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 A B S T R A C T  

 

Introduction:  

 

Neuromuscular blockade (NMB) in ventilated patients may cause benefit or harm. We applied 

“incremental interventions” to determine the impact of altering NMB initiation 

aggressiveness.  

 

Methods:  

 

Retrospective cohort study of ventilated patients with PaO2/FiO2 ratio < 150 mmHg and 

PEEP≥ 8cmH2O from the Medical Information Mart of Intensive Care IV database (MIMIC-

IV version 1.0) estimating the effect of incremental interventions on in-hospital mortality and 

ventilator-free days, modifying hourly propensity for NMB initiation to be aggressive or 

conservative relative to usual care, adjusting for confounding with inverse probability 

weighting.  

 

Results:  

 

5221 patients were included (13.3% initiated on NMB). Incremental interventions estimated a 

strong effect on NMB usage: 5-fold higher hourly odds of initiation increased usage to 36.5% 

(CI = [34.3%,38.7%]) and 5-fold lower odds decreased usage to 3.8% (CI = [3.3%,4.3%]). 

Aggressive and conservative strategies demonstrated a U-shaped mortality relationship. 5-fold 

higher or lower propensity increased in-hospital mortality by 2.6% (0.95 CI = [1.5%,3.7%]) 

or 1.3% (0.95 CI = [0.1%,2.5%]) respectively. In secondary analysis of a healthier patient 

cohort, results were similar, however conservative strategies also improved ventilator-free 

days. 

  

Interpretation: 

 

 Aggressive or conservative initiation of NMB may worsen mortality. In healthier 

populations, marginally conservative NMB initiation strategies may lead to increased 

ventilator free days with minimal impact on mortality. 



 

 

1. Introduction  

 

Neuromuscular blockade (NMB) is commonly used in patients with acute respiratory failure 

[1,2], particularly in patients with acute respiratory distress syndrome (ARDS) [3], a disease 

that carries a profound morbidity and mortality [4] and became a leading cause of death 

worldwide during the COVID pandemic [5]. NMB has been suggested to provide benefit 

through several mechanisms. Removal of spontaneous breathing activity from the patient 

allows full control during mechanical ventilation, which could reduce the risk for self-

inflicted lung injury [6, 7], while removal of dyssynchrony and expiratory muscle activity 

may reduce lung derecruitment and overdistension [8,9]. Additionally, NMB use has been 

associated with improved mechanics, decreased inflammatory markers, decreased oxygen 

consumption, and decreased hemodynamic complications [8, 10, 11]. Conversely, the use of 

NMB may result in direct and indirect harm. NMB may cause skeletal and respiratory muscle 

injury and weakness [12], it may lead to further atelectasis and derecruitment [13], and it may 

lead to higher sedation requirements and prolonged duration of mechanical ventilation [14], 

which have independently been found to worsen patient outcomes.  

Several randomized trials have investigated the potential risks and benefits of NMB with 

mixed results. Two small single center trials suggested NMB initiation improved mortality, 

inflammatory biomarkers, mechanics, and oxygenation [10, 15]. The larger subsequent single 

center ACURASYS trial found improved 90-day mortality in patients with moderate-severe 

ARDS (- 9.1%, 0.95 CI = [- 18.9%, 0.7%]) [16]. In the large follow up multi-center ROSE 

trial, this mortality benefit was no longer found, with similar outcomes between the NMB and 

control groups (-0.3%, 0.95 CI = [- 6.4%, 5.9%]) [17]. Patients were also less active and had 

more adverse cardiovascular events in the NMB arm, providing some suggestive evidence 

that the net effects of NMB initiation may be harmful in the absence of mortality benefits.  

