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AT A GLANCE COMMENTARY 

Scientific Knowledge on the Subject 

Sedation of critically ill patients with inhaled halogenated agent sevoflurane is now feasible 

through dedicated devices in the intensive care unit. Although experimental studies favor 

beneficial effects of sevoflurane after lung injury, inhaled sevoflurane has never been 

investigated in patients with acute respiratory distress syndrome (ARDS). 

 

What This Study Adds to the Field 

In a first small pilot randomized controlled trial, the use of inhaled sevoflurane resulted in 

improved oxygenation in ARDS patients, and decreased levels of a marker of epithelial injury 

and of some inflammatory markers, compared to intravenous midazolam. 

 

This article has an online data supplement, which is accessible from this issue's table of 

content online at www.atsjournals.org 
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ABSTRACT 

 

Rationale: Sevoflurane improves gas exchange, reduces alveolar edema and inflammation in 

preclinical studies of lung injury but its therapeutic effects have never been investigated in 

acute respiratory distress syndrome (ARDS). 

Objectives: To assess whether sevoflurane would improve gas exchange and inflammation 

in ARDS. 

Methods: We did a parallel, open-label single center randomized controlled trial at 3 

intensive care units from a french university hospital between April, 2014, and February, 

2016. Adult patients were randomized within 24 hours of moderate-to-severe ARDS onset to 

receive either intravenous midazolam or inhaled sevoflurane for 48 hours. The primary 

outcome was the partial pressure of arterial oxygen to fractional inspired oxygen 

concentration (PaO2/FiO2) ratio on day 2. Secondary endpoints included alveolar and plasma 

levels of cytokines and soluble form of the receptor for advanced glycation end-products 

(sRAGE), and safety. Investigators who did the analyses were masked to group allocation. 

Analysis was by intention-to-treat. 

Measurements and Main Results: 25 patients were assigned to the sevoflurane group and 25 

to the midazolam group. On day 2, PaO2/FiO2 ratio was higher in the sevoflurane group than 

in the midazolam group (mean ± standard deviation, 205 ± 56 versus 166±59, respectively, 

P=0.04).  There was a significant reduction over time in cytokines and sRAGE levels in the 

sevoflurane group, compared to the midazolam group, and no serious adverse event was 

observed with sevoflurane. 
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Conclusions: In ARDS patients, use of inhaled sevoflurane improved oxygenation and 

decreased levels of a marker of epithelial injury and of some inflammatory markers, 

compared to midazolam. 

(Abstract word count: 250) 

  

Keywords: acute respiratory distress syndrome; sevoflurane; gas exchange; cytokines; 

receptor for advanced glycation end-products. 

 

ClinicalTrials.gov Identifier: NCT02166853. 
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INTRODUCTION 

 

Acute respiratory distress syndrome (ARDS) represents more than 20% of patients requiring 

mechanical ventilation in the intensive care unit (ICU), with a high mortality rate(1, 2). Its 

pathophysiological landmark, diffuse alveolar damage, is associated with alveolar 

inflammation, epithelial injury and impaired alveolar fluid clearance (AFC)(3, 4). Numerous 

trials support the efficacy and safety of volatile anesthetic agent sevoflurane through 

dedicated devices for the sedation of intensive care unit (ICU) patients(5–8). 

Several preclinical studies have shown that inhaled sevoflurane improves gas exchange(9–

11), reduces alveolar edema(11) and attenuates pulmonary and systemic inflammation(12, 

13) in experimental models of ARDS. These effects could be explained by restored function 

of sodium (epithelial amiloride-sensitive sodium channel, ENaC) and Na
+
,K

+
-ATPase 

pumps and by immunomodulatory effects of sevoflurane. To date, no clinical trial has 

assessed the effects of an early sedation with inhaled sevoflurane in ARDS patients. 

The primary goal of this small pilot randomized controlled trial was to evaluate the effects 

of a 48-hour treatment with inhaled sevoflurane on arterial oxygenation, as assessed by the 

partial pressure of arterial oxygen (PaO2) to fraction of inspired oxygen (FiO2) ratio on day 

2 in patients with early ARDS. Main secondary objectives were to assess the effects of 

sevoflurane on levels of sRAGE (soluble form of the receptor for advanced glycation end-

products), a marker of epithelial injury(14–16), and of proinflammatory cytokines during 

ARDS.  

Some of the results of this study have been previously reported in the form of an abstract or 

oral communication during the American Thoracic Society International Conference (2016). 
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METHODS 

Additional details are provided in the online supplement. 

 

Study design 

Patients with moderate-to-severe ARDS(1) within 24 hours of onset were eligible. Exclusion 

criteria included: age<18, suspected or proven intracranial hypertension, allergy to 

midazolam, sevoflurane or cisatracurium, tidal volume (Vt, 6 mL.kg
-1 

predicted body 

weight-PBW)<250 mL, history of malignant hyperthermia, severe liver failure, neutropenia 

(<0.5G.L
-1

), chemotherapy in the last month. 

This parallel, open-label single-center randomized controlled trial included patients in three 

ICUs at our University Hospital. Patients were randomized to a 48-hour sedation period with 

either intravenous midazolam or inhaled sevoflurane. Ethics (CPP-Sud-Est-VI) and 

Medicine (ANSM) committees approved the protocol. 

 

Treatment  

Randomization used computer software (allocation ratio=1:1)(17). Sevoflurane was 

vaporized with the AnaConDa
®

 (Sedana Medical); residual expired gas was scavenged 

following manufacturer's instructions using an active carbon filter(18). Remifentanil and 

cisatracurium were administered to all patients. Cisatracurium was titrated after deep 

sedation (Richmond Agitation-Sedation Scale=-5) to obtain no response after train-of-four 

stimulation at the orbicularis oculi muscle. Anesthesia levels were monitored by bispectral 

index (BIS-ASPECT-A-2000) with targeted value of 40-50. Sevoflurane rate was started at 
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6 mL.h
-1

 and adapted every 15 minutes; midazolam rate was started at 0.1 mg.kg
-1

.h
-1

 and 

modified every hour if needed. 

