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Abstract

:

The use of neuromuscular blocking agents (NMBAs) is common in the intensive care unit (ICU). NMBAs have been used in critically ill patients with lung diseases to optimize mechanical ventilation, prevent spontaneous respiratory efforts, reduce the work of breathing and oxygen consumption, and avoid patient–ventilator asynchrony. In patients with acute respiratory distress syndrome (ARDS), NMBAs reduce the risk of barotrauma and improve oxygenation. Nevertheless, current guidelines and evidence are contrasting regarding the routine use of NMBAs. In status asthmaticus and acute exacerbation of chronic obstructive pulmonary disease, NMBAs are used in specific conditions to ameliorate patient–ventilator synchronism and oxygenation, although their routine use is controversial. Indeed, the use of NMBAs has decreased over the last decade due to potential adverse effects, such as immobilization, venous thrombosis, patient awareness during paralysis, development of critical illness myopathy, autonomic interactions, ICU-acquired weakness, and residual paralysis after cessation of NMBAs use. The aim of this review is to highlight current knowledge and synthesize the evidence for the effects of NMBAs for critically ill patients with lung diseases, focusing on patient–ventilator asynchrony, ARDS, status asthmaticus, and chronic obstructive pulmonary disease.
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1. Introduction


Neuromuscular blocking agents (NMBAs) represent a landmark in modern anesthesia, acting on the neuromuscular junction by blocking the transmission of nervous impulses in the motor endplate of striated muscles, resulting in skeletal muscle paralysis [1].



The use of NMBAs is common in the intensive care unit (ICU), especially in cases of acute distress respiratory syndrome (ARDS). It is used in 25–45% of cases, with different practices associated with geographic differences [2]. NMBAs are used in pulmonary critical care patients, such as those with ARDS, to optimize mechanical ventilation (MV), prevent spontaneous respiratory efforts, reduce the work of breathing and oxygen consumption, reduce the risk of barotrauma, and avoid patient–ventilator asynchrony [3,4]. NMBAs have many other beneficial effects on lung function, improving alveolar recruitment, and they can reduce the concentration of interleukins and tumor necrosis factor-alpha, leading to anti-inflammatory effects [5].



Patients with severe ARDS, status asthmaticus, and chronic obstructive pulmonary disease (COPD) often need MV support, which is frequently insufficiently controlled with sedative and analgesic drugs [2,6,7]. NMBAs seem to have beneficial effects on airway pressures. In a small trial conducted on mechanically ventilated children with severe acute hypoxemic respiratory failure, NMBAs decreased the mean airway pressure (p = 0.039) and the oxygenation index (OI) (p = 0.039) in all patients [8]. In a recent trial conducted on 30 patients with moderate-to-severe ARDS, neuromuscular blockade treatment did not affect the transpulmonary driving pressure (expressed as inspiratory lung pressure minus expiratory lung pressure and defined as a surrogate of the stress applied to the lungs) at 48 h [9]. NMBAs also seem to play a role in gas exchange. In their study, Gainnier et al. [10] reported a higher PaO2/FiO2 ratio at 48, 96, and 120 h in patients randomized to the NMBA group (p = 0.021).



Thus, when deep sedation fails or is not tolerated, NMBAs could be administered to harmonize the respiratory function [4].



Although these beneficial effects, especially in patients with ARDS, the impact of NMBAs on mortality remains controversial [11]. The routine use of NMBAs in ICUs has decreased in the last decade due to potential harmful effects resulting from immobilization such as venous thrombosis, development of critical illness myopathy, ICU-acquired weakness (ICUAW), autonomic interactions, awareness during paralysis, and residual paralysis after cessation of NMBAs [4,12]. However, the real benefits and complications of NMBAs in critically ill patients with lung diseases have not been completely elucidated.



The aim of this review is to highlight current knowledge and synthesize the evidence concerning the effects of NMBAs in critically ill patients with lung diseases, particularly in cases of patient–ventilator asynchrony, ARDS, status asthmaticus, and COPD.




2. Methods


We searched PubMed, MEDLINE, Embase, and Scopus for observational studies, randomized controlled trials, meta-analyses, and current guidelines evaluating the administration of NMBAs in critically ill patients with lung diseases (ARDS or status asthmaticus or COPD).




