 Banks WA, Kastin AJ, Broadwell RD. Passage of cytokines across the 
blood–brain barrier. NeuroImmunoModulation. 1995;2:241–8.

	32.	 Banks W. Blood–brain barrier transport of cytokines: a mechanism for 
neuropathology. Curr Pharm Des. 2005;11:973–84.

	33.	 Plotkin SR, BanksP WA, Kastin AJ. Comparison of saturable transport and 
extracellular pathways in the passage of interleukin-1 α across the blood-
brain barrier. J Neuroimmunol. 1996;67:41–7.

	34.	 Li Z, Korhonen EA, Merlini A, Strauss J, Wihuri E, Nurmi H, et al. Angiopoi‑
etin-2 blockade ameliorates autoimmune neuroinflammation by inhibit‑
ing leukocyte recruitment into the CNS. J Clin Invest. 2020;130:1977–90.

	35.	 Gurnik S, Devraj K, Macas J, Yamaji M, Starke J, Scholz A, et al. Angiopoi‑
etin-2-induced blood–brain barrier compromise and increased stroke 
size are rescued by VE-PTP-dependent restoration of Tie2 signaling. Acta 
Neuropathol. 2016;131:753–73.

	36.	 Avraham HK, Jiang S, Fu Y, Nakshatri H, Ovadia H, Avraham S. Angiopoi‑
etin-2 mediates blood–brain barrier impairment and colonization of 
triple-negative breast cancer cells in brain: Ang-2 mediates breast cancer 
colonization in brain. J Pathol. 2014;232:369–81.

	37.	 Stiehl T, Thamm K, Kaufmann J, Schaeper U, Kirsch T, Haller H, et al. Lung-
targeted RNA interference against angiopoietin-2 ameliorates multiple 
organ dysfunction and death in sepsis. Crit Care Med. 2014;42:e654–62.

	38.	 Tracey KJ. Reflex control of immunity. Nat Rev Immunol. 2009;9:418–28.
	39.	 Zapata P, Larraín C, Reyes P, Fernández R. Immunosensory signalling by 

carotid body chemoreceptors. Respir Physiol Neurobiol. 2011;178:370–4.
	40.	 Mkrtchian S, Kåhlin J, Ebberyd A, Gonzalez C, Sanchez D, Balbir A, et al. 

The human carotid body transcriptome with focus on oxygen sensing 
and inflammation - a comparative analysis: the human carotid body 
oxygen sensing gene expression. J Physiol. 2012;590:3807–19.

	41.	 Kåhlin J, Mkrtchian S, Ebberyd A, Hammarstedt-Nordenvall L, Nordlander 
B, Yoshitake T, et al. The human carotid body releases acetylcholine, ATP 
and cytokines during hypoxia: neurotransmitters and cytokines released 
by the human hypoxic carotid body. Exp Physiol. 2014;99:1089–98.

	42.	 Brochard L, Slutsky A, Pesenti A. Mechanical ventilation to minimize pro‑
gression of lung injury in acute respiratory failure. Am J Respir Crit Care 
Med. 2017;195:438–42.

	43.	 Yoshida T, Uchiyama A, Matsuura N, Mashimo T, Fujino Y. The comparison 
of spontaneous breathing and muscle paralysis in two different severities 
of experimental lung injury. Crit Care Med. 2013;41:536–45.

	44.	 Yoshida T, Torsani V, Gomes S, De Santis RR, Beraldo MA, Costa ELV, et al. 
Spontaneous effort causes occult pendelluft during mechanical ventila‑
tion. Am J Respir Crit Care Med. 2013;188:1420–7.

	45.	 Hansen-Flaschen JH, Brazinsky S, Basile C, Lanken PN. Use of sedat‑
ing drugs and neuromuscular blocking agents in patients requiring 
mechanical ventilation for respiratory failure: a national survey. JAMA. 
1991;266:2870–5.

	46.	 Mehta S, Burry L, Fischer S, Martinez-Motta JC, Hallett D, Bowman D, et al. 
Canadian survey of the use of sedatives, analgesics, and neuromuscular 
blocking agents in critically ill patients. Crit Care Med. 2006;34:374–80.

	47.	 Payen JF, Chanques G, Mantz J, Hercule C, Auriant I, Leguillou JL, et al. 
Current practices in sedation and analgesia for mechanically ventilated 
critically Ill patients. Anesthesiology. 2007;106:687–95.

	48.	 Chanques G, Kress JP, Pohlman A, Patel S, Poston J, Jaber S, et al. Impact 
of ventilator adjustment and sedation-analgesia practices on severe 
asynchrony in patients ventilated in assist-control mode. Crit Care Med. 
2013;41:2177–87.

	49.	 Goodman NW, Black AMS, Carter JA. Some ventilatory effects of propofol 
as sole anesthetic agent. Br J Anaesth. 1987;59:1497–503.

	50.	 Forster A, Gardaz JP, Suter PM, Gemperle M. Respiratory depression by 
midazolam and diazepam. Anesthesiology. 1980;53:494–7.

	51.	 Morel DR, Forster A, Bachmann M, Suter PM. Effect of intravenous mida‑
zolam on breathing pattern and chest wall mechanics in human. J Appl 
Physiol. 1984;57:1104–10.

	52.	 Bailey PL, Pace NL, Ashburn MA, Moll JWB, East KA, Stanley TH. Frequent 
hypoxemia and apnea after sedation with midazolam and fentanyl. 
Anesthesiology. 1990;73:826–30.

	53.	 Dahan A, Teppema LJ. Influence of anaesthesia and analgesia on the 
control of breathing. Br J Anaesth. 2003;91:40–9.

	54.	 Kitsios GD, Yang L, Manatakis DV, Nouraie M, Evankovich J, Bain W, et al. 
Host-response subphenotypes offer prognostic enrichment in patients 
with or at risk for acute respiratory distress syndrome. Crit Care Med. 
2019;47:1724–34.

	55.	 Yoshida T, Fujino Y, Amato MBP, Kavanagh BP. Spontaneous breathing 
during mechanical ventilation—risks, mechanisms and management. 
Am J Respir Crit Care Med. 2016;1–23.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Respiratory drive heterogeneity associated with systemic inflammation and vascular permeability in acute respiratory distress syndrome
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study participants
	Measure of respiratory drive
	Vascular permeability, inflammation, and respiratory drive
	Sedation-drive discordance
	Respiratory drive and clinical outcomes
	Common statistical procedures

	Results
	Patient characteristics
	Inflammation, vascular permeability, and respiratory drive
	Sedation depth and respiratory drive
	Respiratory drive and clinical outcomes

	Discussion
	Limitations

	Conclusions
	Acknowledgements
	References