The same ventilatory strategy was applied in all patients, including protective ventilation 

(volume-controlled ventilation: Vt=6-8mL.kg
-1

 PBW, PEEP>5cmH2O, inspiratory plateau 

pressure<30cmH2O, respiratory rate<35/minute, inspiratory-to-expiratory ratio≤1/2), limited 

instrumental dead space and restrictive fluid therapy(19) whenever possible. Respiratory 

goals included a peripheral oxygen saturation of 88-92% and/or PaO2 of 55-85mmHg(20), 

with arterial pH>7.2. Respiratory rescue therapies, sedation after day 2 and other 

interventions were decided by clinicians. Weaning from mechanical ventilation was based 

on available guidelines(21). 

 

Outcomes 

The primary outcome was PaO2/FiO2 on day 2. Secondary outcomes included plasma, 

alveolar levels of cytokines (tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6, IL-8) 

and sRAGE at baseline and on day 2. Bronchoalveolar lavage (BAL) and blood were 

sampled at baseline and on day 2 to measure cytokines and sRAGE levels in duplicate with 

Multiplex or ELISA. Demographic and physiological data, pulmonary static compliance, 

airway resistance, vasopressor requirement, durations of mechanical ventilation, ICU length 

of stay and 30-day mortality were recorded. Trial follow-up ended at 30 days. 

 

Statistical analysis 

The sample size was estimated from the results of previous studies(9–11, 22). A sample size 

of 50 subjects (25/group) was calculated to detect a difference of 30 points in mean 

PaO2/FiO2 on day 2 (standard deviation, SD=30) with a type 1 error of 0.05 (two-tailed) and 
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power of 90%. Student, Mann-Whitney tests were considered for quantitative parameters 

according to t-test assumptions (normality assumption and homoscedasticity using Shapiro-

Wilk and Fisher-Snedecor tests, respectively). Categorical data were compared using Chi-

square or Fisher’s exact test. Survival rates were compared between the two groups using 

Chi-square test. The effects of time and sevoflurane on PaO2/FiO2 and ventilatory variables 

were assessed using two-way repeated-measurement analyses of variance. Analyses were 

performed with Stata v13 (StataCorp). 

 

 

RESULTS 

 

Baseline Characteristics 

From April 2014 to February 2016, a total of 202 patients were screened and 50 patients were 

randomized and followed for 30 days (25 in the sevoflurane group versus 25 in the 

conventional group) in three ICUs in Clermont-Ferrand University Hospital (Figure 1). 

Baseline characteristics are reported in table 1. Pneumonia was the most common cause of 

ARDS. Baseline lung injury score (Murray score) and patient severity, as assessed by SAPS 

II score at baseline, were not different between groups. At baseline, respiratory parameters 

were also similar in the two groups, e.g. expired tidal volume, respiratory rate, PEEP level, 

FiO2, static pulmonary compliance and airway resistance (Table 1). ARDS severity, as 

assessed by PaO2/FiO2 ratios, was not different between groups (111 ± 37 in the sevoflurane 

group and 117 ± 45 in the midazolam group, P=0.8).  

 

Effects of Inhaled Sevoflurane on Oxygenation 
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Two-way repeated-measurement analyses of variance indicated a group effect (P=0.02), a 

time effect (P<0.001) and a significant interaction (P<0.001) with a beneficial effect of 

sevoflurane on the course of PaO2/FiO2, compared to midazolam. On day 2, arterial 

oxygenation, as assessed by PaO2/FiO2, was significantly better in the sevoflurane group 

(mean ± SD, 205 ± 56) than in the midazolam group (166 ± 59)(P=0.04)(Figure 2). In 

addition, the gain in PaO2/FiO2 ratio from baseline to day 2 was significantly higher in the 

sevoflurane group than in the midazolam group (95 ± 61 versus 50 ± 73, respectively, 

P=0.02). Arterial oxygenation, as assessed by PaO2/FiO2 ratio, was not significantly different 

on day 1 and day 4 but there was a significant difference on day 3 (216 ± 65 in the 

sevoflurane group versus 171 ± 48 in the midazolam group, P=0.02)(Figure 2).  

 

Effects of Inhaled Sevoflurane on Inflammation and Epithelial Injury 

Baseline plasma and alveolar levels of sRAGE were similar in both groups (Table E1, 

online supplement). On day 2, both plasma sRAGE and alveolar sRAGE levels were lower 

in the sevoflurane group than in the midazolam group (P=0.02 and P=0.04, 

respectively)(Figure 3). 

Baseline plasma and alveolar levels of proinflammatory cytokines (IL-1β, IL-6, IL8 and 

TNF-α) were similar in both groups (Table E1, online supplement). On day 2, plasma levels 

of IL-6, TNF-α and alveolar levels of IL-6, TNF-α, IL-8 were significantly lower in patients 

from the sevoflurane group. 

 

Respiratory and Hemodynamic Effects of Inhaled Sevoflurane 

Arterial pH and PaCO2 levels did not differ significantly between groups on day 1 and on day 

2 (Table 2). Baseline mean expired tidal volume was similar in both groups, but increased 
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insignificantly on days 1-2 in the sevoflurane group, compared to the midazolam group. 

During the first 2 days of treatment there was no difference between groups in other 

respiratory parameters such as respiratory rate, FiO2, PEEP level, inspiratory plateau 

pressure, static pulmonary compliance and airway resistance (Table 2). A decrease in FiO2 

over time was observed (P<0.001), without any group effect (P=0.2). Mean expired fractions 

of sevoflurane are reported in patients from the Sevoflurane group in Table 2. Although doses 

of infused norepinephrine were slightly higher in the sevoflurane group on day 1 and day 2 

than in the midazolam group, differences did not reach statistical significance; there was no 

between-group difference in mean arterial pressure or heart rate. 