3. Classification of NMBAs, Pharmacokinetics and Pharmacodynamics


Neuromuscular blockade acts at the neuromuscular junction. When an electric impulse is released in the motor neuron, acetylcholine (ACh) is accumulated in vesicles of the presynaptic membrane acting on the nicotinic receptors on the postsynaptic membrane and causing muscle contraction [13]. Pharmacokinetics and pharmacodynamics of the most commonly used NMBAs are reported in Table 1.



Besides the neuromuscular blockading action, NMBAs have an anti-inflammatory effect [14]. Particularly in patients with ARDS, NMBAs decreased the pro-inflammatory response [15], as well as the levels of biomarkers associated with epithelial and endothelial lung injury [16].



Recently, a new series of neuromuscular complexes called the chlorofumarates (gantacurium, CW002, and CW011) are being developed with a promising pharmacodynamic profile; however, availability for clinical use remains undefined. Other studies are required to establish the role of these drugs in clinical practice [17].



 





Table 1. Pharmacokinetics and pharmacodynamics of the most commonly used NMBAs.






Table 1. Pharmacokinetics and pharmacodynamics of the most commonly used NMBAs.





	
Agent

	
Duration

	
ED95 (mg/kg)

	
Onset Time (min)

	
Duration (min)

	
Dosing

	
Metabolism






	
Depolarizing *




	
Succinylcholine

	
Ultra-short

	
0.3

	
1–1.5

	
5–10

	
1 mg/kg bolus

NA

	
Plasma cholinesterase




	
Non-Depolarizing **




	
Aminosteroids




	
Rocuronium

	
Intermediate-duration agent

	
0.3

	
1.5–3

	
20–35

	
0.6–1.2 mg/kg bolus

8–12 mcg/kg/min infusion

	
Hepatic, no active metabolites




	
Vecuronium

	
Intermediate-duration agent

	
0.05

	
3–4

	
20–45

	
0.08–0.1 mg/kg bolus

0.8–1.7 mcg/kg/min infusion

	
Hepatic, bile, urinary metabolites




	
Pancuronium

	
Long-duration agent

	
0.07

	
2–4

	
60–100

	
0.05–1 mg/kg bolus

0.8–1.7 mcg/kg/min infusion

	
Renal elimination




	
Benzylisoquinolines




	
Cisatracurium

	
Intermediate-duration agent

	
0.05

	
5–7

	
30–60

	
0.1–0.2 mg/kg bolus

1–3 mcg/kg/min

	
Hoffmann reaction, renal elimination




	
Atracurium

	
Intermediate-duration agent

	
0.2–0.25

	
3–4

	
20–35

	
0.4–0.5 mg/kg bolus

5–10 mcg/kg/min

	
Hoffmann reaction, plasmatic esterase




	
Mivacurium

	
Short-duration agent

	
0.08

	
3–4

	
15–20

	
0.15–0.25 mg/kg bolus

9–10 mcg/kg/min infusion

	
Plasmatic esterase




	
Doxacurium

	
Long-duration agent

	
0.025

	
5–10

	
40–120

	
0.03–0.06 mg/kg

NA

	
Renal elimination




	
Chlorofumarate diesters




	
Gantacurium

	
Ultra-short duration agent

	
0.19

	
1.7

	
6–8

	
0.2–0.5 mg/kg

NA

	
Addition of cysteine and ester hydrolysis








* Depolarizing NMBA causes depolarization of the postsynaptic membrane, resulting in resistance to the activity of acetylcholine [18]. ** Non-depolarizing NMBAs compete with acetylcholine for the binding site on the alpha subunit of the nicotinic receptors, preventing its action and establishing a neuromuscular blockade [19]. NA, not available.














4. General Advantages and Disadvantages of Using NMBAs in Critically Ill Patients with Lung Diseases


NMBAs can ameliorate the management of ventilation [20], limiting decruitment, inspiratory effort, and expiratory alveolar collapse [9]. Some studies demonstrated improved oxygenation using NMBAs, possibly related to the effects on reducing the work of breathing [12,21]. In a randomized controlled trial on patients with ARDS receiving conventional therapy plus placebo or NMBAs, treatment with cysatracurium exerted anti-inflammatory effects by reducing the concentration of interleukins and tumor necrosis factor-alpha in serum and bronchoalveolar lavage [5].



