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Abstract: Mechanical ventilation (MV) is the cornerstone of acute respiratory distress syndrome (ARDS) 
management. The use of protective ventilation is a priority in this acute phase of lung inflammation. 
Neuromuscular blocking agents (NMBAs) induce reversible muscle paralysis. Their use in patients with 
ARDS remains controversial but occurs frequently. NMBAs are used in 25–45% of ARDS patients for a 
mean period of 1±2 days. The main indications of NMBAs are hypoxemia and facilitation of MV. For ethical 
reasons, NMBA use is inseparable from sedation in the management of early ARDS. During paralysis, 
sedation monitoring seems to be necessary to avoid awareness with recall. Three randomized controlled 
trials (RCTs) have demonstrated that the systematic use of NMBAs in the early management of ARDS 
patients improves oxygenation. Furthermore, the most recent trial reported a reduction of mortality at  
90 days when NMBAs were infused over 48 hours. Spontaneous ventilation (SV) during MV at the acute phase 
of ARDS could improve oxygenation and alveolar recruitment, but it may not allow protective ventilation. The 
major risk is an increase in ventilator-induced lung injury. However, the adverse effects of NMBAs are widely 
discussed, particularly the occurrence of intensive care unit (ICU)-acquired weakness. This review analyses the 
recent findings in the literature concerning sedation and paralysis in managing ARDS. 
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Introduction 

Acute respiratory distress syndrome (ARDS) is characterized 
by non-cardiogenic inflammatory lung oedema with severe 
hypoxemia. ARDS mortality remains high in 35–40% of 
patients (1). Invasive mechanical ventilation (MV) is the 
main organ replacement therapy in patients presenting with 
ARDS. A lung protective ventilation including reduction of 
tidal volume at 6 mL/kg predicted body weight and with a 
limitation of plateau pressure has improved the prognosis 
of ARDS patients. Sedation is necessary to initiate MV. The 
aim of this sedation is to provide better adaptation to the 
ventilator during controlled ventilation and thereby allow a 
reduction of the tidal volume and limit the plateau pressure 
under 28–30 cmH2O. During moderate to severe ARDS, 
deep sedation allows the use of a prone position. However, 
to fulfil the rules of lung-protective MV and allow the 
prone position, deep sedation is frequently unavoidable. In 
some cases, sedation alone is often insufficient to inhibit the 
central respiratory drive. 

Neuromuscular blocking agents (NMBAs) are part of the 
pharmacological arsenal used in ARDS. However, given the 
risk for muscular paresis, especially when corticosteroids 
are used, the use of NMBAs has remained controversial and 
lacking a clear recommendation until recently. However, 
the ACURASYS study (2) showed a benefit of the early use 
of a 48-hour course of NMBAs on the outcomes of ARDS 
patients. This latter study has renewed the debate on the 
use of NMBAs in ARDS treatment. The purpose of this 
review is to summarize the literature on the benefits and 
adverse effects of the use of sedation and NMBAs in ARDS 
patients.

Sedation in ARDS patients

Sedation and analgesia: pros and cons in ARDS patients

Sedation is the most frequent prescription in invasively 
ventilated patients. It frequently associated with anxiolytic 
(benzodiazepine and propofol) and opiate use. It is 
undeniable that pain occurs in invasive mechanically 
ventilated patients. Sedation is mandatory to facilitate 
tolerance of the intubation tube, endotracheal suction and 
prolonged immobility in bed (3-5). In ARDS patients in 
particular, sedation has been used to maintain protective 
MV. Sedation allows better adaptation, reduces patient-
ventilator asynchronies, and prevents the patient from 
“fighting” the ventilator (6). Sedation also reduces oxygen 

consumption by reducing spontaneous muscular activity 
during hypoxemia (7). During severe to moderate ARDS, 
several therapeutic techniques require deep sedation, such as 
the prone position, extra-corporal membrane oxygenation 
and high frequency oscillation ventilation.