 

Safety and Outcome  

At 30 days, there was no significant difference between the sevoflurane and the 

conventional groups in the durations of controlled ventilation, of total mechanical 

ventilation, and of ICU stay (Table 3). Mortality rates up to day 30 were similar between the 

two groups (P=0.9). Tracheostomy was performed in 8 patients (4 in each group) due to 

prolonged weaning from mechanical ventilation. 

The use of rescue therapy for ARDS was not different between groups during the 5 first 

days after inclusion (Table 3). At least one recruitment maneuver was applied in 12 patients 

from the sevoflurane group and in 9 patients from the midazolam group (P=0.7). Prone 

position ventilation was used in five patients from each group (P=1). Inhaled nitric oxide 

(NO) therapy was used in one patient from the sevoflurane group and four patients from the 

midazolam group (P=0.3). One patient from the midazolam group required extracorporeal 

membrane oxygenation therapy. No more than one rescue therapy, recruitment maneuver, 

was used in a single patient. Recruitment maneuver was provided by applying continuous 

positive pressure of 30 cmH2O for 30 seconds. No barotrauma was reported in our cohort. 
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No major side effect attributable to sevoflurane was observed in our cohort; in particular, no 

patient was excluded for severe respiratory acidosis (arterial pH below 7.20), and no 

difficulty was experienced with regard to abundant secretion or other AnaConDa® device-

related issues. No interruption of sevoflurane treatment was therefore required.  

 

 

DISCUSSION 

Our pilot randomized controlled trial provides the first clinical data on the effects of an early 

sedation with inhaled sevoflurane on arterial oxygenation and markers of inflammation and 

epithelial injury in ARDS patients. These results favor the hypothesis of a sevoflurane-

induced improvement in arterial oxygenation after 2 days of treatment, compared to 

midazolam, without major attributable side effects. Improved arterial oxygenation was 

observed on days 2 and 3, but not at other time-points (days 1, 4 or 5). Improved oxygenation 

was associated with a reduction of plasma and alveolar levels of sRAGE, a biological marker 

of alveolar epithelial injury(14–16), and of some proinflammatory cytokines, in patients 

receiving sevoflurane. 

We report here an increase in arterial oxygenation in patients with early ARDS 

receiving a 48-hour sedation with inhaled sevoflurane. To date, sevoflurane is reported as a 

beneficial sedative agent in patients with severe bronchial obstruction unresponsive to 

multipharmacologic therapy(23–25), but few clinical data are available on its effects in other 

lung injuries. Our original findings in the clinical setting of ARDS are in line with previously 

published preclinical data. For example, an experimental study in a pig model of endotoxin-

induced lung injury has found arterial oxygenation to be increased in animals receiving 

inhaled sevoflurane as compared with those receiving an intravenous sedation with 

propofol(9). In addition, Voigtsberger and al. reported ameliorated gas exchange, attenuated 

Page 13 of 44
 AJRCCM Articles in Press. Published on 09-September-2016 as 10.1164/rccm.201604-0686OC 

 Copyright © 2016 by the American Thoracic Society 



lung damage, permeability and inflammation in rats receiving sevoflurane during 

experimental lipopolysaccharide (LPS)-induced lung injury(10). Although previous studies of 

halogenated anesthetics in animal models of lung injury have highlighted potential 

deleterious effects on oxygenation through inhibited hypoxic pulmonary vasoconstriction(26–

28), our results do not support such a pejorative effect of sevoflurane on gas exchange in the 

clinical setting. However, we did not measure pulmonary arterial pressures, and oxygenation 

as assessed by PaO2/FiO2 ratio may be considered as a poor marker of ARDS resolution. 

Thus, our encouraging findings need to be further validated. 

We also report a decrease in some proinflammatory cytokines levels between baseline 

and day 2 with sevoflurane, compared to midazolam. Multiple previous experimental studies 

support an anti-inflammatory effect of sevoflurane in experimental models of ARDS(9, 12, 

13, 29). Interestingly, such results supporting an anti-inflammatory effect of sevoflurane in 

ARDS patients are also in line with previous reports of beneficial effects of sevoflurane on 

postoperative complications after cardiac or thoracic surgery(30, 31). 

In our cohort, plasma sRAGE levels decrease over time in patients with ARDS, as 

previously reported by our group and others(14–16, 32). Soluble RAGE is considered as a 

promising marker of alveolar type I cell injury(14, 33), and the role for pattern-recognition 

transmembrane receptor RAGE is pivotal in the initiation and perpetuation of alveolar 

inflammation(34, 35). Plasma levels of sRAGE are elevated and correlated with ARDS 

severity,  prognosis and with net AFC(14–16, 32, 36, 37). Unlike cytokines, sRAGE 

expression is not influenced by systemic inflammation or sepsis in patients with ARDS, and 

measurements of sRAGE could therefore better reflect epithelial injury than proinflammatory 

cytokines(16, 38, 39). Interestingly, the decrease in plasma sRAGE from baseline to day 2 is 

greater in the sevoflurane group than in the midazolam group. Whether sRAGE kinetics 

under inhaled sevoflurane could reflect the resolution of epithelial injury in ARDS or restored 
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AFC remains to be further validated, but this hypothesis may be supported by experimental 

and clinical studies(15, 16, 36, 37, 40). In addition, one cannot exclude that epithelial injury 

may have been reduced due to decreased inflammation. Previous studies assessing the 

association between AFC and inhaled anesthetics have shown a deleterious effect on alveolar 

clearance with halothane and isoflurane(41–44). More recently, the effects of sevoflurane on 

alveolar edema were assessed both in vitro (on cultured alveolar epithelial type II cells and 

mixed alveolar epithelial cells) and in vivo in a rat model of LPS-induced lung injury(11). In 

this study, oxygenation improvement with inhaled sevoflurane was associated with reduced 

alveolar edema and with enhanced functions of ENaC and Na
+
,K

+
-ATPase pumps(11). 