Intra-abdominal hypertension (IAH), defined as an intra-abdominal pressure (IAP) above 12 mmHg, is one of the possible conditions in which the use of NMBAs can improve lung function. It is estimated that around 20% of patients present with IAH on admission to the ICU and almost 50% will develop IAH within the first week in the ICU [21,22]. IAH often progresses with an upper shift of the diaphragm and decreased lung volume and chest wall compliance, resulting in increased airway pressures [23] and decreased oxygenation [24]. Although abdominal contractions can falsely increase IAP values, to date, no recommendation on increasing sedation or using NMBAs to accurately measure IAP has been defined [24]. A recent guideline for the management of IAH and abdominal compartment syndrome in critically ill patients highlighted the possibility of considering the use of NMBAs for persistent IAH [25].



When paralyzing the patient, it is always important to consider the possibility of the development of complications associated with the administration of NMBAs, such as corneal abrasions [4] and venous thrombosis [26], and complications associated with prolonged immobilization such as ICUAW and myopathy. The relationship between ICUAW and NMBAs is controversial [4]. Although a recent meta-analysis did not show an association between NMBAs and neuromuscular dysfunction acquired in critical illness (odds ratio (OR), 1.21; 95% confidence interval (CI), 0.67–2.19), merged data from all the included studies suggested a modest association (OR, 1.25; 95% CI, 1.06–1.48; I = 16%) between NMBA use and ICUAW [27]. Many other studies have confirmed the association [28,29] or the potential risk [30] of the development of ICUAW with the use of NMBAs, but with a weak study design and high risk of bias because of the multi-factorial causes of ICUAW and heterogeneous outcomes [31]. In this uncertainty, the association between the use of NMBAs and critical weakness does not seem to be reasonable. Thus, recent SCCM guidelines did not relate the use of NMBAs with the risk of ICUAW, rather associating it with prolonged immobility and muscle disuse [32]. In addition, NMBAs impaired airway protective reflexes [33] and increased the risk of upper airway obstruction and pneumonia. Moreover, these patients needed deep sedation due to prolonged treatment with NMBAs [34].



Critically ill patients often have multi-organ-system disorders and receive treatments for longer periods; thus, the elimination of NMBAs and metabolites can be delayed, resulting in greater accumulation [4,35] and adverse events, difficulty in weaning from the ventilator [36], and the risk of venous thrombosis [26].




5. Patient–Ventilator Asynchrony


Patient–ventilator asynchrony is frequently observed during MV and is associated with worse outcomes and higher mortality [37].



Ventilatory under-assistance or over-assistance translates to different types of asynchronies [38]. Under-assistance could lead to an increased load on respiratory muscles, air hunger, and lung injury caused by excessive tidal volumes (VT). Over-assistance could yield decreased inspiratory drive, which may result in reverse triggering, thus worsening lung injury. In addition, asynchronies may increase intrathoracic pressure, thus modifying cardiac output and hemodynamic status [39].



Yoshida et al. [40] demonstrated that an increase in distending pressure, caused by spontaneous effort in mechanically ventilated patients, could worsen a pre-existing lung injury through a pendelluft effect from non-dependent lung areas toward dependent areas because the diaphragm contraction is poorly transmitted across the pleural surface in an injured lung. Therefore, management of patient–ventilator asynchrony with neuromuscular blockade may be considered to minimize the lung and diaphragm injury associated with spontaneous breathing [41], especially in patients with ARDS [42].



The use of NMBAs in the critical care setting is frequently guided by personal experience and local practice, more than validated guidelines and recommendations [32]. NMBAs minimize the risk of ventilator-induced lung injury (VILI). However, the use of NMBAs requires adequate sedation to prevent VILI and may lead to extended time on MV, longer ICU stays, and increased risk of ventilator-associated pneumonia (VAP) [43,44]. NMBAs should be administrated with adequate sedation. Nevertheless, the sedation level is a factor that could affect the incidence of asynchrony. Observational studies showed an association between deep sedation and a higher incidence of patient–ventilator asynchronies [37,45].



A multi-center study showed a lower incidence of asynchronies with lighter sedation with dexmedetomidine compared with deeper sedation with propofol [46]. So, increasing sedation does not always represent an effective strategy to reduce asynchrony. When asynchrony is related to double triggering, deeper sedation associated with neuromuscular blockade could be taken into consideration. In contrast, in the case of reverse triggering, muscle effort could result in inflation so that a reduced sedation and NMBA strategy could be considered [47].