The role of sedation to facilitate the patient comfort 
during care and nursing is unquestionable. Nevertheless, 
the deleterious effects of sedation in the intensive care unit 
(ICU) are well demonstrated, although no trial focusing on 
the ARDS population is available. Many studies on daily 
strategies for sedation have shown their positive impact 
on the prognosis of ventilated patients. In a controlled, 
randomized study of 128 patients, Kress et al. (8) reported 
a shorter MV time and a reduction in the duration of 
hospitalization in the ICU during daily group sedation 
interruption without increasing the adverse effects. Another 
study reported a reduction in infectious complications, 
particularly a reduction in ventilated-acquired pneumonia 
(VAP) in the group receiving a lower dose of sedation (9).  
However, the respective roles of decreasing sedation and 
SV in MV are difficult to distinguish. Furthermore, most 
patients included did not present with ARDS, and all 
severe cases of ARDS were excluded from these studies. 
Furthermore, the prone position was not used in these 
studies. 

Moreover, the long-term effects of sedation in ICU 
patients are still debated. The quality of life is significantly 
impaired among survivors of critical illness (10,11). 
Frequently, patients have symptoms of depression, anxiety 
and post-traumatic stress disorder (PTSD) (12-14). In ICU 
survivors, the prevalence of post-ICU PTSD is 10–39% at 
hospital discharge (14). In survivors of ARDS, a systematic 
review found a prevalence of psychiatrically diagnosed 
PTSD in 44% at hospital discharge (15). High levels of 
agitation and delirium in the ICU have been identified as 
predictors of PTSD (16). This suggests the use of physical 
restraints is associated with a greater risk of PTSD (17). 
In addition to the use of physical restraints, sedative 
medications are often administered to control agitation 
and anxiety. Benzodiazepine administration is involved in 
the occurrence of ICU delirium (18) and, consequently, 
in the occurrence of PTSD. Both midazolam infusion 
(19,20) and total posology if lorazepam is administered in 
the ICU are associated with a higher risk of PTSD. High 
levels of morphine are associated with an increased risk 
of post-ICU PTSD (21). Minimization of sedation (22), 
daily interruption (23) of sedation and analgesia based 
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on sedation protocol (24) are strategies associated with a 
reduction of post-ICU PTSD syndrome. 

These data call for a sedation monitoring to limit the 
deleterious effects of sedatives while ensuring patient 
comfort and allowing technical procedures, such as the 
prone position. The use of sedation and analgesia scores 
represents a basic approach. The Richmond agitation-
sedation scale (RASS) and sedation agitation scale (SAS) are 
the most valid and reliable assessment tools for measuring 
the quality and depth of sedation in adult ICU patients. 
These scores are hetero-evaluations processed by ICU 
nurses. They are recommended by the international 
guidelines on sedation in adult ICU patients (25). Sedation 
monitoring is also possible in the ICU, with the bi-spectral 
index of the electroencephalogram (BIS). There is an 
overall correlation between BIS monitoring and the clinical 
sedation scale (26). This is a non-invasive, reproducible 
and inexpensive monitoring technique (27). The observed 
BIS value may be increased by muscular contractions, 
which are abolished by NMBAs. The objective testing of 
sedation for ARDS patients receiving NMBAs by BIS can 
be used to quantify the depth of sedation. This monitoring 
prevents awareness with recall and may reduce the drug 
requirements. The appropriate BIS range seems to be 
inferior to 60 (28,29), but in some patients, high BIS values 
are observed at the deep sedation level (30). Despite the 
advantages of this technique, systematic monitoring is not 
recommended in the ICU. Nevertheless, a recent systematic 
review suggests that a powered, randomized, controlled 
study is needed for this routine monitoring modality in 
ventilated patients (31). Ensuring sufficient sedation before 
paralysis with NMBAs is very important. For ethical 
reasons, an infusion of NMBAs is inconceivable without 
sedation. In a prospective, multicentre study in a medical 
ICU, NMBAs were correctly identified as non-analgesic 
and non-anxiolytic by 96% of prescribers (32). As described 
in anaesthesia, awareness with recall results from the 
absence of or incomplete sedation with NMBAs (33). This 
situation generates paralysis with a preserved conscience 
and exposes the patient to psychological trauma (16) and 
medico-legal procedures (34). In the ACURASYS study (2),  
all patients were deeply sedated with a Ramsay score at  
6 before receiving NMBAs to avoid this adverse effect.

