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BACKGROUND: Studies evaluating neuromuscular blocking agents (NMBAs) in the manage-

ment of ARDS have produced inconsistent results in terms of their effect on mortality. The pur-

pose of this systematic review and meta-analysis was to evaluate differences in mortality

comparing subjects with ARDS who received NMBA to those who received placebo or usual

care. METHODS: We searched Ovid, MEDLINE, Embase, CINAHL, Cochrane, Scopus, and

Web of Science for randomized controlled trials evaluating administration of NMBAs in subjects

with ARDS. RESULTS: We included 6 studies (N 5 1,558 subjects) from 1,814 abstracts identi-

fied by our search strategy. The use of early, continuous-infusion NMBAs reduces the risk of

short-term (ie, 21–28-d) mortality (relative risk 0.71 [95% CI 0.52–0.98], P 5 .030, I2 5 60%) in

subjects with ARDS but does not reduce the risk of long-term (ie, 90-d) mortality (relative risk

0.81 [95% CI 0.64–1.04], P 5 .10, I2 5 54%). NMBAs decreased the risk of barotrauma (relative

risk 0.55 [95% CI 0.35–0.85], P 5 .008, I2 5 0%) and pneumothorax (relative risk 0.46 [95% CI

0.28–0.77], P 5 .003, I2 5 0%) compared to control. CONCLUSIONS: In subjects with ARDS,

early use of NMBAs improves oxygenation, reduces the incidence of ventilator-induced lung

injury, and decreases 21–28-d mortality, but it does not improve 90-d mortality. NMBAs should

be considered for select patients with moderate-to-severe ARDS for short durations. Key words:
acute respiratory distress syndrome; neuromuscular blocking agents; meta-analysis; paralysis; mortal-
ity; mechanical ventilation. [Respir Care 0;0(0):1–�. © 0 Daedalus Enterprises]

Introduction

ARDS is an acute inflammatory process that causes

damage to the alveoli that impedes their ability to

adequately oxygenate the body, thereby resulting in acute

hypoxic respiratory failure. The initial treatment for

ARDS should include management of the underlying

cause of ARDS and minimization of further injury.1-3 To

date, nonpharmacologic treatment strategies such as lung-

protective ventilation strategies minimizing inflation pres-

sures and use of early prone position during ventilation to

optimize recruitment have resulted in the greatest mortal-

ity benefit in patients with ARDS. Use of higher PEEP

and conservative fluid management have been associated

with better oxygenation and a higher number of ventila-

tor-free days, respectively.1,2

Options for effective pharmacologic therapies in ARDS

remain limited.4 Studies evaluating pharmacologic agents,

either as early adjuncts or as rescue therapies, have dem-

onstrated futility.4 Use of neuromuscular blocking agents

(NMBAs) is the only studied pharmacologic treatment

strategy that has demonstrated a mortality benefit in

patients with early, severe ARDS. NMBAs are thought to

provide benefit in ARDS by increasing recruitment and

improving oxygen delivery and oxygen consumption

matching. By paralyzing patients, ventilator asynchrony is

minimized. This reduces ventilator-induced lung injury
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(VILI) and decreases circulating inflammatory media-

tors.5-7

Use of NMBAs in patients with ARDS has been consis-

tently associated with improved oxygenation and decreased

levels of inflammatory markers in clinical studies.8-13

However, an associated mortality benefit with these out-

comes has been inconsistent, leading to variability in pre-

scriber adoption of NMBA use in early, moderate-to-severe

ARDS, with a recent study reported only 22.3% of subjects

with early, moderate-to-severe ARDS received NMBAs.14,15

Given the results of the recently published Reevaluation of

Systemic Early Neuromuscular Blockade (ROSE) trial,13 we

sought to complete a systematic review and meta-analysis

including these new data to evaluate subjects with early,

moderate-to-severe ARDS receiving NMBAs as a primary

intervention compared to placebo or usual care on 90-d mor-

tality. We hypothesized that there would be no difference in

90-d mortality when using NMBAs in early, moderate-to-

severe ARDS compared to usual care or placebo.