6. Acute Respiratory Distress Syndrome


To date, pharmacologic therapies have shown no beneficial effects in patients with ARDS, but supportive treatments such as MV can improve ARDS outcomes [48]. NMBAs have been largely used in patients with ARDS over the years [49], given that they can minimize VILI in the presence of increased respiratory drive or patient ventilatory asynchrony [50]. Lighter sedation and an early active breathing strategy are increasingly used for patients with ARDS to reduce muscle wasting [3,51,52,53]. Therefore, the use of NMBAs in this population is controversial.



Many trials focusing on the use of NMBAs have been conducted on patients with ARDS (Table 2), but no consensus has been reached, and specific recommendations are currently being formulated.



Controversial results were shown concerning the mortality rate in two larger studies: the ACURASYS and ROSE trials [52,54].



The ACURASYS trial reported a reduction in mortality in patients with moderate to severe ARDS; in contrast, the ROSE trial did not find significant changes in mortality. The differences between these two trials may be attributed to certain factors. (1) Differences in the definition of ARDS: even though, in both studies, patients presented PaO2/FiO2 < 150 mmHg, in the baseline of the ROSE trial, positive end-expiratory pressure was higher (≥8 cm H2O) [52]. (2) The enrollment of patients was later in the ACURASYS trial (16 h) compared with the ROSE trial [54] (8 h), resulting in different study populations and potential bias. (3) Pharmacologic treatments differed between the studies. (4) In the ROSE trial [52], a lighter sedation strategy was used in the control group, whereas in the ACURASYS trial [54], deep sedation was used in both the treatment and placebo groups. (5) Although both studies used protective lung ventilation strategies, in the ROSE trial, a lower FiO2 was applied, but PEEP was higher and tidal volume was lower in both study arms [52].



Some meta-analyses showed improvement in oxygenation and reduction in barotrauma risk in patients with ARDS treated with NMBAs [55,56,57,58]. These controversial results were also confirmed in a recent analysis of the administration of NMBAs in cases of ARDS [59]. In contrast, another recent meta-analysis of five trials endorsed by the European Society of Intensive Care Medicine (ESICM) found no significant effect on outcomes and 28-day mortality in patients with ARDS treated with NMBAs compared with patients with ARDS who were not treated [14,52]. These controversial results may be associated with high data heterogeneity. In addition, Plens et al., in a recent study, demonstrate that NMBA infusion during ARDS could reduce expiratory muscles activity and increase end expiratory lung volume leading to a benefit in MV [60].



During the COVID-19 pandemic, NMBAs were frequently administered in patients with ARDS to reduce spontaneous efforts and thus transpulmonary pressures [53]. To date, no randomized controlled trials using NMBAs in patients with COVID-19 ARDS have been published [53,54]. A recent study observed a reduction in the duration of MV and mortality in patients with COVID-19 ARDS treated with NMBAs [61]. However, in a study conducted on 1953 patients with COVID-19 and moderate/severe ARDS, early and short courses of NMBAs did not reduce 90-day mortality and ventilator-free days [62]. The 2017 ESICM clinical practice guideline did not investigate NMBAs in the treatment of ARDS because of resource constraints [63]. More recent guidelines concluded that there is no evidence to support the routine use of NMBAs in cases of ARDS [32]. The ESICM guidelines on ARDS, published in 2023 [53], recommend against the routine use of continuous infusions of NMBAs to reduce mortality in patients with moderate/severe ARDS with a strong recommendation and a moderate level of evidence. Furthermore, because of the lack of evidence, the routine use of continuous infusions of NMBAs in patients with ARDS due to COVID-19 was not recommended [53]. In contrast, an update of the American Thoracic Society guidelines suggests neuromuscular blockade in patients with early (≤48 h from MV therapy) severe ARDS (PaO2/FiO2 ≤ 100) [64]. In short, clinical evidence suggests that NMBAs might be considered in selected cases with early and severe ARDS with deep sedation, invasive MV, and the need for prone positioning within 48 h [32,56]. The use of NMBAs must be individualized, and further studies are required [4]. Two new trials investigating the use of cisatracurium in cases of moderate/severe ARDS are ongoing: (1) a comparison between bolus and continuous infusion (NCT05153525); and (2) early NMBAs versus sedation alone (NCT04922814). Another trial, which titrated NMBAs in spontaneous breathing patients with severe ARDS (partial neuromuscular blockade in acute respiratory distress syndrome (PNEUMA)) supported with venovenous extracorporeal membrane oxygenation recently finished, but no results have been published.