Sedation and analgesia drugs for ARDS patients

Sedation in mechanically ventilated patients is not specific 

for ARDS. Surveys of clinical practice have reported 
that most sedation in ventilated patients is achieved with 
opioids and benzodiazepines (35,36). The most commonly 
used benzodiazepines are midazolam and lorazepam, and 
continuous infusion is a more common modality than 
repeated intravenous boluses. Sufentanyl is the most 
commonly prescribed opioid in continuous infusion based 
on two studies of French practices (35,36). Clinical practice 
guidelines for managing sedation in ICU recommended this 
association (25). 

The type of sedation could have a specific effect on 
ARDS. In a recent randomized controlled pilot study, 
Jabaudon et al. (37) evaluated the effects of early sedation 
with inhaled sevoflurane on arterial oxygenation and 
lung markers of inflammation. Twenty-five patients with 
moderate ARDS were included. In the inhaled sedation 
group, the PaO2/FiO2 ratio was significantly increased 
(205±56 vs. 166±59 mmHg) at day 2 from ventilation 
compared to the midazolam group. The two groups 
were comparable at inclusion in terms of haematosis and 
ventilator parameters, and all patients received NMBA for a 
train of four (TOF) at 0 response. Moreover, on day 2, the 
plasma and alveolar markers of epithelial injury levels and 
pro-inflammatory cytokines were lower in the sevoflurane 
group than in the midazolam group. The authors concluded 
that inhaled sevoflurane for early sedation in ARDS is 
safe and effective. These results are interesting because 
sevoflurane has muscle-relaxant and anti-inflammatory 
properties. Its use in association with conventional sedation 
could increase the effect of muscle relaxation and might be 
particularly useful in patients requiring high sedation doses. 
This study suggests that volatile anaesthetic agents can be 
used in patients with mild ARDS.

Ketamine is an agonist N-methyl-D-aspartate (NMDA) 
receptor that can be used for adjunctive sedation in patients 
with sedation difficulty (drug addicts or patients with 
regular opioid consumption). There is no specific indication 
for the sedation of ARDS patients who are ventilated.

Dexmedetomidine is a selective alpha-2 receptor agonist 
with minor respiratory effects. Dexmedetomidine reduces 
asynchrony of the patient-ventilator in the weaning time (38) 
and reduces the duration of MV (39). Dexmedetomidine 
allows titrated sedation, preserving contact and SV 
(cooperative sedation). No study has investigated its use in 
the ARDS patient population. This cooperative sedation 
must be used as second-line management of ARDS, 
after the initial inflammatory stage, and its objective is to 
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promote spontaneous breathing.

Control the sedation to promote SV in ARDS: yes, but not 
too early

Decreasing sedation helps to promote SV in the 
management of ARDS patients. In the 2000s, particularly 
at the instigation of Putensen et al. (40), SV permitted by 
bilevel positive airway pressure (BIPAP™) or airway pressure 
release ventilation (APRV) appeared to be an elegant 
technique to reduce lung atelectasis and preserve diaphragm 
inspiratory efforts. Indeed, the potential benefits of SV 
during ARDS are as follows: 

(I) Hemodynamic amelioration: by reducing sedation 
posology (40) and the intra-thoracic pressure 
caused by SV (41);

(II) Reduction of diaphragmatic dysfunction: MV 
causes muscular and diaphragm atrophy with 
initiation (42,43). The preservation of spontaneous 
breathing allows the persistence of diaphragmatic 
contractions and ameliorates the recruitment 
of dependent zones (44). In a prospective study, 
Yoshida et al.  observed a 41% reduction in 
atelectasis on thorax CT scans when SB was 
allowed (45);

(III) Increasing alveolar recruitment: in an experimental 
animal study,  Henzler et  al .  (46) observed 
improvement in the inspiratory transpulmonary 
pressure in SV. In ARDS patients, a redistribution 
of ventilation to the pulmonary bases is caused 
by diaphragmatic contractions. In these studies, 
spontaneous cycles increased oxygenation and 
reduced the duration of ventilation.