Methods

Data Sources

A systematic search of existing, relevant literature was

performed by the authors, including an experienced medi-

cal information specialist, in the following databases:

MEDLINE, Embase, Web of Science, Scopus, CINAHL,

and Cochrane. The databases were searched from inception

to May 25, 2019. Three elements were used in the search

strategies: adult respiratory distress syndrome, neuromus-

cular blocking agents, and randomized clinical trials. These

3 elements were searched using controlled vocabulary,

when available in the databases, and text searches to obtain

results from PubMed and “text word only” databases. The

complete search strategy can be found online (see the

supplementary materials at http://www.rcjournal.com).

The articles were imported in the reference software

Endnote and then exported to the systematic review man-

agement software Covidence and checked for duplicates.

Our systematic review and meta-analysis is registered in

PROSPERO (CRD4202150538).

Study Selection

The titles/abstracts of identified studies were screened

for full-text review by 2 independent study investigators

(HT, AD). Studies, regardless of published language, were

included for full-text review if they evaluated the use of

NMBAs in subjects$ 18 y old with ARDS. Full-text stud-

ies were then independently reviewed by 2 study investiga-

tors (HT, AD). Studies were included in the meta-analysis

if they were randomized controlled studies comparing

NMBAs to placebo or usual care in mechanically ventilated

adult subjects with moderate-to-severe ARDS according

to any ARDS definition and reported 28-d or 90-d mortal-

ity. No restrictions were placed on type or duration of con-

tinuous infusion or intermittent intravenous NMBA. We

excluded case reports, case series, observational or retro-

spective studies, and studies evaluating the use of NMBAs

in adult subjects with moderate-to-severe ARDS. Studies

that did not compare NMBAs to placebo or usual care

were also excluded.

Data Extraction

Relevant information from each study was selected and

entered into a database in duplicate by 2 independent inves-

tigators (HT, AD): study design, sample size, study loca-

tion, inclusion and exclusion criteria, and methodology. We

also extracted data for all predefined end points of interest,

including 90-d mortality (primary outcome), 28-d and ICU

mortality, length of ICU and hospital stay, duration of me-

chanical ventilation, ventilator-free days, safety outcomes

(eg, barotrauma, pneumothorax, ICU-acquired weakness),

and ventilation parameters (PaO2
=FIO2

ratio, PEEP, plateau

pressure). We chose 90-d mortality as the primary outcome

because it was the primary end point in the 2 largest trials

included in our meta-analysis.10,13

Risk of Bias and Quality Assessment

The Cochrane Risk of Bias tool16 was applied to each

trial to evaluate the methodology for randomization, con-

cealment, blinding, completeness of data, and selection out-

come reporting. Each of these domains were assessed for

low risk of bias, high risk of bias, or some concerns.

Authors of included studies were not contacted to clarify

domains of bias that we rated as having some concerns.

Two independent authors (HT, AD) assessed the methodo-

logical quality of articles. Based upon study design and

methodological quality, each individual study received an

overall risk of bias according to the Cochrane Risk of Bias

tool. A level of conclusion was determined after grouping

studies with comparable methods, accounting for the study

designs and the risk of bias. Domains in which studies were

ranked as having a high risk of bias or some concerns were

evaluated to assess the risk of bias to the overall results of

the study. Studies that had > 4 domains of bias with some

concerns were labeled as having high overall risk of bias.

Given the limitations in blinding when studying NMBAs,

this domain was not heavily weighted when assessing over-

all risk of bias.

The 2 independent authors (HT, AD) also used the

Grading of Recommendations, Assessment, Development,

and Evaluation (GRADE) framework17 to evaluate the

quality of evidence included in our pooled analysis across

the domains of risk of bias, inconsistency, indirectness,
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imprecision, and publication bias, and overall quality of

evidence was assigned to outcomes of interest after consen-

sus between the 2 reviewing authors.

Statistical Analysis

RevMan 5.3 (Cochrane Review Manager Software;

Nordic Cochrane Center, Copenhagen, Denmark) was used

to pool data, and the DerSimonian Laird methods for ran-

dom effects models were applied.18 Relative risk was calcu-

lated for dichotomous outcomes, and mean differences

were calculated for continuous outcomes, both calculated

with 95% CIs. The Mantel-Haenszel chi-square statistic

was used to assess heterogeneity between studies, where

P < .01 indicated significant heterogeneity and I2 > 50%

indicated significant heterogeneity. We were unable to

assess for publication bias using a funnel plot or other sta-

tistical methods due to the number of studies included in

our meta-analysis.19 We performed a subgroup analysis to

evaluate the impact of NMBAs on mortality including only

studies with low overall risk of bias.