 Numerous trials support the efficacy and safety of volatile anesthetic agents, namely 

inhaled sevoflurane, for the sedation of ICU patients(5, 8, 45). Sevoflurane is associated with 

shorter wake-up and extubation times(6). In our trial, hemodynamic tolerance of sevoflurane 

inhalation was good, without major side effect, despite a transient yet insignificant increase in 

norepinephrine doses on day 1 and on day 2, as already described(5, 46). Anaconda
®

 device 

is placed between Y-piece and endotracheal tube, resulting in an additional instrumental dead 

space of approximately 100 mL. Two recent studies questioned whether protective ventilation 

could be safely achieved with this device or not(47, 48). In our cohort of ARDS patients 

receiving sevoflurane through the Anaconda
®

 device, we did not observe significant 

hypercapnic acidosis or changes in inspiratory plateau pressure and airway resistance as 

compared with patients receiving intravenous midazolam. Slightly higher tidal volumes were 

used in patients from the sevoflurane group than in those from the midazolam group, 

although differences between groups did not reach significance. Such changes in tidal 

volume, that are very likely explained by the additional instrumental deadspace due to the 

Anaconda® device, but unlikely explained by inhalation of sevoflurane itself(49), remained 

in accordance with lung-protective ventilation. Overall, our results may confirm the good 
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tolerance of the Anaconda
®

 device with regards to ventilatory-system mechanics in ARDS 

patients under deep sedation and receiving neuromuscular blockade. Such good tolerance has 

recently been demonstrated in patients breathing spontaneously(49). However, whether the 

use of sevoflurane should be applied to paralyzed ARDS patients only or not remains 

unknown. In addition, the use of inhaled sevoflurane was not associated with increased serum 

creatinine levels, thus confirming previous findings of renal safety of sevoflurane in ICU 

patients(8). 

 Our study has limitations. First, our trial was single-center by design and without 

double-blinded intervention. Therefore, future validating multicenter randomized controlled 

trials (RCT) are required to confirm our findings. However, investigators blinded to 

randomization group performed statistical analysis and biological measurements. Second, our 

study was small, and only assessed minor outcomes, i.e. arterial oxygenation and levels of 

sRAGE and cytokines(50). Such endpoints are of questionable clinical significance and 

improved oxygenation only occurred on days 2 and 3 with sevoflurane, compared to 

midazolam. In addition, although arterial pH, tidal volume, inspiratory plateau pressure and 

airway resistance were not significantly influenced by sevoflurane in our study, caution is 

certainly needed when initiating inhaled sedation in patients with most severe forms of 

ARDS, and our findings on sevoflurane safety in patients with ARDS need to be confirmed 

by future studies. In particular, main limitations of the use of inhaled sevoflurane include 

risks of re-breathing with hypercarbia due to additional dead space related to the device, of 

buildup of secretions.  Such limiting factors may be crucial in patients ventilated with lower 

tidal volumes, especially if tidal volumes below 6 mL.kg
-1

 PBW are targeted. Further studies 

are therefore needed to confirm our findings on the feasibility and safety of sevoflurane, as 

delivered through the AnaConDa® device, in patients with ARDS. Furthermore, sevoflurane 

was administered only for a 48-hour period in our study, to coincide with the duration of 
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neuromuscular blockade(20); whether longer administration of sevoflurane would be 

beneficial and whether this would impact current findings remains unknown. Finally, our 

study did not explore the precise mechanisms through which inhaled sevoflurane might be 

beneficial during ARDS, and more translational research is warranted to explore the effects 

of sevoflurane on inflammation (e.g. through the activation of pulmonary GABA(A) 

signaling pathways)(51), lung edema(11) and AFC. 

 

In conclusion, we found that early use of inhaled sevoflurane was associated with 

improved oxygenation and a reduction of some proinflammatory markers and of a marker of 

lung epithelial injury in patients with ARDS. In our cohort, sevoflurane inhalation through 

dedicated device was well tolerated, with no major adverse effect. These results reinforce 

those from previously published preclinical studies and may suggest a protective effect of 

sevoflurane from reduced epithelial injury, as assessed by plasma sRAGE. Such novel 

findings may stimulate the design of future prospective multicenter studies of inhaled 

sevoflurane and its impact on patient outcome during ARDS. 
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FIGURE LEGENDS 

  

FIGURE 1. Study flowchart. A total of 50 patients completed the trial. 

  

FIGURE 2. Evolution of PaO2/FiO2 ratio (mmHg) during the 120-hour study period. Results 

are expressed as means ± standard deviation (SD). On day 2, PaO2/FiO2 ratio was 

significantly better in the Sevoflurane group (median [IQR] 196 [169-243], mean ± SD, 205 

± 56) than in the Midazolam group (176 [113-219], 166 ± 59)(P=0.04). 

 

FIGURE 3. A) Plasma and B) bronchoalveolar (BAL) levels (in pg.mL
-1

) of the soluble form 

of the receptor for advanced glycation end-products (sRAGE) at baseline and on day 2 in the 

Sevoflurane and in the Midazolam groups.  Data are presented as means and SEM (standard 

error of the mean). * P<0.05. 

 

 

 

  

Page 26 of 44
 AJRCCM Articles in Press. Published on 09-September-2016 as 10.1164/rccm.201604-0686OC 

 Copyright © 2016 by the American Thoracic Society 



TABLES 

 

  

Sevoflurane  

group  

(n=25)  

Midazolam  

group  

(n=25)  

P  

Age (years) 

Male sex, n (%)  

Body mass index (kg.m
-2

) 

66 ± 10 

17 (70) 

29.6 ± 9.4 

63 ± 14  

19 (75) 

28.1 ± 8.2 

0.9  

0.8  

0.7 

SAPS II  

Lung injury score (Murray)  

55.6 ± 14.7 

2.9 ± 0.3 

51.3 ± 17.0 

2.8 ± 0.6 

0.2 

0.4  

Medical history, n (%)  

- Peripheral arterial disease  

- Stroke  

- Liver cirrhosis  

- Hypertension  

- Coronary disease  

- Diabetes  

- Dyslipidemia (previous or ongoing treatment with 

statins) 