It is unclear how these mixed findings should be incorporated into practice. The wide 

confidence intervals from both large studies overlap considerably, and both are consistent 

with null effects. The control arm of the ACURASYS trial entailed never initiating NMB 

within 48 h after baseline, and the NMB treatment arm protocols of both studies called for 

early initiation of NMB immediately after randomization. However, under usual care, 

clinicians may be unlikely to either immediately initiate NMB or avoid initiation at all costs, 

but rather monitor their patients and make the decision to initiate based on clinician-specific 

aspects of evolving time-varying patient state (for example, dyssynchrony level, presence of 

spontaneous breathing, or severity of illness). Such a monitoring clinician might interpret the 

(highly uncertain) mortality results from the ACURASYS trial as reflecting harms of never 

initiating NMB as much as benefits of always initiating. While the ROSE trial did provide 

“usual care” in its control arm (modified to include light sedation targets), its confidence 

interval included a broad range of plausible effect sizes (beneficial or harmful), and it only 



provided weak evidence against universal immediate initiation. It did not provide any direct 

evidence that strategies more conservative than usual care would be beneficial.  

The question remains whether, on average, clinicians should be more aggressive in NMB 

initiation decisions than they currently are (even if perhaps not as aggressive as in the 

experimental arms of the ROSE and ACURASYS trials), or whether they should on average 

be more conservative (even if perhaps not as conservative as in the control arm of the 

ACURASYS trial). In this paper, we address these questions by applying a recently 

developed method for estimating effects of so-called incremental interventions [18, 19]. This 

approach has been applied to clinical care in several studies [20, 21], including our own 

application to mechanically ventilated patients in the ICU [22]. An incremental intervention 

multiplies the odds of initiating NMB in each patient at each time relative to usual care by 

some factor. An incremental intervention by a factor > 1 shifts usual care to be more 

aggressive, and an incremental intervention by a factor < 1 shifts usual care to be more 

conservative. Thus, incremental effect estimates address our questions of interest. A shift by a 

factor of infinity corresponds to the experimental arms of the ROSE and ACURASYS trials, 

where everyone initiates NMB, and a shift by a factor of 0 corresponds to the control arm of 

ACURASYS, where no one initiates NMB. We consider shifts by factors between 0.2 and 5, 

which reflect more realistic alterations to usual care, in which clinicians continue to exercise 

their judgement.  

While incremental interventions are not directly actionable in that they do not indicate 

exactly when to initiate NMB, incremental effect estimates can be highly suggestive about 

how care should change and inform the design of future randomized trials whose results 

would be actionable. If incremental interventions making NMB initiation less likely than 

under usual care (given patient history) are estimated to be beneficial, this implies that on 

average physicians would do better to be more hesitant to initiate. Such findings would also 

imply that further randomized trials testing specific initiation strategies might identify 

initiation rules that are both beneficial and directly actionable. If usual care is found to be 

near optimal in the class of incremental interventions, this suggests that improvements in care 

will need to come from treatment rules encouraging treatment in particular situations as 

opposed to broad encouragement or discouragement to treat.  

 

2. Methods 

 

2.1. Cohort construction  

 

We performed a retrospective cohort study of mechanically ventilated patients from the 

Medical Information Mart for Intensive Care IV database (MIMIC-IV version 1.0), publicly 

available at PhysioNet. The database contains records from 64,975 hospital admissions 



between 2008 and 2019 to Beth Israel Deaconess Medical Center, a tertiary academic 

medical center in Boston, MA, USA. Institutional review boards at BIDMC (2001-P-

001699/14) and Massachusetts Institute of Technology (0403000206) have approved use of 

MIMIC-IV for research and granted waiver of informed consent.  

Inclusion criteria for our primary analysis were that patients were invasively mechanically 

ventilated with no prior NMB initiation, had PaO2/FiO2 ratio ≤ 150, and PEEP ≥ 8. These 

inclusion criteria were chosen to be similar to the ACURASYS and ROSE trials. We also 

conducted a secondary analysis in patients that were healthier at baseline with inclusion 

criteria for this secondary cohort that patients were mechanically ventilated with no prior 

NMB initiation (with no restrictions based on PaO2/FiO2 ratio or PEEP.) Patients were 

entered into each cohort at the first time that inclusion criteria were met, and the follow-up 

period over which treatment strategies of interest were to be applied lasted until extubation 

from the index intubation. Outcomes were obtained over the full hospital stay.  