Results

Study Selection

Our search strategy identified 1,814 possible references

for inclusion in our analysis. After the removal of duplicate

references, 1,499 references were available for screening.

Ultimately, we identified 6 studies that met our inclusion

criteria (Fig. 1; see the supplementary materials at http://

www.rcjournal.com).8-13

Study Description

Characteristics of the included studies are listed in

Table 1. Of the included studies, 4 were conducted by the

same research team in ICUs in France, one study was

conducted in China, and the final study was performed in

hospitals in the United States. A total of 1,558 subjects

with early, moderate-to-severe ARDS were included in

the 6 studies. Each of these studies evaluated a continuous

infusion of cisatracurium, a benzylisoquinoline NMBA,

compared to placebo or usual care for 48 h, with the

exception of 1 study that studied a continuous infusion

of vecuronium, an aminosteroid NMBA.11 Short-term

mortality (21–28 d) was reported in 5 studies,8-11,13 ICU

mortality was reported in 4 studies,8-11,13 and long-term

mortality (90 d) was reported in 4 studies.8-10,13 The inci-

dence of ICU-acquired weakness and VILI was reported

in 4 studies.8-10,13 ICU-acquired weakness was deter-

mined by clinical assessment (not confirmed with elec-

tromyography exam) in 2 of the studies8,9 and by using

the validated Medical Research Council scale20 to assess

muscle strength in the other 2 studies.10,13 VILI was

reported by clinicians in all studies; only 1 study10 set a

standard definition for barotrauma by including any new

pneumothorax, pneumomediastinum, subcutaneous em-

physema, or pneumatocele > 2 cm in diameter.

Risk of Bias and Study Quality

Risk of bias of the included studies was determined

using the Cochrane Risk of Bias tool16 and listed in Table

2. Of the included studies, 2 trials were deemed to have

some concerns of bias due to a lack of blinding; given the

effect of paralysis, blinding in the control arm would have

been difficult and unlikely to affect final outcomes based

on overall study methodology and data analysis.8,9 Two

studies were rated as having high risk of bias due to hav-

ing > 4 domains of bias with some concerns.11,12 Two

studies were deemed to have low risk of bias due to over-

all low level of biases in their methodology and data

analyses.10,13

Quality of the evidence for outcomes of interest was

determined using the GRADE assessment tool (see the

supplementary materials at http://www.rcjournal.com).17

The majority of evaluated outcomes were rated as having

moderate-quality evidence to support findings, with the

exception of barotrauma, pneumothorax, and ICU-acquired

weakness, which were rated as having low-quality

evidence.

Total abstracts identified from
database searches

1,814

Full-text articles assessed for
eligibility

22

Included in meta-analysis
6

Records screened
1,499

Duplicates removed
315

Excluded
1,477

Excluded
16

Fig. 1. Flow chart.
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Table 1. Characteristics of Included Trials

Study, Country, Site,

Subjects
Details Experimental Intervention Control Intervention Ventilator Strategies