However, if the beneficial effects of SV are attractive, 
the results of a large RCT published over the last two 
decades are inconsistent with this hypothesis. First, all 
studies that showed a benefit in ARDS mortality (2,47-49)  
used assisted controlled ventilation (ACV). To date, 
clinical data for using SV in the early management of 
ARDS are limited. Putensen et al. (40) compared APRV 
versus pressure-controlled ventilation (PCV) in a small 
group of 30 patients and included only 5 ARDS patients 
with a PaO2/FiO2 ratio <200 mmHg. Putensen et al. (40) 
concluded that maintaining spontaneous breathing during 
APRV requires less sedation and improves cardiopulmonary 
function, which presumably occurs by recruiting non-
ventilated lung units, thus requiring a shorter duration of 

ventilatory support and ICU stay. A study that is currently 
underway, the BiRDS (NCT 01862016) study, is evaluating 
two ventilatory strategies on the mortality of ARDS 
ventilated patients in a controlled, prospective, randomized, 
open trial .  Patients are randomized to ACV or a 
ventilatory mode authorizing spontaneous breathing cycles 
superimposed on assistance delivered by the ventilator 
(BIPAP-APRV mode). Nevertheless, in the first 24 h  
of study, AVC with deep sedation and NMBAs are used 
to test SV. The results of this study will offer new data on 
SV in early ARDS. The main clinical data to challenge 
the concept of a beneficial effect of spontaneous breathing 
during MV in the early phase of ARDS are given by 
Papazian et al. In these trials (2,47,50), deep sedation 
(Ramsay score 6) and profound neuromuscular blockage 
with high doses of cisatracurium were used for 48 hours 
during the early phase of ARDS. With this regimen that 
prevented any spontaneous breathing, Gainnier et al. 
showed an improvement in oxygenation (50), a decrease in 
lung inflammation (51) and an improvement in survival (2). 

In all studies, the absence of spontaneous breathing 
during MV is obtained with deep sedation associated with 
neuromuscular blockage. We chose to present arguments 
suggesting that SB could be deleterious in the early phase of 
ARDS in the NMBAs section (infra).

NMBAs in ARDS patients

State of use and outcome effects

The use of NMBAs in the ICU, especially in ARDS patients, 
is not marginal. A national US survey performed after the 
1995 ACCM/SCCM guidelines implementation showed 
that vecuronium (Organon Pharmaceuticals, NJ, USA)  
was routinely used in 18.6% and frequently used in 30.5% 
of ICU patients (52). In Europe, a Danish study observed 
that NMBAs were used in 20% of ventilated patients (53).  
In the ARMA study of the NIH ARDS Network (47), 
25% of the 902 patients with ARDS were receiving 
NMBAs on enrolment. Arroliga et al. (54) reported the 
administration of NMBAs for at least 1 day in 13% of 
5,183 ventilated adult patients and in 38% of 231 ARDS 
patients. More recently, Arroliga et al. (55) showed that in  
549 ARDS patients enrolled in the ALVEOLI trial, NMBAs 
were used in 45% and 33% of the patients included in the 
lower and higher positive end-expiratory pressure (PEEP) 
groups, respectively. Nevertheless, several surveys have 
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reported huge variations in the use of neuromuscular 
blockade (56-58). Frequently, NMBAs are used for a 
short period of time (approximately 1±2 days) with daily  
re-evaluation (52,55,57). However, Rhoney et al. (52) showed 
that the use of NMBAs was prolonged beyond 72 hours in 
10% to 20% of ICU patients.

The most common causes cited by ICU physicians 
for administering NMBAs are hypoxemia, facilitation of 
MV and control of patient/ventilator asynchrony (58-60). 
Factors that have been found to be associated with NMBAs 
use are mainly related to the disease severity, as assessed 
by a high APACHE III score and lung injury caused by 
trauma, sepsis and multiple transfusions (55). Moreover, 
the use of prone positioning (49), permissive hypercapnia, a 
high PEEP level, extra-corporeal membrane oxygenator (61)  
or high-frequency oscillatory ventilation may require the 
use of NMBAs (62). In 2016, the clinical guidelines practice 
for sustained NMBA use in critically ill patients (56)  
recommended (Grade 2C) a short course (48 hours) of 
paralysis for ARDS patients ventilated with a PaO2/FiO2 
ratio inferior to 150. In 2017, the surviving sepsis campaign 
again recommended (Grade 2C) a short course of infusion 
of NMBA in ARDS with a PaO2/FiO2 ratio lower than  
150 mmHg (63). This recommendation for ARDS is based 
on 3 clinical studies with 413 patients (2,50,51). This 
strategy has demonstrated a reduction in the mortality in 
early ARDS (2).