For each patient in our cohort, we extracted baseline variables, including: age, sex, weight, 

first care unit, admission type, select Elixhauser comorbidities, and a baseline frailty score. 

We also extracted time-stamped, time-varying variables over the course of follow-up, 

including: vital signs (heart rate, respiratory rate, arterial pressure, temperature, spO2), lab 

values (pH, PaO2, PaCO2, AADO2), fluid volume, vasopressor dose, sedative dose, sedation 

level, SOFA score, and both set and observed ventilator readings (PEEP, standardized tidal 

volume, peak inspiratory pressure, mean airway pressure, PaO2-FiO2 ratio, inspiratory time, 

driving pressure, compliance). The full list of confounders we adjusted for is in our treatment 

model summary in the supplementary materials (Supplemental Table 1).  

 

2.2. Outcomes  

 

We considered in-hospital mortality as the primary endpoint for the analysis with ventilator-

free days as a secondary endpoint. Ventilator free days were defined as the number of the 30 

days following baseline (i.e. first time at which the inclusion criteria were met) that a patient 

was alive and not invasively ventilated.  

 

2.3. Statistical analysis  

 

We estimated effects of incremental interventions adjusting for time-varying confounding via 

inverse probability weighting using our prior established methodology [22]. At a given time t, 

we let ht denote a patient’s covariate and treatment history through t. We let πt(ht) denote the 

probability under usual care of initiating NMB at time t conditional on history ht and no 



previous NMB initiations prior to t. We estimated counterfactual expected population 

outcomes under interventions that multiply the conditional odds  

πt (ht ) 
1-πt (ht )  

 
of NMB initiation at each hour by a factor of δ for δ in a range of values between 0.2 and 5. 

Interventions corresponding to values of δ that are <1 prolong the average time until NMB 

initiation and lead to fewer total NMB initiations, and values of δ >1 shorten the average time 

to NMB initiation and lead to more total NMB initiations. Because these interventions are 

based on propensity for initiations that would never occur in practice (i.e., if someone has 

zero chance of NMB initiation, their chances will remain zero regardless of the value of δ). 

Similarly, if a patient is extremely unlikely to be initiated on NMB at a given time under 

usual care, under the intervention corresponding to δ = 5 their odds of NMB initiation at that 

time would be five times as high, but they would still be highly unlikely to initiate NMB. For 

outcome Y, we estimated the expected value of Y under an intervention multiplying NMB 

initiation odds by δ adjusting for time-varying confounding via inverse probability weighting 

as 

 

In the above formula, ̂πt (hit) is the estimated conditional probability of NMB initiation at 

time t under usual care, which we obtain from a pooled logistic regression model using the 

most recent value of each covariate mentioned in the cohort construction section as 

predictors. If our probability of NMB initiation model is well specified and the covariates we 

included in that model contain the drivers of NMB initiation decisions that are also associated 

with outcomes of interest, then our effect estimates are unbiased. We estimated confidence 

intervals via bootstrap. A summary of our probability of treatment model as well as R code 

for our analysis can be found in Supplementary Materials.  

 

2. Results 

 

Our primary cohort contained 5221 patients. Under usual care, 13.3% of patients in the 

cohort initiated NMB at some point during follow-up, mean ventilator free days was 16.6 (sd 

= 11.8), and in-hospital mortality rate was 34.5%. Baseline cohort characteristics are 

summarized in Table 1.  

Incremental interventions were estimated to have strong monotonic effects on NMB usage, as 

expected (Fig. 1). Under an incremental intervention multiplying odds of NMB initiation by δ 

= 5 at each hour, we estimated that the proportion of patients initiating NMBs at any point 

during follow-up would increase to 36.5% (CI = [34.3%, 38.7%]). Under an incremental 



intervention multiplying odds of NMB initiation by δ = 1/5 at each hour, we estimated that 

the proportion of patients initiating NMB at some point during follow-up would decrease to 

3.8% (CI = [3.3%, 4.3%]). Changing propensity for NMB initiation ranging from aggressive 

(δ = 5) to conservative - δ =1/5) for a given patient has minimal impact on the odds of NMB 

initiation in patients with low baseline propensity (Fig. 2 left), and a much larger impact on 

the odds of NMB initiation in patients with higher baseline propensity (Fig. 2 right).  