Gainnier et al8 SAPS II: 37.7 6 0.7 vs 37.66

0.6, P ¼ NS

Cisatracurium 50 mg

bolus then 5 mg/kg/min

CIVI � 48 h

Sodium chloride 0.9%

4 mL/h � 48 h

ARMA protocol3

France ARDS (AECC) Goal train of four < 1 No weaning protocol

4 medical or mixed

ICUs

PaO2
=FIO2

< 150 Volume assist-control

N ¼ 56 adults Enrolled < 36 h after ARDS

onset

VT ¼ 6–8 mL/kg

Baseline PaO2
=FIO2

: 130 6 34

vs 119 6 31, P ¼ NS

Forel et al9 SAPS II: 49 6 19 vs 47 6 15,

P ¼ NS

Cisatracurium 0.2 mg/kg

bolus then 5 mg/kg/min

CIVI � 48 h

Sodium chloride 0.9%

4 mL/h � 48 h

ARMA protocol3

France ARDS (AECC) Goal train of four < 1 No weaning protocol

3 ICUs PaO2
=FIO2

# 200 Volume assist-control

N ¼ 36 adults Enrolled < 48 h after ARDS

onset

VT ¼ 4–8 mL/kg

Intubated < 48 h

Papazian et al10 SAPS II: 50 6 16 vs 47 6 14,

P ¼ .15

Cisatracurium 15 mg

bolus then 37.5 mg/h

CIVI � 48 h

Placebo infusion �
48 h

ARMA protocol3

France ARDS (AECC) No train of four Weaning protocol

20 ICUs PaO2
=FIO2

< 150 Volume assist-control

N ¼ 340 adults Enrolled < 48 h after ARDS

onset

VT ¼ 6–8 mL/kg

Baseline PaO2
=FIO2

: 106 6 36

vs 115 6 41, P ¼ .03

Lyu et al11 APACHE II: 18.20 6 3.59 vs

19.37 6 4.14, P ¼ NS

Vecuronium 0.1 m/kg

bolus then 0.05 mg/kg/

h infusion � 24–48 h

Usual care No ventilation protocol

China ARDS (Berlin) Volume assist-control

1 ICU PaO2
=FIO2

< 150 VT ¼ 4–8 mL/kg

N ¼ 96 adults Enrolled < 48 h after ARDS

onset

Baseline PaO2
=FIO2

: 14.95 6

26.97 vs 144.336 24.09,

P ¼ NS

Guervilly et al12 SAPS II: 47 (37–54) vs

48 (42–62), P ¼ .40

Cisatracurium 15 mg

bolus then 37.5 mg/h

CIVI � 48 h

Usual care ARMA protocol3

France ARDS (Berlin) No train of four No weaning protocol

2 ICUs PaO2
=FIO2

# 200 Volume assist-control

N ¼ 24 adults Enrolled < 48 h after ARDS

onset

VT ¼ 6 mL/kg

Baseline PaO2
=FIO2

: 158 (131–

185) versus 150 (121–187),

P ¼ .40

PETAL Network13 APACHE III: 103.9 6 3.1

versus 104.9 6 3.1, p¼NS

Cisatracurium 15 mg

bolus then 37.5 mg/h

CIVI � 48 h

Usual care ARMA protocol3

(Continued)
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Mortality

Continuous-infusion NMBAs were associated with a

decreased risk of short-term (21–28-d) mortality (relative risk

0.71 [95% CI 0.52–0.98], P ¼ .030, I2 ¼ 60%) in subjects

with early ARDS, but they did not reduce the risk of long-

term hospital (90-d) mortality (relative risk 0.81, 95% CI

0.64–1.04, P ¼ .10, I2 ¼ 54%). The use of NMBAs was also

associated with a decreased risk of ICU mortality (relative

risk 0.72, 95% CI 0.57–0.91, P¼ .007, I2¼ 0%) (Fig. 2).

Safety

In terms of VILI, NMBAs reduced the risk of barotrauma

(relative risk 0.55, 95% CI 0.35–0.85, P ¼ .008, I2 ¼ 0%)

and pneumothorax (relative risk 0.46, 95% CI 0.28–0.77,

P ¼ .003, I2 ¼ 0%) compared to placebo or usual care. The

use of NMBAs was not associated with an increased risk of

ICU-acquired weakness (relative risk 1.15, 95% CI 0.95–

1.39, P¼ .16, I2 ¼ 0%) (Fig. 3).

Oxygenation and Ventilator Requirements

Improvement in oxygenation was assessed via change in

the PaO2
=FIO2

ratio, which was reported in 4 studies at 24-,

48-, and 72-h after randomization time points. Subjects

who received NMBAs did not have improved oxygenation

at 24-h after randomization (P ¼ .19), but they did have

improved oxygenation at 48-h (P ¼ .01) and 72-h (P ¼
.030) after randomization compared to controls. The use of

NMBAs was not associated with a decreased need for

mechanical ventilation because duration of mechanical

ventilation was unchanged between control subjects and

subjects who received NMBAs, for all subjects (P ¼ .43)

and survivors (P ¼ .93). Ventilator-free days were reported

in 4 studies and also did not differ between subjects who

received NMBAs and control subjects (relative risk 0.86,

95% CI –0.61–2.33, P ¼ .25, I2 ¼ 34%). NMBA use was

also not associated with improvements in plateau pressure

or the use of higher PEEP (see the supplementary materials

at http://www.rcjournal.com).

