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EDITORIAL

Early Paralytic Agents for ARDS? Yes, No, and Sometimes

Arthur S. Slutsky, C.M., M.D., and Jesus Villar, M.D., Ph.D.

Lung-protective ventilation, which includes low
tidal volumes and limitation of plateau pressures,
is the standard approach in patients with acute
respiratory distress syndrome (ARDS).! Almost a
decade ago, the ARDS et Curarisation Systema-
tique (ACURASYS) trial®> showed that in patients
with moderate-to-severe ARDS, a strategy of 48
hours of deep sedation with muscle paralysis
induced by an intravenous infusion of cisatracu-
rium resulted in a lower incidence of barotrauma
and higher adjusted overall survival at 90 days
than deep sedation alone. These results were un-
expected, since the intervention was performed
only for the first 2 days, yet the Kaplan—-Meier
survival curves were virtually superimposable for

about 18 days before they separated. The reason
for the lower mortality in the intervention group

was uncertain, but it was thought to be because
the use of cisatracurium led to decreased venti-
lator-induced lung injury and biotrauma (i.e., the
release of mediators in the lung and transloca-
tion of these mediators into the systemic circu-
lation).>* Perhaps because of this uncertainty,
along with concerns about long-term neuromus-
cular function after treatment with cisatracurium,
the addition of a paralytic agent to a lung-pro-
tection strategy was not widely adopted by the
critical care community.

For these reasons, and because current clini-
cal practice has changed since the ACURASYS
trial was conducted, the Reevaluation of Sys-
temic Early Neuromuscular Blockade (ROSE) trial
was performed to reexamine the benefits of
cisatracurium-induced paralysis in patients early
after the onset of ARDS. Patients with moderate-
to-severe ARDS were assigned either to a 48-hour
continuous infusion of cisatracurium with deep
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sedation or to a usual-care approach with light
sedation and without routine neuromuscular
blockade. The trial, the results of which are now
reported in the Journal,” was stopped early for
futility. The results were markedly different from
those of the ACURASYS trial. In the ROSE trial,
there was no between-group difference in the
number of patients with barotrauma, and mor-
tality at 90 days was virtually identical in the two
groups (42.5% of patients in the intervention
group and 42.8% in the control group died).

Why should the results of two well-performed
trials differ so greatly? As shown in Table 1,
there were a number of differences between the
trials that could plausibly explain the different
results. However, we postulate that one of these
factors — the difference in sedation levels — is
the major reason. Many patients who are admit-
ted to an intensive care unit receive some seda-
tion to treat anxiety or agitation and to facilitate
care. Deeper sedation is also often used when
the patient is “fighting the ventilator” (so-called
patient—ventilator dyssynchrony). Dyssynchrony
is common during mechanical ventilation and is
associated with prolonged duration of mechani-
cal ventilation and increased mortality.®

In 2013, Akoumianaki et al.” identified a pre-
viously unrecognized form of dyssynchrony in
patients with ARDS. They called this dyssyn-
chrony reverse triggering, because a breath de-
livered by the ventilator triggered a contraction
of the diaphragm, which initiated a spontaneous
breath — the reverse of what happens during
assisted ventilation. Because the second breath
can occur before a complete exhalation, the pa-

tient can receive a much larger tidal volume
(called breath stacking) than with the initial ven-
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EDITORIAL

tilator breath. This can worsen ventilator-
induced lung injury because of pulmonary
overdistention, and it can potentially cause dia-
phragmatic muscle-fiber damage and increased
work of breathing — all of which lead to poorer
outcomes.’

There are a number of important attributes of
reverse triggering. First, it is very difficult to
recognize at the bedside without measurement
of esophageal pressure or diaphragmatic electri-
cal activity, and these techniques are not rou-
tinely performed in a clinical setting.” Second,

although the prevalence of reverse triggering is

that this strategy resulted in higher mortality
than a strategy of low positive end-expiratory
pressure.’? It is likely that dyssynchrony in the
form of breath stacking, albeit not necessarily
reverse triggering, contributed to this higher
mortality.?

Therapeutic strategies in ARDS should ideally
be tailored to the specific underlying disease or
injury mechanism at any given point in time,
rather than being applied uniformly to all pa-
tients. Early paralytic agents for ARDS? Given
their long-term neuromuscular safety profile in
the ROSE trial, we suggest that paralytic agents

unknown, it is thought to be relatively common can sometimes be used, when physiologically and

(it occurred in 30% of patients with ARDS in
one study®). Third, contrary to expectations, the

incidence of reverse triggering increases with
deeper sedation levels. We postulate that in the

ACURASYS trial, deep sedation in the control

group led to breath stacking, increased ventilator-
induced lung injury, and higher mortality. The
intervention group was protected from this ef-
fect because cisatracurium prevented the dia-
phragmatic contraction that would have occurred
in response to the reverse triggering mechanism.?

What, then, are the implications of the re-
sults of these trials? First, we recommend that
neuromuscular blocking agents not be used
routinely in patients with moderate-to-severe
ARDS. We would draw this conclusion regard-
less of whether the hypothesis of reverse trigger-
ing is correct. The ROSE trial is more current
than the ACURASYS trial, is much larger, and
shows some acute, serious cardiovascular events
with cisatracurium use. Second, from a physio-
logical perspective, there is a rationale to con-
sider neuromuscular blocking agents in any pa-
tient with ARDS (or, indeed, in any patient) who,
despite carefully implemented ventilatory and
sedation strategies, has a ventilatory pattern that
confers a predisposition to ventilator-induced
lung injury (e.g., breath stacking); neuromuscu-
lar blocking agents may also be considered in
patients with increased respiratory drive that
could generate potentially injurious transpulmo-
nary pressure swings.” Third, we suggest that
patient—ventilator dyssynchronies may have a
greater effect on clinical outcomes than gener-
ally recognized. A recent trial that examined the
effects of lung-recruitment maneuvers and high
positive end-expiratory pressure in patients with
moderate-to-severe ARDS unexpectedly showed
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clinically indicated.