The relationship between NMB initiation aggressiveness and in-hospital mortality was U-

shaped (Fig. 3). Both strategies that were more aggressive than usual care and strategies that 

were significantly more conservative than usual care were estimated to increase mortality 

relative to usual care. An intervention of δ = 5 was estimated to increase mortality by 2.6% 

(0.95 CI = [1.5%, 3.7%]), and an intervention of δ = 1/5 was estimated to increase mortality 

by 1.3% (0.95 CI = [0.1%, 2.5%]). The usual care strategy (δ = 1) was estimated to be near 

optimal for mortality among the class of incremental interventions.  

More aggressive NMB initiation strategies were also estimated to monotonically decrease 

ventilator free days (Fig. 4), though this relationship was not statistically significant.  

In our secondary cohort (n = 24,019) including healthier patients (no PaO2/FiO2 ratio or 

PEEP eligibility criteria meant to approximate ARDS), results were qualitatively similar (see 

the Supplemental table 2 for baseline information on this cohort). While NMB initiation was 

rarer both under usual care (4.4%) and under incremental interventions (14.5% (CI = [13.9%, 

15.1%]) for δ = 5), a similar U-shaped curve described the estimated relationship between 

aggressiveness of the incremental intervention and in-hospital mortality rate (see Fig. 4). An 

intervention of δ = 5 was estimated to increase mortality by 1.2% (0.95 CI = [0.8%, 1.6%]), 

and an intervention of δ = 1/5 was estimated to increase mortality by 0.5% (0.95 CI = [0.3%, 

0.6%]). However, conservative strategies in the range 35≤ δ ≤ 1 were estimated to have very 

little impact on mortality. There was a stronger and statistically significant monotonic 

relationship between aggressiveness and ventilator free days. Under an intervention of δ = 5, 

mean ventilator free days were estimated to decrease by 0.18 days (0.95 CI = [0.11, 0.25]). 

Under an intervention of δ =1/5, mean ventilator free days were estimated to increase by 0.10 

days (0.95 CI = [0.07, 0.12]).  

 

 

 

 

 

 



 

 



 

 

 



 

4. Discussion 

4.1. Interpretation of results  

There has been much debate and discussion as to the relative risks and benefits of using NMB 

in patients with acute respiratory failure after the initial ACURASYS study [16] and the 

follow-up ROSE study [17]. The findings from our primary analysis provide interesting 

context for the trial evidence. Our study suggests that both very aggressive and conservative 

use of NMB increase mortality relative to usual care. We could view the experimental arms 

of both the ACURASYS and ROSE trials, in which NMB was initiated immediately, as the 

extreme of aggressive strategies (i.e. δ = ∞). The confidence interval from the ROSE trial, 

which had slightly modified usual care (similar to δ = 1) as its control arm, was consistent 

with harmful effects of aggressive strategies of the magnitude we estimated. The 

ACURASYS control arm in contrast could be interpreted as the extreme conservative 

strategy, tantamount to δ = 0. Our findings suggest that crude strategies of the form ‘always 

initiate NMB immediately’ or ‘always avoid initiating NMB as long as possible’ will be 

inferior to usual care. Clinicians’ more nuanced decision making around NMB initiation 

appears beneficial compared to these crude approaches. Thus, future trials should evaluate 

treatment rules for NMB initiation in patients with ARDS that are more responsive to patient 

state.  

 

Our secondary analysis in a healthier cohort produced potentially more actionable results. 