Table 1. Continued

Study, Country, Site,

Subjects
Details Experimental Intervention Control Intervention Ventilator Strategies

United States ARDS (Berlin) No train of four High PEEP

48 ICUs PaO2
=FIO2

< 150 Weaning protocol

N ¼ 1,006 adults Enrolled < 48 h after ARDS

onset

Light sedation target for

controls

Baseline PaO2
=FIO2

: 98.7 6

27.9 versus 99.5 6 27.9,

p¼NS

Volume assist-control

VT ¼ 6 mL/kg

SAPS II ¼ Simplified Acute Physiology Score; NS ¼ not significant; CIVI ¼ continuous intravenous infusion; ARMA: ARDSNetwork low tidal-volume protocol; AECC ¼ American-European

Consensus Conference; VT ¼ tidal volume; APACHE ¼ Acute Physiology, Age, and Chronic Health Evaluation score

Table 2. Risk of Bias Assessment

Study

Selection Bias
Performance

Bias
Detection Bias

Attrition

Bias

Reporting

Bias
Other Bias

Overall RiskRandom

Sequence

Generation

Allocation

Concealment

Blinding

(Subjects and

Personnel)

Blinding

(Outcome

Assessment)

Incomplete

Outcome

Data

Selective

Reporting

Other Sources

of Bias

Gainnier et al8 Low Low High High Low Low Low Some concerns

Forel et al9 Low Low High High Low Low Low Some concerns

Papazian et al10 Low Low Low Low Low Low Low Low

Lyu et al11 Some concerns Some concerns Some concerns Some concerns Low Low Some concerns High

Guervilly et al12 Some concerns Some concerns Some concerns Some concerns Low Low Some concerns High

PETAL

Network13
Low Low Some concerns Low Low Low Low Low
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Subgroup Analysis

When only evaluating 21–28-d mortality in studies

with a low risk of bias, NMBAs no longer provided a mor-

tality benefit (relative risk 0.87, 95% CI 0.63–1.20, P ¼
.39, I2 ¼ 66%). The risk of 90-d mortality also remained

nonsignificant in this subgroup (relative risk 0.91, 95% CI

0.72–1.14, P ¼ .41, I2 ¼ 56%) (see the supplementary

materials at http://www.rcjournal.com).

Discussion

In this meta-analysis, we found that 48 h of NMBA ther-

apy in subjects with early, moderate-to-severe ARDS is

associated with a decrease in 21–28-d mortality but has no

effect on 90-d mortality. NMBAs also reduce the incidence

of VILI and do not increase the risk of ICU-acquired weak-

ness. Short-term use of NMBAs in subjects with early

ARDS improves oxygenation but does not decrease dura-

tion of mechanical ventilation. The results of our meta-

analysis are similar to previous meta-analyses that included

3 and 5 studies, respectively,21,22 but in light of the ROSE13

results, our findings differ with regard to 90-d mortality.

The results of our meta-analysis include the results of the

ROSE trial, the largest trial to date, which reported no mor-

tality benefit associated with NMBA use at 90 d regardless

of ARDS severity or duration.13 These results differ from

the ACURASYS trial, which reported a 90-d mortality ben-

efit associated with NMBA use.10 ROSE and ACURASYS

account for 86% of the subjects assessed in this meta-analy-

sis, and both are methodologically sound and associated

with a low risk of bias and moderate quality of evi-

dence.10,13 Our meta-analysis noted that NMBAs improved

Study or Subgroup
NMBA

Events Total
Control

Favors NMBA Favors Control

Risk Ratio Risk Ratio
Events Total Weight, % M-H, Random, 95% CI M-H, Random, 95% CI

Study or Subgroup
NMBA

Events Total
Control Risk Ratio Risk Ratio

Events Total Weight, % M-H, Random, 95% CI M-H, Random, 95% CI

Study or Subgroup
NMBA

Events Total
Control Risk Ratio Risk Ratio

Events Total Weight, % M-H, Random, 95% CI M-H, Random, 95% CI

Mortality at 21-28 days

90-day Mortality

ICU Mortality

Gainnier 2004
Forel 2006
Papazian 2010
Lyu 2014
PETAL 2019

Total (95% Cl)
Total events
Heterogeneity: Tau2 = 0.07; Chi2 = 9.93, df = 4 (P = .04); I2 = 60%
Test for overall effect: Z = 2.11 (P = .03)