7. Status Asthmaticus


Status asthmaticus is a severe, persistent asthma attack that does not respond to usual treatments; it is characterized by hypoxemia, hypercapnia, and secondary respiratory failure [65]. A retrospective review reported that 61.2% of patients hospitalized for status asthmaticus required intubation and MV [7]. In the case of deterioration of respiratory conditions, despite initial pharmacologic treatment, intubation and MV are required. In addition, when patient–ventilator asynchronies, hypoxemia, or dynamic hyperinflation occur, even with deep sedation, the risk of generating auto-PEEP or barotrauma is high, thus requiring NMBAs [66], which then improve oxygenation and hemodynamics.



In an analysis of 30 years of ICU admissions for status asthmaticus, the use of NMBAs in mechanically ventilated patients with status asthmaticus has increased in the last 10 years [7], but this therapy remains controversial.



In a retrospective large study, Adnet et al. [28] analyzed the morbidity of intubated asthmatic patients receiving long-term (>12 h) NMBAs and found that VAP, post-intubation myopathy, and duration of ICU stay were higher in the group of patients treated with NMBAs.



Peters et al. [7] reported similar findings and an equivalent overall rate of myopathy incidence in patients with status asthmaticus receiving NMBAs. In contrast, Kesler et al. [29] demonstrated that the risk of myopathy in status asthmaticus was not associated with the duration of NMBAs because patients who underwent a short period of neuromuscular blockade also developed weakness. Replacing NMBAs with a continuous deep sedation strategy did not seem to modify the incidence of muscle weakness in patients with status asthmaticus. A recent paper from Qiao et al. [67] evaluated the risk of rhabdomyolysis, a rare but potentially fatal complication, in patients with status asthmaticus treated with high doses of steroids or theophylline combined with NMBAs, thus enhancing the debate on the use of NMBAs in status asthmaticus.



Current knowledge and the 2016 guideline for sustained neuromuscular blockade in critically ill patients suggest against the routine administration of NMBAs to mechanically ventilated patients with status asthmaticus [32].




8. Chronic Obstructive Pulmonary Disease


COPD is a heterogeneous lung condition characterized by chronic respiratory symptoms (dyspnea, cough, expectoration, and/or exacerbations) due to abnormalities of the airways (bronchitis, bronchiolitis) and/or alveoli (emphysema) that cause persistent, often progressive, airflow obstruction [68]. COPD is characterized by expiratory flow limitation, resulting in air trapping and dynamic hyperinflation, leading to auto-PEEP, increased intrathoracic pressure, and breathing efforts, as well as the risk of barotrauma. Acute respiratory failure due to an exacerbation of COPD has been associated with severe respiratory acidosis, increased levels of dyspnea, muscle fatigue, compromised neurologic status, and hemodynamic instability [6], which may require MV, either invasive or non-invasive. Sedation and occasionally paralysis with NMBAs may be needed to decrease patient–ventilator asynchrony [68,69].



In the ICU, half of patients with COPD are considered difficult to wean from MV [70]. As already described for status asthmaticus [28,29,65,71], weaning failure has been attributed to muscle weakness caused by a combination of NMBAs and corticosteroids [72]. In addition, the continuous administration of NMBAs and high doses of sedatives contribute to muscle atrophy [73]; thus, it is recommended that they are used for as short a time as possible [72]. The occurrence of respiratory muscle dysfunction caused by NMBAs may further worsen the respiratory pump performance in patients with COPD [72].




9. Monitoring of Neuromuscular Blockade and Adequacy of Sedation


Neuromuscular monitoring is indispensable for optimal management of NMBAs [35]. A peripheral nerve stimulator was introduced in the 1950s and is useful for monitoring neuromuscular blockade. In 1970, Ali et al. [74] reported train-of-four (TOF) testing to measure the degree of neuromuscular blockade through the use of a peripheral nerve stimulator. The goal of TOF monitoring is to ensure that the minimum amount of NMBA is administered to adequately paralyze the patient. TOF stimulation releases four electrical pulses to a peripheral nerve. The pattern involves stimulating the ulnar nerve with a TOF supramaximal twitch stimuli with a frequency of 2 Hz, i.e., four stimuli each separated by 0.5 s. The TOF is then repeated every 10 s (train frequency of 0.1 Hz). As well as enabling the observer to compare T1 (first twitch of the TOF) to T0 (control), it also enables comparison of T4 (fourth twitch of the TOF) to T1. This is known as the TOF ratio. [75]. There is a lack of evidence in the current ICU guidelines [32] relating to monitoring neuromuscular blockade. In the postoperative setting, a residual neuromuscular blockade (TOF < 0.9) is still related to a high incidence of unfavorable outcomes such that quantitative monitoring is considered necessary in the intraoperative management of neuromuscular blockade [75], as recommended by the latest French guidelines [76] on muscle relaxants in 2020 and by new European Society of Anesthesia and Intensive Care and American Society of Anesthesiologists guidelines [75,77]. In accordance with these guidelines, the Italian intersociety consensus on perioperative anesthesia care in thoracic surgery recommends strict neuromuscular monitoring for correct administration of both NMBAs and reversal agents [78].