Data that directly examine the impact of NMBAs 
on oxygenation in ARDS using a RCT design in the 
era of lung-protective ventilation are, to the best of our 
knowledge, limited to three studies. In a multicentre, 
prospective, controlled, and randomized trial on 56 patients  
with ARDS in four adult ICUs, Gainnier et al. (50) 
showed a significant beneficial effect on the course of 
PaO2/FiO2 ratio in the NMBA treated group of patients 
compared with the control group. Individual comparisons 
at each time point indicated that after 48 hours of muscle 
paralysis, patients who were randomized to NMBA had 
a higher PaO2/FiO2 ratio at 48, 96, and 120 hours after 
randomization. In contrast, there was no modification of 
the PaO2/FiO2 ratio at 1 hour after randomization in the 
NMBA group. In a second multicentre, prospective RCT 
that was designed to analyse the inflammatory effects of 
early 48-hour cisatracurium infusion in ARDS patients, the 
same group (51) confirmed the beneficial effect of NMBAs 
on oxygenation in 36 ARDS patients. The PaO2/FiO2 ratio 
was significantly higher in the NMBA group from the 72th 

hour, and this effect persisted until the 120th hour (end 
of the study period observation). The decrease in plateau 
pressure, PEEP and FiO2 requirements during the 120-hour  
period of the study were more marked in the NMBAs 
group. In a more recent study designed by the ACURASYS 
group (2) to investigate the effects of early NMBA use on 
ARDS mortality, the PaO2/FiO2 ratio was higher on day 7 
in patients receiving 48 hours of continuous cisatracurium 
infusion than in the control group. 

Very few studies have evaluated the effects of NMBA 
administration on the PaCO2 level. Conti et al. (64) 
found no variation in the PaCO2 after the administration 
of NMBAs in 13 patients ventilated for exacerbation of 
chronic obstructive pulmonary disease or trauma (including 
4 ARDS). Lagneau et al. (65) observed no change in the 
PaCO2 after cisatracurium administration. Gainnier et al. (50)  
and Forel et al. (51) showed that the PaCO2 was not 
influenced by a 48-hour continuous administration of 
cisatracurium. In the ACURASYS study (2), the PaCO2 
value was lower after 48 hours in the cisatracurium group 
than in the control group. 

The beneficial effects of NMBAs on oxygenation during 
ARDS observed in these earlier studies inspired the same 
group (50,51) to perform a RCT designed to assess the 
effects of NMBAs on moderate to severe ARDS outcomes. 
In this multicentre (2), double-blind trial, 340 patients 
presenting with severe ARDS within the previous 48 hours 
were randomly assigned to receive either cisatracurium 
besylate (178 patients) or placebo (162 patients) for 48 hours.  
The main result of this study was an improvement of 
the adjusted 90-day survival rate in the group of severe 
ARDS patients treated early with cisatracurium for  
48 hours. After adjusting for both the baseline PaO2/FiO2 
and plateau pressure and the simplified acute physiology 
II score, the hazard ratio for death at 90 days in the 
cisatracurium group, compared with the placebo group, 
was 0.68 [95% confidence interval (CI), 0.48 to 0.98; 
P=0.04]. Furthermore, the mortality at 28 days was 23.7% 
with cisatracurium and 33.3% with placebo (P=0.05). The 
beneficial effect of cisatracurium on the 90-day survival 
rate particularly affected patients presenting a PaO2/FiO2 
ratio less than 120 mmHg. Among these patients, the  
90-day mortality was 30.8% in the cisatracurium group and 
44.6% in the control group (P=0.04). Furthermore, the 
cisatracurium group had significantly more ventilator-free 
days than the placebo group during the first 28 and 90 days, 
and more days were free of organ failure (other than the 
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lung) during the first 28 days. The authors also found that 
significantly more days were spent outside the ICU between 
days 1 and 90 in the cisatracurium group. These results 
tend to show a benefit of NMBAs in the 48 first hours of 
ARDS regarding the morbidity and mortality. These results 
are currently being re-evaluated by the ROSE study of the 
PETAL group (NCT 02509078) to confirm the beneficial 
effect on mortality of systematic early neuromuscular 
blockade in ARDS.