10
5

42
5

184

246

17
10
54
12

187

280

28
18

177
24

501

748

28
18

162
24

505

737

17.1
10.3
27.0

9.9
35.7

100

0.01 0.1 11 10 100

0.59 (0.33–1.05)
0.50 (0.21–1.17)
0.71 (0.51–1.00)
0.42 (0.17–1.00)
0.99 (0.84–1.17)

0.71 (0.52–0.98)

14
5

57
213

289

21
10
67

216

314

28
18

177
501

724

28
18

162
505

713

19.7
7.0

30.2
43.1

100

0.67 (0.43–1.02)
0.50 (0.21–1.17)
0.78 (0.59–1.03)
0.99 (0.86–1.15)

0.81 (0.64–1.04)

13
5

52
5

75

20
10
63

3

96

28
18

177
13

236

28
18

162
11

219

26.1
7.7

62.2
4.0

100

0.65 (0.41–1.03)
0.50 (0.21–1.17)
0.76 (0.56–1.02)
1.41 (0.43–4.61)

0.72 (0.57–0.91)

Gainnier 2004
Forel 2006
Papazian 2010
Guervilly 2017

Total (95% Cl)
Total events
Heterogeneity: Tau2 = 0.00; Chi2 = 2.24, df = 3 (P = .52); I2 = 0%
Test for overall effect: Z = 2.71 (P = .007)

Gainnier 2004
Forel 2006
Papazian 2010
PETAL 2019

Total (95% Cl)
Total events
Heterogeneity: Tau2 = 0.03; Chi2 = 6.56, df = 3 (P = .09); I2 = 54%
Test for overall effect: Z = 1.67 (P = .10)

Favors NMBA Favors Control
0.01 0.1 11 10 100

Favors NMBA Favors Control
0.005 0.1 11 10 200

Fig. 2. Effect of neuromuscular blocking agents (NMBAs) on 21–28-dmortality, 90-dmortality, and ICUmortality.
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21–28-d mortality, but there was moderate heterogeneity

(I2 ¼ 60%) among trials included in this analysis. Most

likely, differences in methodology, particularly mechanical

ventilation strategies such as incorporation of high PEEP,

led to outcome variations among trials.8-11,13

Despite the strengths of the ACURASYS and ROSE tri-

als, there are a few key differences between these trials that

may have resulted in conflicting outcomes. First, in

ACURASYS, both the control arm and the NMBA arm

received deep sedation.10 In ROSE, subjects who were

randomized to NMBAs received deep sedation, but for sub-

jects in the control arm, light sedation was targeted and

daily sedation interruptions were encouraged.13 Recent

studies have shown that deeper levels of sedation in the

early phases of ARDS can increase the likelihood of reverse

triggering, a form of ventilator asynchrony that can result

in breath-stacking, VILI, and increased mortality.23-25

Although both trials protocolized ventilator management

and utilized lung-protective ventilation, the ROSE trial also

used a high-PEEP strategy,10,13 which has been associated

with improved recruitment and decreased lung stress and

atelectrauma.2 There was no difference in PEEP when com-

paring control and NMBA subjects on days 0–7 of both the

ACURASYS and ROSE trials,10,13 suggesting the impact of

NMBAs may be minimized when added to a high-PEEP

strategy like that utilized in the ROSE trial. Another key

difference was the time to enrollment between the

ACURASYS and ROSE trials. The mean time to inclusion

for subjects in ACURASYS was 21–22 h, whereas the me-

dian time to randomization for subjects enrolled in ROSE

was 6.8–8.2 h.10,13 As previously reported,26 a subset of

subjects with moderate-to-severe ARDS improve within 24

h of intubation, and just by virtue of the timing of enroll-

ment, these subjects would be excluded from ACURASYS

and would be randomized in ROSE. Despite the methodo-

logical differences between these 2 studies, the results of
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Fig. 3. Effect of neuromuscular blocking agents (NMBAs) on safety end points including barotrauma, pneumothorax, and ICU-acquired

weakness.
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this meta-analysis highlight the importance of nonpharma-

cologic treatment. These approaches include utilizing

PEEP optimization, lung-protective ventilation, and the

addition of NMBAs in patients who require additional con-

trol of unrestrained and potentially dangerous patterns of

spontaneous breathing, thereby reducing discomfort and

demands for oxygen delivery and ventilation.