- Alcohol dependence  

- Chronic respiratory disease  

- Active tobacco smoking  

- Chronic renal failure  

- Previous or ongoing treatment with corticosteroids 

 

5 (20) 

0 (0) 

2 (8) 

9 (36) 

1 (4) 

3 (12) 

3 (12) 

 

6 (25) 

4 (16) 

7 (28) 

1 (4) 

0 (0) 

 

2 (8) 

2 (8) 

2 (8) 

12 (48) 

4 (16) 

4 (16) 

6 (25) 

 

9 (36) 

6 (25) 

7 (28) 

1 (4) 

0 (0) 

  

0.2  

0.5  

1  

0.6  

0.4  

1  

0.5 

 

0.5 

0.7 

1  

1 

1 

Type of ICU admission: medical vs. surgical, n (%)  21(84) vs. 4 (16) 16 (64) vs. 9 (36)  0.2 
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Cause of ARDS, n (%)  

- Pneumonia  

- Extrapulmonary causes 

- Associated shock 

 

19 (76) 

6 (24) 

13 (52) 

 

19 (76) 

6 (24) 

12 (48) 

  

1  

1 

0.8  

Respiratory parameters 

- Expired tidal volume (mL.kg
-1

 of PBW) 

- Positive end-expiratory pressure 

(cmH2O) 

- Inspiratory plateau pressure (cmH2O) 

- Static pulmonary compliance 

(ml.cmH2O
-1

)  

- Airway resistance (cm H2O.L
-1

.sec
-1

) 

- FiO2 (%)  

- Arterial pH  

- Respiratory rate (/min)  

- PaCO2  

- PaO2/FiO2 ratio  

- Mean arterial pressure (mmHg)  

 

6.9 ± 0.9 

11.4 ± 3.1 

 

25.1 ± 3.5 

32.3 ± 9.6 

 

15.6 ± 4.6 

80 ± 21 

7.32 ± 0.11 

26 ± 3 

43.7 ± 7.4 

111 ± 37 

74 ± 9 

 

7.1 ± 1.3 

11.8 ± 3.2 

 

23.8 ± 5.6 

42.7 ± 19.1 1 

 

12.9 ± 3.3 

76 ± 18 

7.37 ± 0.09 

25 ± 2.8 

45.0 ± 7.5 

117 ± 45 

79 ± 10 

 

0.9 

0.7 

 

0.4  

0.1  

 

0.08  

0.4  

0.2  

0.3 

0.7 

0.8  

0.06  

 

Table 1: Baseline Characteristics of the patients. Data are presented as mean ± standard deviation 

(SD) unless otherwise indicated, and are analyzed with Student t-test (parametric data) or with Mann-

Whitney test (nonparametric data). Proportions were compared among groups using semiparametric 

test (X
2
 test), and categorical data that result from classifying objects in two different ways were 

analyzed by Fisher’s exact test. Percentages may not exactly total 100% because of rounding. SAPS II: 

Simplified Acute Physiology Score II. Lung injury score ranges from 0 to 4, with higher scores 

indicating more severe lung injury. ICU: intensive care unit. PBW: predicted body weight. 
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Sevoflurane  

group  

(n=25)  

Midazolam  

group  

(n=25)  

P  

for time x 

group 

interaction  

P  

for post-hoc 

comparisons 

PaO2/FiO2 (mmHg) 

- day 0 

- day 1  

- day 2 

 

111 ± 37 

186 ± 58 

205 ± 56 

 

117 ± 45 

180 ± 62 

166 ± 59 

<0.001 

 

 

 

 

 

 

0.8 

0.6 

0.04 

PaCO2 (mmHg) 

- day 0 

- day 1  

- day 2 

 

43.7 ± 7.4 

47.4 ± 9.2  

43.8 ± 6.6  

 

45.0 ± 7.5 

43.3 ± 6.6  

41.6 ± 5.0  

0.3 

 

 

 

 

 

Arterial pH 

- day 0 

- day 1  

- day 2 

 

7.32 ± 0.11 

7.29 ± 0.08  

7.38 ± 0.08 

 

7.37 ± 0.09 

7.39 ± 0.06  

7.42 ± 0.06 

0.3 

 

 

 

 

 

Static pulmonary compliance  

(mL.cmH2O
-1) 

- day 0 

- day 1  

- day 2 

 

 

32.3 ± 9.6 

33.2 ± 10.2 

33.7 ± 10.5  

 

 

42.7 ± 19.1 

40.6 ± 16.5 

41 ± 13.1 

0.5 

 

 

 

 

 

 

 

Airway resistance (cm H2O.L
-1

.sec
-1

) 

- day 0 

- day 1  

- day 2 

 

15.6 ± 4.6 

16.4 ± 4  

16.4 ± 3.5  

 

12.9 ± 3.3 

11.5 ± 3.7  

12.6 ± 5.9  

0.6 

 

 

 

 

 

Inspiratory plateau pressure (cmH2O) 

- day 0 

- day 1  

- day 2 

 

25.1 ± 3.5 

27.1 ± 3.9 

26.6 ± 4.1 

 

23.8 ± 5.6 

25.5 ± 5.2  

24.5 ± 4.1 

0.7 

 

 

 

 

 

Expired tidal volume (mL.kg-1 of PBW) 

- day 0 

- day 1  

- day 2 

 

6.9 ± 0.9 

7.3 ± 0.8  

7.5 ± 0.9  

 

7.1 ± 1.3 

6.7 ± 0.8  

6.4 ± 1.6 

0.06 

 

 

 

 

 

Positive end-expiratory pressure (cmH2O) 

- day 0 

 

11.4 ± 3.1 

 

11.8 ± 3.2 

0.5 
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- day 1  

- day 2 

11.9 ± 2.6  

11.9 ± 2.2 

13.3 ± 2.9  

12.7 ± 2.8 

 

 

FiO2 (%) 

- day 0 

- day 1  

- day 2 

 