One of the limits to the use of NMBAs in the ICU is 
the occurrence of ICU-acquired weakness (ICUAW). The 
incidence of ICUAW is 34–60% in patients with ARDS (66).  
The supposed association between ICUAW and NMBAs 
is often responsible for a distrust of paralytics. However, 
independent risk factors of ICUAW clearly identified 
regroup female sex, multiple organ dysfunction (≥2), 
duration of MV and administration of corticosteroids (67). 
The duration of vasopressor support, duration of ICU 
stays, hyperglycaemia, low serum albumin and neurological 
failure have also been described as risk factors (68). For 
NMBAs, several studies (69,70) have found that they were 
not independently associated with muscular weakness. 
However, three circumstances appeared to favour the 
development of ICUAW: the concomitant use of NMBAs 
and corticosteroids, the use of steroid NMBAs and the 
length of infusion exceeding 48 hours (71,72). Furthermore, 
in a recent meta-analysis of the RCT evaluating the use of 
NMBAs in ARDS (73), cisatracurium was not associated 
with an increased risk of ICUAW. To summarize, there is no 
evidence that non-steroid NMBAs, when used for a short 
duration and without the simultaneous administration of 
corticosteroids, increase the risk of ICUAW. Interestingly, 
in the ACURASYS study (2), the incidence of ICU-
acquired paresis (evaluated on the basis of the MRC score 
on day 28 or at the time of ICU discharge) was not lower 
in patients receiving 48 hours of continuous cisatracurium 
infusion compared with the placebo group.

How do NMBAs work in ARDS?

NMBAs induce reversible muscle paralysis. By paralyzing 
the diaphragm, NMBAs associated with sedation could be 
responsible for the occurrence of lung atelectasis. This has 
especially been investigated in patients with healthy lungs 
in whom atelectasis rapidly occurs after anaesthesia with 
muscular paralysis (74). However, these findings were not 
observed in ARDS patients in whom NMBAs improve 

oxygenation and probably favour recruitment. One can 
suppose that the application of a sufficient PEEP level could 
counterbalance the effects of the loss of diaphragmatic tone 
in ARDS patients (75). 

NMBAs improve the mechanical viscoelastic properties 
of the chest wall (59). An abolition in spontaneous 
ventilatory activity is accompanied by an increase in total 
thoraco-pulmonary compliance due to the better adaptation 
of the ventilator and a reduction in the expiratory muscular 
activity (7). The change in pulmonary ventilation/perfusion 
ratios induced by NMBAs could also be responsible for 
improving gas exchange, as much in terms of oxygenation 
(reduction of the zones with a low ventilation/perfusion 
ratio or West zone 3) as in terms of CO2 elimination 
(reduction of the physiologic dead space). Furthermore, an 
increase in the thoraco-pulmonary compliance in ARDS can 
increase the functional residual capacity (FRC) and decrease 
the intrapulmonary shunt (76). Finally, a modification in 
the ventilation/perfusion relationship could be related to a 
more homogenous redistribution of pulmonary perfusion 
enabled by the application of lower pulmonary pressures, 
thus favouring the perfusion of the ventilated zones. Muscle 
paralysis could also change the ventilatory distribution 
independent of the FRC and MV modifications by 
homogenizing the distribution of the delta-FRC linked to 
the PEEP and tidal volume.

One hypothesis to explain the beneficial effects of 
NMBAs during the early phase of ARDS is that by 
paralyzing the respiratory muscles, NMBAs minimize 
the manifestations of ventilator induced lung injury 
(VILI) with a reduction in the barotrauma, volutrauma, 
and atelectrauma and, subsequently, the biotrauma (77)  
(“respiratory muscles paralysis” hypothesis). The ventilatory 
strategy influences the pulmonary and systemic production 
of inflammatory mediators, and protective ventilation 
strategies are associated with a reduced release of pro-
inflammatory agents (78,79). This hypothesis was explored 
in a controlled randomized study by Forel et al. (51)  
that analysed the effects of NMBAs on the systemic 
and pulmonary inflammatory responses in patients 
presenting with ARDS and ventilated with a protective 
ventilation strategy. A decrease in the interleukine (IL)-8 
concentrations over time was observed in the pulmonary 
compartment of the NMBA group. Forty-eight hours after 
randomization, the pulmonary concentrations of IL-1β, 
IL-6 and IL-8 were lower in the NMBA group compared 
with the control group. A decrease over time in the IL-6 
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and IL-8 serum concentrations was also observed in the 
NMBA group. Forty-eight hours after randomization, 
the serum concentrations of IL-1β and IL-6 were lower 
in the NMBA group compared with the control group. 
Consequently, the early use of NMBAs decreases the  
pro-inflammatory response associated with ARDS and MV. 