Titration of the level of a neuromuscular blockade based on the patient’s condition (such as renal or hepatic failure) might be considered to avoid prolonged paralysis in the ICU [26]. Residual neuromuscular blockade in the ICU is unrecognized and underreported because monitoring is not commonly carried out in this setting. In a recent study, residual neuromuscular weakness was often considered unrecognized before extubation [79]. A case report described by Workum et al. [80] reported an unusual protracted effect of NMBAs, highlighting the complexity of neuromuscular blockade in the ICU. Thus, monitoring using TOF measurements in the ICU and choosing cisatracurium over rocuronium in critically ill patients should be considered [80].



A recent trial explored the efficacy of TOF monitoring to guide clinical neuromuscular blockade compared with clinical monitoring alone in patients with ARDS. They found no significant change in ICU mortality between the two groups [81]. New research is needed to better assess which is the best NMBA in each clinical situation and how to monitor neuromuscular blockade in the ICU context.



The use of deep sedation and analgesia is always required with NMBAs [32,82]. Patients undergoing MV are often in pain; thus, sedation is necessary to facilitate tolerance to the endotracheal tube, endotracheal suction, and prolonged immobility [83,84]. Strictly sedation monitoring in the ICU could be performed with the bi-spectral index of the electroencephalogram (BIS) or E-entropy, a non-invasive technique easily obtained at the bedside [85]. However, the BIS score is not always considered reliable because of variability in the patient response caused by forehead muscle tone and electrical and mechanical interference, particularly in ICU patients [82]. In this case, NMBAs could be useful to abolish muscle contractions. A small study, conducted by Messner et al. [86], considered the effect of complete muscle relaxation on BIS in fully awake and non-sedated individuals and reported a significant decrease in BIS levels when NMBAs were administered. Other studies showed similar results in sedated patients [87,88]. Even though the use of BIS is advantageous, its systematic use is not recommended in the ICU, [89], and more studies are required to better understand if this monitoring modality is valid for mechanically ventilated patients in the ICU [90].



In summary, the use of NMBAs in patients with lung diseases seems quite safe if the sedative state is adequately monitored [89]. Nevertheless, NMBAs use is still controversial, especially considering the lack of updated guidelines concerning sedation, reversal, and monitoring [31,75,76,90].




10. Conclusions


The appropriate use of NMBAs in critically ill patients with lung diseases is unclear, and proper indications for their use are still required, including appropriate timing and careful monitoring of the duration of administration to reduce side effects while allowing for the advantage of their benefits, such as improved oxygenation. The lack of well-designed prospective trials reflects the controversial results.



There is a lack of strong and updated recommendations for the use of NMBAs in the ICU setting. Precise monitoring of the neuromuscular blockade is considered a useful strategy by which to minimize residual weakness and other detrimental effects which are not so rare in the ICU. In this case, TOF might play a role, but its use in the ICU setting is still unclear. Although current knowledge is lacking concerning studies with long-term outcomes conducted on ICU patients, in accordance with the recent guidelines, the administration of NMBAs should be limited to avoid ventilator asynchrony with a personalized approach based on each individual clinical setting. Current knowledge suggests that the use of NMBAs in critically ill patients with lung diseases must be individualized, and further studies are required. Other indications will come from new ongoing clinical trials.
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Table 2. Randomized trials and metanalysis focusing on the use of NMBAs in patients with ARDS.
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Authors/Year