80 ± 21  

53 ± 19  

45 ± 16 

 

76 ± 18  

56 ± 21  

55 ± 23 

0.1 

 

 

 

 

 

Respiratory rate (/min) 

- day 0 

- day 1  

- day 2 

 

26 ± 3  

28 ± 4  

29 ± 4 

 

25 ± 5 

25 ± 5  

26 ± 5 

0.9 

 

 

 

 

 

Expired fraction of sevoflurane 

- day 1  

- day 2 

 

0.7 ± 0.3 

0.6 ± 0.4 

 

NA 

NA 

- 

 

 

 

 

Dose of infused midazolam (mg.kg-1.h-1) 

- day 1 

- day 2 

 

NA 

NA 

 

0.08 ± 0.05 

0.07 ± 0.03 

- 

 

 

 

 

Dose of infused remifentanil (µg.h
-1

) 

- day 0 

- day 1 

- day 2 

 

0.63 ± 0.21 

0.59 ± 0.18  

0.58 ± 0.20 

 

0.58 ± 0.19 

0.64 ± 0.14  

0.52 ± 0.21 

0.6 

 

 

 

 

Dose of infused cisatracurium (mg.kg-1.h-1) 

- day 0 

- day 1 

- day 2 

 

0.2 ± 0.1 

0.3 ± 0.2 

0.2 ± 0.2 

 

0.3 ± 0.2 

0.2 ± 0.1 

0.2 ± 0.1 

0.9 

 

 

 

 

Bispectral index 

- day 0 

- day 1  

- day 2 

 

42 ± 7 

40 ± 8 

46 ± 15 

 

43 ± 8 

43 ± 9 

43 ± 7 

0.3 

 

 

 

 

Serum creatinine (µmol.L
-1

) 

- day 0 

- day 1  

- day 2 

 

76 ± 48  

64  ± 42 

69 ± 33 

 

82 ± 58 

76 ± 35  

75 ± 40  

0.7 

 

 

 

 

 

Heart rate (beats per minute) 

- day 0 

- day 1  

- day 2 

 

88 ± 26 

86 ± 20 

85 ± 16 

 

93 ± 24  

92 ± 20 

95 ± 22 

0.8 
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Mean arterial pressure (mmHg) 

- day 0 

- day 1  

- day 2 

 

74 ± 9 

77 ± 11 

79 ± 11 

 

79 ± 10 

79 ± 9 

78 ± 15 

0.4 

 

 

 

 

 

Dose of infused norepinephrine (µg.kg
-1

.min
-1

) 

- from day 0 to day 1 

- from day 1 to day 2 

- from day 2 to day 3 

 

0.36 ± 0.4  

0.28 ± 0.4 

0.94 ± 0.5  

 

0.22 ± 0.3  

0.15 ± 0.2 

1.02 ± 0.8  

0.9 

 

 

 

 

 

 

Table 2. Respiratory and hemodynamic parameters. Data are presented as mean ± standard 

deviation (SD) and are analyzed with two-way repeated-measurement analyses of variance; when 

significant, Mann-Whitney test was used for post-hoc comparisons of nonparametric data between 

groups at each timepoint. PBW: predicted body weight. NA: non available. 
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Sevoflurane  

group  

(n=25)  

Midazolam  

group  

(n=25)  

P  

Duration of mechanical ventilation 

(days) 

- Total duration 

- Controlled-ventilation 

- Ventilator-free days 

 

 

12.5 [5.8-17.3]  

2.5 [2.0-6.0]  

13.0 [1.0-20.0]   

 

 

17.0 [6.0-30.0] 

4.0 [2.0-10.3] 

5.5 [0.0-28.0]  

 

 

0.3 

0.3  

0.4 

Duration of ICU stay (days),  

mean [interquartile range] 

 

18 [10-37] 

 

23 [9-43] 

 

0.9 

Death at day 30, n (%) 9 (36) 10(40) 0.9 

Death during the first 2 days, n (%) 1 (4) 1 (4) 1 

Use of rescue therapy for ARDS,  

n (%)  

- Recruitment maneuver 

- Prone position 

- Inhaled nitric oxide  

- ECMO 

 

 

12 (48)  

5 (20)  

1 (4) 

0 (0) 

 

 

9 (36)  

5 (20)  

4 (16)  

1 (4) 

 

 

0.7  

1  

0.3 

1 

 

Table 3. Clinical outcomes and use of rescue therapy for acute respiratory distress syndrome. 

Data are presented as mean ± standard deviation (SD) unless otherwise indicated, and are 

analyzed with Student t-test (parametric data) or with Mann-Whitney test (nonparametric data). 

Proportions were compared among groups using semiparametric test (X
2
 test), and categorical data 

that result from classifying objects in two different ways were analyzed by Fisher’s exact test. 

Percentages may not exactly total 100% because of rounding. ECMO: extracorporeal membrane 

oxygenation. 
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FIGURE 1. Study flowchart. A total of 50 patients completed the trial.  

 

254x190mm (72 x 72 DPI)  
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FIGURE 2. Evolution of PaO2/FiO2 ratio (mmHg) during the 120-hour study period. Results are expressed as 
means ± standard deviation (SD). On day 2, PaO2/FiO2 ratio was significantly better in the Sevoflurane 

group (median [IQR] 196 [169-243], mean ± SD, 205 ± 56) than in the Midazolam group (176 [113-219], 

166 ± 59)(P=0.04).  
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FIGURE 3. A) Plasma and B) bronchoalveolar (BAL) levels (in pg.mL-1) of the soluble form of the receptor 
for advanced glycation end-products (sRAGE) at baseline and on day 2 in the Sevoflurane and in the 
Midazolam groups.  Data are presented as means and SEM (standard error of the mean). * P<0.05.  
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Online Data Supplement 

  

Sevoflurane for sedation in ARDS: a randomized controlled pilot study 

  

Matthieu Jabaudon, Pierre Boucher, Etienne Imhoff, Russell Chabanne, Jean-Sébastien 