Nevertheless, cisatracurium could have a direct anti-
inflammatory effect by inhibiting nicotinic acetylcholine 
receptor α1 (nAChRα1). In a recent animal study (80),  
Fanelli  et  al .  compared, in an ARDS model,  lung 
inflammation after the infusion of cisatracurium or 
pancuronium. In the cisatracurium and pancuronium 
groups, using the same lung protective ventilation, the 
authors observed a reduction in the pro-inflammatory 
cytokines with NMBAs compared with no NMBAs. An 
elegant experimental protocol shows that this reduction of 
inflammation is related to the inhibition of the nicotinic 
acetylcholine receptor-α1. Fanelli et al. conclude that the use 
of NMBA is lung protective through its anti-inflammatory 
properties by blocking the nAChRα1. Interestingly, a 
decrease in the biotrauma, namely, the release of pulmonary 
and systemic inflammatory mediators, could reduce the 
risk of multi organ dysfunction (77). In fact, it is impossible 
to differentiate between the beneficial effects of NMBAs 
associated with the reduction of biotrauma and a proper 
anti-inflammatory effect of cisatracurium.

The “respiratory muscles paralysis” hypothesis has been 
recently updated with new data. Recent experimental (81) 
and clinical (82) data using oesophageal pressure monitoring 
showed an advantage to continuous infusion of NMBAs 
in ARDS patients, which suppressed any spontaneous 
breathing. In an experimental ARDS rabbit model, Yoshida 

et al. (81) compared the effects of spontaneous breathing 
versus paralysis on the transpulmonary pressure and lung 
recruitment. They observed that spontaneous breathing 
in injured lungs increased the transpulmonary pressure 
during pressure control in volume-controlled ventilation, 
and spontaneous effort caused greater inflation and tidal 
recruitment of dorsal regions (>2-fold) versus during 
muscle paralysis, despite the same tidal volume and 
transpulmonary pressure. This phenomenon was caused by 
higher local lung stress; it should be noted that a plateau 
pressure inferior to 30 cmH2O does not mean that the local 
transpulmonary pressure was higher. Figure 1 summarizes 
the change in transpulmonary pressure during MV with 
or without spontaneous inspiratory efforts. Interestingly, 
Papazian et al. (2) reported an increased proportion of 
pneumothoraxes in the placebo patient group (11.7%, vs.  
4.0% in the cisatracurium group; P=0.01).  These 
pneumothoraxes appeared earlier in the placebo group. 
Recently, Mauri et al. (83) showed the possibility of high 
inspiratory transpulmonary pressure (due to remarkably 
negative swings in alveolar pressures) in a patient presenting 
with a severe ARDS under veno-venous ECMO and 
pressure support ventilation (PSV), while the tidal volume 
and plateau pressure were apparently safe (83). Recently, 
Guervilly et al. (82) randomized moderate ARDS patients in 
two groups, cisatracurium and placebo groups, and applied 
lung protective ventilation. The oesophageal pressure 
was monitored. The mean inspiratory and expiratory 
transpulmonary pressures were higher in the moderate 
ARDS group receiving NMBAs than in the control group. 
By contrast, there was no change in the driving pressure 
related to NMBA administration. In the NMBA group, 

Figure 1 Change in transpulmonary pressure during MV (assisted controlled MV), with (right panel) and without spontaneous breathing (left 
panel). PL, transpulmonary pressure; Paw, airway pressure; PPL, pleural pressure; MV, mechanical ventilation.
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the inspiratory transpulmonary pressure was lower than 
in the placebo group, suggesting tidal recruitment. The 
expiratory transpulmonary pressure was higher and positive 
in the NMBA group, which reflected a reduction of 
atelectrauma and expiratory derecruitment. By preventing 
active expiration, NMBA may allow the better control of 
PEEP (82). Atelectrauma could be reduced by NMBAs and 
paralysis minimizing the phenomena of repetitive opening 
and closing of the lung unit. 