	
Type of Study/Population

	
Subtypes of Drugs

	
Objective

	
Outcome






	
Gainnier et al. [10] 2004

	
Multi-center, prospective, controlled, randomized trial: 56 patients with PaO2/FiO2 < 150 with PEEP ≥ 5 cm H2O randomized in control (n = 28) and NMBA (n = 28) groups

	
not specified

	
Evaluate the effects of a 48 h NMBAs infusion on gas exchange over a 120 h time period in patients with ARDS

	
NMBAs were administered for 48 h; oxygenation (PaO2/FiO2 ratio) was better in NMBA compared to control group




	
Papazian et al. (ACURASYS trial) [54] 2010

	
Multi-center, prospective, controlled, randomized trial: 340 patients with severe ARDS randomized in placebo (n = 162) and NMBA (n = 178) groups

	
cisatracurium

	
Evaluate clinical outcomes after 48 h of therapy with NMBAs in patients with early, severe ARDS

	
Early administration of NMBAs for 48 h

decreased 90-day mortality (31.6% with NMBAs vs. 40.7% in the placebo group) and risk of barotrauma in patients with moderate to severe ARDS




	
Forel et al. [14] 2006

	
Multi-center, prospective, controlled, and randomized trial: 36 patients with PaO2/FiO2 < 200 at a PEEP ≥ 5 cm H2O randomized in placebo (n = 18) and NMBA (n = 18) groups

	
cisatracurium

	
Evaluate the effects of NMBAs on pulmonary and systemic inflammation in patients with ARDS ventilated with a lung-protective strategy

	
At 48 h after randomization, pulmonary concentrations of IL-1β (p = 0.005), IL-6 (p = 0.038), and IL-8 (p = 0.017) and serum concentration of IL-6 (p = 0.05) and IL-8 (p = 0.003) were lower in the NMBA group as compared with the control group; improvement in PaO2/FiO2 ratio was observed and reinforced in the NMBA group (p < 0.001)




	
The National Heart, Lung, and Blood Institute PETAL Clinical Trials Network (ROSE trial) [52] 2019

	
Multi-center, prospective, controlled, randomized trial: 1006 patients with moderate-to-severe ARDS PaO2/FiO2 < 150 with PEEP ≥ 8 cm H2O, randomized in intervention (n = 501) and control (n = 505) groups

	
cisatracurium

	
Evaluate mortality at 90 days in patients with moderate-to-severe ARDS randomly divided into two groups: the intervention group, treated with 48 h infusion of NMBA with concomitant deep sedation, or the control group (no NMBA)

	
Mortality rate at 90 days did not

differ between groups (42.5% in the control group vs. 42.8% in the intervention group




	
Lyu et al. [55] 2014

	
Prospective study: 96 patients randomized into severe ARDS (n = 48) and moderate ARDS (n = 48) groups according to the Berlin definition of ARDS; patients were than randomly divided into treatment (n = 24) and control (n = 24) groups

	
vecuronium

	
Observe the clinical effects of early use of NMBA in patients with severe sepsis and ARDS

	
Sepsis scores improved after treatment with NMBAs in severe ARDS group compared with control group (APACHEII score: 16.58 ± 2.41 vs. 19.79 ± 3.52, t = 3.679, p = 0.010; SOFA score: 12.04 ± 2.17 vs. 14.75 ± 3.26, t = 3.385, p = 0.010; PaO2/FiO2: 159.31 ± 22.57 mmHg vs. 131.81 ± 34.93 mmHg, t = 3.239, p = 0.020; ScvO2: 0.673 ± 0.068 vs. 0.572 ± 0.142, t = 3.137, p = 0.030; Lac: 3.10 ± 1.01 mmol/L vs. 4.39 ± 1.72 mmol/L, t = 3.161, p = 0.030), while the value of CRP showed no significant difference (180.91 ± 37.14 mg/L vs. 174.66 ± 38.46 mg/L, t = 0.572, p = 0.570); 21-day mortality in treatment group was significantly lower than that in the control group [20.8% (5/24) vs. 50.0% (12/24), χ(2) = 4.463, p = 0.035].




	
Guervilly et al. [9] 2017

	
Randomized controlled trial: 30 patients with moderate to severe ARDS; 6 of them were defined as severe ARDS and treated with 7ysatracurium; 24 patients were classified as moderate ARDS; 13/24 treated with 7ysatracurium; 11/24 not treated with NMBA

	
cisatracurium

	
Investigate whether NMBA exert beneficial effects in ARDS by reason of their action on respiratory mechanics, particularly transpulmonary pressures (P L)

	
NMBA infusion was associated with an 