In our meta-analysis, use of NMBAs was associated with

an improvement in the PaO2
=FIO2

ratio at 48 h and 72 h after

NMBA initiation. Plateau pressures did not improve with

the use of NMBAs, and there was no significant difference

in the utilization of PEEP with NMBA use. Additionally,

improvements in oxygenation did not translate to decreased

duration of mechanical ventilation or an increase in ventila-

tor-free days. Subjects who received NMBAs had signifi-

cantly less VILI, including barotrauma and pneumothorax.

Currently, lung-protective ventilator strategies are recom-

mended as the first-line of management to reduce the inci-

dence of VILI in patients with ARDS by minimizing

inflation pressures and providing recruitment.2,3,27 In the

included studies in this meta-analysis, both the NMBA and

control arms followed the same mechanical ventilation pro-

tocols, and subjects had similar tidal volumes and PEEP at

baseline. Given that factors thought to be related to reduced

incidence of VILI in patients with ARDS were similar at

baseline in both the subjects who received NMBAs and

those who received usual care, the anti-inflammatory prop-

erties of NMBAs may be the reason for decreased VILI.9,27

The use of NMBAs is not without risk. NMBA use has

been associated with ICU-acquired weakness. A meta-anal-

ysis evaluating the use of NMBAs and associated neuro-

muscular dysfunction in critically ill subjects found an

association (odds ratio 1.25, 95% CI 1.06–1.48, I2 ¼ 16%),

but no association was noted when evaluating only studies

with a low risk of bias (odds ratio 1.21, 95% CI 0.67–

2.19).28 Similar to a prior meta-analysis,21 we found no

increased incidence of ICU-acquired weakness in subjects

with ARDS who received a short course of NMBA therapy.

A recent study evaluating NMBA use in mechanically ven-

tilated subjects with sepsis reported that NMBAs provided

the greatest mortality benefit if they were used for < 2 d.29

These findings, in addition to studies evaluating NMBAs in

subjects with ARDS, suggests that short NMBA courses

are superior for both efficacy and safety outcomes.

Our systematic review and meta-analysis has a few limi-

tations. First, we did not contact authors of studies for addi-

tional data, and this meta-analysis was not completed using

individual subject data. Additionally, we did not contact

authors of studies that evaluated NMBAs for ARDS but did

not report 21–28-d and 90-d mortality. Unfortunately, none

of the reported outcomes in this meta-analysis were eval-

uated by all 6 included studies. This may have resulted in a

loss of analyzable data, although we find it unlikely that

this affected the overall findings of our analysis given the

small amount of lost data. Despite these limitations, our

meta-analysis has several strengths compared to prior

meta-analyses. First, we completed a thorough literature

search to identify applicable trials, and this is the largest

meta-analysis to date in terms of including the greatest

number of subjects with ARDS. We also performed multi-

ple subgroup analyses to minimize any influence on the

results from studies with a risk of bias or low-quality

evidence.

It is clear that lung-protective ventilation, optimal titra-

tion of PEEP, and minimization of sedation should be

actively targeted and instituted for all patients with ARDS.2

Currently, the use of NMBAs in patients with ARDS is

given a weak recommendation in the guidelines published

by the Society of Critical Care Medicine.30 Use of NMBAs

helps achieve physiologic benefit in hypoxemic subjects

and has a short-term mortality benefit, but this does not

translate into long-term benefits. Due to the risks of deep

sedation and prolonged neuromuscular blockade, we cannot

use NMBAs as a front-line adjunct therapy in all patients,

and patients should be individually evaluated by clinicians

to assess whether NMBAs are physiologically indicated.

Nonpharmacologic strategies utilizing lung-protective ven-

tilation and PEEP optimization should continue to be the

backbone of ARDS management.2 If patients with early,

moderate-to-severe ARDS do not experience improve-

ments in oxygenation or remain dysynchronous with the

ventilator after 12 h of optimal nonpharmacologic treat-

ment strategies, NMBAs should be considered.31

Conclusions

In subjects with moderate-to-severe ARDS, early use of

NMBAs improves oxygenation, reduces the incidence of

VILI, and decreases 21–28-d mortality, but it does not

improve 90-d mortality. NMBAs should be considered for

select patients with moderate-to-severe ARDS for short

durations.
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