In a recent review, Brochard et al. (84) described the 
deleterious effects of spontaneous breathing (during MV) in 
a period of intense pulmonary inflammation similar to that 
in early ARDS. A non-application of protective ventilation 
can generate patient self-inflicted lung injury (P-SILI). 
These lung injuries are principally caused by a high level of 
transpulmonary pressure, resulting in increased transmural 
pulmonary vascular pressure (pulmonary oedema by 
increasing the alveolar-capillary permeability due to 
over-distention). These phenomena worsen the risk of 
pulmonary oedema through vascular leakage. The alteration 
of the haematosis caused by the aggravation of oedema will 
increase the respiratory drive and lead to self-aggravation.

These data argue for limiting SV at the early phase of 
ARDS and support the use of deep sedation with NMBAs 
in severe to moderate ARDS. This early phase of ARDS is 
characterized by an intense lung pro-inflammatory state in 
which superimposed VILI is deleterious. To date, no routine 
clinical or paraclinical sign has indicated the duration of 
this “early inflammatory period”. The most relevant ARDS 
severity parameter is the PaO2/FiO2 ratio. We suggest 
the use of a 24- to 96-hour period of deep sedation and 
neuromuscular blockage in moderate to severe ARDS. In 
mild ARDS (PaO2/FiO2 ratio between 200 and 300 mmHg),  
we suggest that deep sedation and neuromuscular blockage 
should be avoided. 

After the early inflammatory period of ARDS, sedation 
must be reduced to allow for spontaneous breathing. 
However, ICU physicians should ensure that the ventilation 
mode warrants a lung protective ventilation strategy. We 
emphasize that after the first 48 hours, NMBAs were stopped 
in the patients enrolled in the ACURASYS study (2).  
Moreover, sedation was titrated to allow SV (pressure 
support) as soon as the FiO2 reached less than 60%. To the 
best of our knowledge, the literature data are sparse and 
lack a RCT, and no definitive conclusions can be drawn. 

The BiRDS (NCT 01862016) study could bring interesting 
results. In the meantime, BIPAP™ or APRV, as suggested 
by Putensen et al. (40), could allow spontaneous breathing. 
Nevertheless, controlling the tidal volume and plateau 
pressure during the “spontaneous ventilation mode” is a 
key determinant of the outcome. The data reported by 
Yoshida (81) and Brochard (84) suggest that APRV will be 
more interesting than BIPAP™ or PSV. Indeed, the absence 
of synchronization of insufflation during APRV limits 
the risk of a high transpulmonary inspiratory pressure. As 
mentioned above, the modality and timing to switch from 
ACV to a MV mode, thus allowing spontaneous breathing, 
remains of interest for future investigations. 

Even if their exact mechanism of action is not yet clearly 
identified, it is probable that several mechanisms contribute 
to the beneficial action of NMBAs in the early phase of 
ARDS.

Conclusions 

Sedation and neuromuscular blockage are two contributors 
to the management of ARDS that are complementary 
instead of antagonistic. In the early management of ARDS, a 
protective ventilation strategy is essential and there may be a 
significant benefit to applying systematic muscular paralysis 
in the first 48 hours of ARDS. In this case, deep sedation 
must be applied, and the sedation score could be completed 
by BIS monitoring. At the acute phase of severe ARDS, one 
major goal is to limit VILI and favour lung recruitment by 
using a short course of NMBAs. Preserving spontaneous 
breathing during this time could generate P-SILI and 
aggravate lung injury. In a second phase of management, after 
this inflammatory period, the promotion of SV is a priority, 
and cooperative sedation could be useful for weaning MV 
and reducing the length of MV. However, the ideal duration 
of deep sedation and pharmacological paralysis remains 
unknown. The principles of protective ventilation must be 
maintained when initiating SV with a reduction in the tidal 
volume and plateau pressure. Intense inspiratory efforts can 
generate high levels of inspiratory transpulmonary pressure 
observed on oesophageal pressure monitoring. The incidence 
of a high level of inspiratory transpulmonary pressure is 
correlated with the severity of P-SILI. To address these 
issues, we propose an algorithm to help clinicians manage 
sedation and paralysis during ARDS (Figure 2).
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