Faure, Laurence Roszyk, Sandrine Thibault, Raiko Blondonnet, Gael Clairefond, Renaud 

Guérin, Sébastien Perbet, Sophie Cayot, Thomas Godet, Bruno Pereira, Vincent Sapin, Jean-

Etienne Bazin, Emmanuel Futier, Jean-Michel Constantin 

  

  

METHODS 

  

Study design and participants 

ICU patients with moderate to severe ARDS in the first 24 hours after disease onset 

(according to the Berlin definition criteria(E1): bilateral opacities - not fully explained by 

effusion, lung collapses or nodules -, respiratory failure not explained by cardiac failure or 

fluid overload only, hypoxemia characterized by PaO2/FiO2 ratio between 0 and 200 with 

positive end-expiratory pressure (PEEP) ≥5 cm H2O, within one week of a known clinical 

insult or new or worsening respiratory symptoms) were eligible for inclusion in the study. 

Exclusion criteria included: age <18 years, suspected or proven intracranial hypertension, 

known allergy to midazolam, sevoflurane or cisatracurium, tidal volume of 6 mL.kg
-1 

PBW 

below 250 mL, medical history of malignant hyperthermia, severe liver failure, severe 

neutropenia (<0.5 G.L
-1

) and chemotherapy received in the last month. 

Page 36 of 44
 AJRCCM Articles in Press. Published on 09-September-2016 as 10.1164/rccm.201604-0686OC 

 Copyright © 2016 by the American Thoracic Society 



We performed a parallel, open-label single center randomized controlled trial including 

ARDS patients in three ICUs at Clermont-Ferrand University Hospital, Clermont-Ferrand, 

France. ICU patients with moderate to severe ARDS were randomized into two groups: a « 

conventional group », in which intravenous sedation with midazolam was administered, and 

a « sevoflurane group », in which patients received inhaled sevoflurane during 48 hours. 

Randomization was performed with computer software (allocation ratio 1:1)(E2). Our local 

ethics committee (Comité de Protection des Personnes Sud-Est-VI, Clermont-Ferrand, 

France, approval number AU1101), the French Medicine Agency (Agence Nationale de 

Sécurité du Médicament et des Produits de Santé, approval number 140016A-31) approved 

the study protocol and statistical analysis plan, and the study was supported and monitored 

by Clermont-Ferrand University Hospital. All participants, or their next of kin, provided 

written consent. There was no deviation from the approved protocol. This trial was 

registered with ClinicalTrials.gov, number NCT02166853). 

 

Treatment  

After randomization, inhaled sedation with sevoflurane (sevoflurane group) or intravenous 

infusion of midazolam (conventional group) was administered immediately for a 48 hour-

long period. In both groups, remifentanil and cisatracurium were systematically 

administered. Infusion rate of neuromuscular blockers was titrated to obtain no response 

after a train-of-four stimulation at the orbicularis oculi muscle and anesthesia levels were 

monitored in each group by bispectral index (BIS ASPECT A-2000 bispectral index 

monitor) with a targeted value between 40 and 50.  

In the interventional group, sevoflurane was vaporized via an AnaConDa
®

 device 

immediately after randomization. Sevoflurane infusion rate was started at 6 mL.h
-1

 and 
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subsequently adapted every 15 minutes in order to reach targeted BIS values. Inspired and 

expired sevoflurane fractions were continuously monitored. Hypercapnia was the main 

expected adverse effect of sevoflurane because of an increased instrumental dead space with 

such devices. If arterial pH was lower than 7.20, in the absence of metabolic acidosis, 

patients were excluded and switched to an intravenous sedation with midazolam. In the 

conventional group, midazolam infusion rate was started at 0.1 mg.kg
-1

.h
-1

 and modified 

every hour in order to obtain a BIS level between 40 and 50.  

The same ventilatory strategy was applied in the two groups, including protective ventilation 

(tidal volume of 6 to 8 mL.kg
-1

 of predicted body weight, PEEP level above 5 cmH2O, 

inspiratory plateau pressure < 30 cmH2O, respiratory rate < 35 per minute, inspiratory-to-

expiratory (I/E) ratio of at least 1/2), limitation of the instrumental dead space, and a 

restrictive fluid therapy strategy whenever possible. The application of alveolar recruitment 

maneuvers was permitted and based on the decision of the clinical staff in charge of the 

patients. Respiratory goals included an oxygen peripheral saturation of 88-92% and/or a 

PaO2 level between 55 and 85 mmHg. 

Respiratory rescue therapies (e.g., recruitment maneuver, inhaled nitric oxide, prone 

position, extracorporeal membrane oxygenation) could be used whenever needed and 

decided by the clinical staff. When necessary, hemodynamic support was started at the 

discretion of the referring clinicians. After the first 2 days, sedation was continued or 

stopped according to the evolution of the underlying disease, and clinicians chose the nature 

of the hypnotic agent. 

   

Outcomes 
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The primary outcome was arterial oxygenation, as assessed by the PaO2/FiO2 ratio,  on day 2.  

Secondary outcomes included: the differences in plasma and alveolar levels of 

proinflammatory cytokines (tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6, IL-8) 

and sRAGE (the soluble form of the receptor for advanced glycation end-products), as 

measured at baseline and on day 2, between the 2 groups; PaO2/FiO2 ratio on day 1, day 2, 

day 3, day 4 and day 5; pulmonary static compliance and resistance during the first 2 days, 

vasopressor requirement during treatment period, total duration of controlled ventilation and 

of mechanical ventilation at day 30. Total lengths of stay in ICU and mortality rates at day 30 

were also compared between the 2 groups. 

Before randomization, data on demographic characteristics, physiological variables (age, sex, 

predicted body weight, Murray lung injury score(E3), Simplified Acute Physiology Score 

(SAPS) II(E4, E5), reason for admission, respiratory parameters (respiratory mode, tidal 

volume, respiratory rate, plateau pressure, FiO2, pulmonary compliance and resistance), 

norepinephrine or dobutamine requirements and arterial blood gases we recorded. These data 

were again collected at 24, 48, 72 and 96 hours. Trial follow-up ended at 30 days.  