Taken together, our results imply that somewhat more conservative NMB initiation strategies 

would present a favorable tradeoff between mortality on one hand and ventilator free days on 



the other in a cohort of patients which includes healthier patients. For example, setting δ = 

3/5 (which represents a somewhat more conservative propensity for initiation compared with 

usual care), ventilator free days are expected to increase on average by 0.046 (0.95 CI = 

[0.03, 0.06]) in the full cohort. This may initially appear to be a marginal increase, but that is 

because only 4.4% of the entire cohort initiates NMB under usual care. Under the 

intervention δ = 3/5, the expected proportion of patients initiating NMB declines by about 

1.6%. Assuming that the vast majority of the impact of the intervention will be 

 realized in patients who do not initiate NMB under the intervention but would under usual 

care (as opposed to patients in whom NMB initiation is merely delayed) we can roughly 

estimate that the average increase in coma free days among patients who do not initiate NMB 

because of the intervention is 0.046 / 0.016 = 2.9 ventilator free days. Thus, the estimated 

benefits from setting δ to 3/5 (the approximate minimum value corresponding to the most 

conservative strategy before which mortality begins to increase relative to usual care) are 

highly clinically significant among the patients who might be spared NMB initiation as a 

result of the intervention.  

4.2. Discussion of incremental propensity score intervention effects  

An important consideration when interpreting our results is that incremental interventions 

describe natural shifts from usual care (to be more or less aggressive), rather than treatment 

rules indicating exactly when to initiate NMB. The basic oxygenation rules used in the ROSE 

and ACURASYS trials were deterministic and actionable treatment rules but, we argued, did 

not improve on usual care. Other factors that contribute to the NMB initiation decision 

include ventilator settings, type and timing of lung injury, presence of spontaneous breathing 

and dyssynchrony, level of sedation, and sedative choice. However, a realistic prescriptive 

and deterministic treatment rule incorporating these factors would be complex, difficult to 

properly specify, and followed exactly by very few patients in our cohort. This latter point in 

particular makes stable estimation of realistic actionable strategies difficult. Incremental 

interventions avoid analytic challenges associated with complex deterministic treatment rules, 

and, as an additional benefit, their effects are concentrated in patients with reasonable clinical 

equipoise regarding the treatment of interest under usual care. While not directly actionable, 

estimates of effects of incremental interventions can still be highly suggestive about how care 

should change and inform the design of future actionable interventions, as illustrated by our 

results in this study.  

4.3. Limitations  

A potential limitation of this analysis, as with any observational study attempting to estimate 

causal effects, is the potential presence of unobserved confounders. Examples of missing 

confounders could be ‘appearance’ or ‘behavior’. Clinicians might base their NMB initiation 

decisions on aspects of patient appearance or behavior that are not captured by proxy in the 

medical record and are associated with outcomes. However, we believe that the set of baseline 

and time-varying confounders we adjusted for contained most relevant information about 

patient state that might influence NMB initiation decisions and be associated with outcomes 

of interest. (The full list of confounders in our probability of treatment model summary in the 



supplementary materials can help the reader judge this claim.) We would not typically expect 

to see the U-shaped mortality results we obtained in the presence of severe confounding. If 

our results were mostly driven by sicker patients (in ways not captured by the data) being 

initiated on NMB more often, we would have expected to see that conservative strategies 

were beneficial. That we did not estimate a monotonic relationship between NMB initiation 

aggressiveness and mortality is therefore somewhat reassuring.  

Another limitation is that our results must be interpreted relative to usual care at BIDMC, the 

center from which our data were collected. Our results do not necessarily extend to other 

centers. If usual care does not outperform very conservative or aggressive strategies at other 

centers, then perhaps usual care at BIDMC should be studied more closely as a model for 

other centers to emulate.  

An additional limitation, mentioned previously, is that the incremental interventions we 

studied do not correspond directly to protocols that could easily be implemented in a trial. In 

our primary ARDS cohort, usual care performed quite well, and our results do not point 

toward prescriptive treatment strategies that might improve upon it. Rather, our contribution 

is to provide evidence that any such strategies will likely need to be nuanced and take into 

account patient state. Finally, these data do not include any patients with COVID, so while 

these findings might be able to be extrapolated into the COVID – ARDS population, this 

needs to be confirmed in future studies.  
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