Bronchoalveolar lavages (BAL) and blood samples were collected before randomization and 

on day 2, in order to measure TNF-α, IL-1β, IL-6, IL-8 and sRAGE levels. BAL was 

performed without bronchoscopy in the dorsal position; 20 mL of sterile isotonic saline was 

instilled in the endotracheal tube and then immediately aspirated. Arterial blood samples (9 

mL) were obtained from an indwelling arterial catheter and were immediately centrifuged at 

5000 rpm for 10 minutes. Serum and BAL supernatants were frozen at -80°C in the 

Department of Medical Biochemistry and Molecular Biology, Estaing University Hospital, 

Clermont-Ferrand, and the analyses were carried by two biologists blinded to randomization 

group. Duplicate assays were performed with Multiplex for TNF-α and interleukins (Bio-
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Rad laboratories, Inc., Marne-la-Coquette, France) and ELISA for sRAGE (RAGE 

Quantikine ELISA kit, R&D, Minneapolis, MN, USA). 

 

Statistical analysis   

The sample size estimation was based on the results from previously published animal 

studies(E6–E9). A sample size of 50 subjects (25/group) was calculated in order to highlight 

a difference of 30 points in the mean PaO2/FiO2 ratio (standard deviation, SD=30) on day 2 

after inclusion with α=0.05 (bilateral) and a statistical power of 90%. Qualitative data are 

expressed as numbers and percentages, and quantitative data as mean, standard deviation 

(SD) or median and interquartile range. To compare the randomized groups, Student t-test or 

Mann-Whitney test were considered for quantitative parameters according to t-test 

assumptions (normality assumption using Shapiro-Wilk test and homoscedasticity studied 

by Fisher-Snedecor test). Categorical data were compared among groups using Chi-square 

test or Fisher’s exact test. The effects of time and sevoflurane on PaO2/FiO2 and ventilatory 

variables analysis were assessed using two-way repeated-measurement analyses of variance. 

The statistical analysis was performed with Stata software (v13, StataCorp, College Station, 

TX, USA). All statistical tests were two-tailed and a P value of less than 0.05 was 

significant.   

 

Role of the funding source 

The funders of the study had no role in data gathering, analysis, and interpretation, writing 

of the manuscript, and the decision to submit for publication. The corresponding author had 

full access to all the data in the study and had final responsibility for the decision to submit 

for publication. 
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Sevoflurane  

group  

(n=25)  

Midazolam  

group  

(n=25)  

P  

for time x 

group 

interaction  

P  

for post-hoc 

comparisons 

Plasma level of sRAGE  

- day 0 

- day 2 

 

2929.9 [1585.7-3439.5]  

1164.5 [730.7-1830.4] 

 

2019.5 [891.3-4455.9] 

1968.6 [1191.6-2989.7] 

0.02 

 

 

 

0.3 

0.02  

Plasma level of IL-1β 

- day 0 

- day 2 

 

0.4 [0.2-0.8] 

0.4 [0.2-0.8]  

 

0.4 [0.2-0.9]  

0.4 [0.3-0.8]  

0.4 

 

 

 

 

Plasma level of IL-6 

- day 0 

- day 2 

 

849.9 [137.9-1984.2]  

53.9 [34.9-138.9]  

 

221.8 [111.6-1018.3]  

230.4 [62.9-385.7]  

0.02 

 

 

 

0.2  

0.005 

Plasma level of IL-8 

- day 0 

- day 2 

 

75.1 [30.1-268.8] 

36.4 [26.9–57.4]  

 

56.6 [29.6-155.4]  

49.2 [25.5–96.1]  

0.2 

 

 

 

 

Plasma level of TNF-α 

- day 0 

- day 2 

 

3.4 [1.5-5.5] 

1.7 [1.2-4.1] 

 

3.6 [1.7-7.8] 

4.5 [1.8-7.6] 

0.04 

 

 

 

0.7 

0.04 

Alveolar level of sRAGE  

- day 0 

- day 2 

 

7530.6 [785.2-46687.8]  

2075.6 [1216.4-7635.5] 

 

2410.7 [482.3-38478.6] 

12202.9 [3769.0-32648.6] 

0.04 

 

 

 

0.6 

0.04 

Alveolar level of IL-1β  

- day 0 

- day 2 

 

278.8 [35.6-4067.1] 

67.8 [17.4-146.8] 

 

308.2 [35.6-1707.3]  

89.1 [14.2-237.7] 

0.4 

 

 

 

 

Alveolar level of IL-6  

- day 0 

- day 2 

 

1633.1 [51.1-6480.1]  

39.8 [35.6-485.9]  

 

1287.2 [4.7-6447.3]  

474.0 [166.3-1892.4]  

0.03 

 

 

 

0.8 

0.01 

Alveolar level of IL-8  

- day 0 

- day 2 

 

1021.3 [484.4-7010.8] 

50.5 [10.4-103.1]  

 

9574.7 [531.3-15415.2]  

121.2 [35.3-499.6]  

0.04 

 

 

 

0.1 

0.03 
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Table E1. Plasma and bronchoalveolar lavage (BAL) levels (in pg.mL
-1

) of the soluble form of 

the receptor for advanced glycation end-products (sRAGE) and cytokines at baseline and on 

day 2. Data are presented as medians and interquartile ranges [IQR] and are analyzed with two-

way repeated-measurement analyses of variance; when significant, Student t-test (parametric data) 

or Mann-Whitney test (nonparametric data) were used for post-hoc comparisons between groups at 

each timepoint. 

Alveolar level of TNF-α  

- day 0 

- day 2 

 

124.6 [16.4- 518.2] 

58.7 [7.8-124.6] 

 

412.1 [79.8-619.2] 

124.6 [99.9-285.8] 

0.03 

 

 

 

0.2  

0.02 
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