Disclosure forms provided by the authors are available with
the full text of this editorial at NEJM.org.
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ments of Medicine, Surgery, and Biomedical Engineering, Uni-
versity of Toronto (A.S.S.) — both in Toronto; and CIBER de
Enfermedades Respiratorias, Instituto de Salud Carlos I1I, Ma-
drid, and the Multidisciplinary Organ Dysfunction Evaluation
Research Network, Research Unit, Hospital Universitario Dr.
Negrin, Las Palmas de Gran Canaria— both in Spain (J.V.).

This editorial was published on May 19, 2019, at NEJM.org.
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ORIGINAL ARTICLE

Early Neuromuscular Blockade in the Acute
Respiratory Distress Syndrome

The National Heart, Lung, and Blood Institute PETAL Clinical Trials Network*

ABSTRACT

BACKGROUND
The benefits of early continuous neuromuscular blockade in patients with acute The members of the writing committee

respiratory distress syndrome (ARDS) who are receiving mechanical ventilation (Marc Moss, M.D., David T. Huang,
M.D., M.P.H., Roy G. Brower, M.D., Niall

remain unclear. D. Ferguson, M.D., Adit A. Ginde, M.D.,
M.P.H., M.N. Gong, M.D., Colin K. Gris-
METHODS som, M.D., Stephanie Gundel, M.S,,

We randomly assigned patients with moderate-to-severe ARDS (defined by a Douglas Hayden, Ph.D., R. Duncan Hite,

. . . . . . M.D., Peter C. Hou, M.D., Catherine L.
ratio of the partla.I pressur‘e.of arterial oxygen to the fraction of inspired oxygen Hough, M.D., Theodore ). Iwashyna, M.D.
of <150 mm Hg with a positive end-expiratory pressure [PEEP] of >8 cm of water) ph.p,, Akram Khan, M.D., Kathleen D. Liu,
to a 48-hour continuous infusion of cisatracurium with concomitant deep sedation M.D., Ph.D., Daniel Talmor, M.D., M.P.H,,
. . B . . B. Taylor Thompson, M.D., Christine A.
(intervention gr.oup). or to a usgal care approach without routine neuromusgular Ulysse, Ph.D., Donald M. Yealy, M.D.
blockade and with lighter sedation targets (control group). The same mechanical- a4 Derek C. Angus, M.D., M.P.H.) as-
ventilation strategies were used in both groups, including a strategy involving a sume responsibility for the overall con-

. B : i : tent and integrity of this article. The affili-
high PEEP. The primary end point was in-hospital death from any cause at 90 days. ations of the members of the writing

committee are listed in the Appendix.
RESULTS . . . . Address reprint requests to Dr. Angus at
The trial was stopped at the second interim analysis for futility. We enrolled 1006 the University of Pittsburgh, 3550 Terrace
patients early after the onset of moderate-to-severe ARDS (median, 7.6 hours after St- P‘“Zb“rgh' PA15261, oratangusdc@
onset). During the first 48 hours after randomization, 488 of the 501 patients upme.edu.
(97.4%) in the intervention group started a continuous infusion of cisatracurium *A ﬂ‘l” 'i?t °”?esi”"t95“$at:rsli” t,\t‘e Re-
. . . . . on mi r ro-
(median duration of infusion, 47.8 hours; median dose, 1807 mg), and 86 of the :jsiilfrslgckaéz ?ROCSE)i”L anzut:e
505 patients (17.0%) in the control group received a neuromuscular blocking agent  Prevention and Early Treatment of
(median dose, 38 mg). At 90 days, 213 patients (42.5%) in the intervention group AC“*}’—d L;f‘gt':i“s'y (PIETAL)t”etXOrk is
and 216 (42.8%) in the control group had died before hospital discharge (between- 5" = "\ " N‘Emin:; e Appen
group difference, —0.3 percentage points; 95% confidence interval, —6.4 to 5.9; o )
. . . . . . ." This article was published on May 19, 2019,
P=0.93). While in the hospital, patients in the intervention group were less physi- 4 Ngjm org.
cally active and had more adverse cardiovascular events than patients in the con-
trol group. There were no consistent between-group differences in end points as-

sessed at 3, 6, and 12 months.

DOI: 10.1056/NEJM0al901686
Copyright © 2019 Massachusetts Medical Society.

CONCLUSIONS
Among patients with moderate-to-severe ARDS who were treated with a strategy
involving a high PEEP, there was no significant difference in mortality at 90 days
between patients who received an early and continuous cisatracurium infusion and
those who were treated with a usual-care approach with lighter sedation targets.
(Funded by the National Heart, Lung, and Blood Institute; ROSE ClinicalTrials.gov
number, NCT02509078.)
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HE ACUTE RESPIRATORY DISTRESS SYN-

drome (ARDS) is an inflammatory form

of lung injury that results in respiratory
failure with hypoxemia, decreased lung compli-
ance, and bilateral alveolar opacities on chest
imaging.! It is well established that the approach-
es used for the application of mechanical venti-
lation in patients with ARDS can affect survival
and outcomes after discharge from the intensive
care unit (ICU). For example, neuromuscular
blockade reduces patient—ventilator dyssynchrony,
the work of breathing, and the accumulation of
alveolar fluid; patients with ARDS could benefit
from these outcomes.? However, prolonged ad-
ministration of neuromuscular blocking agents is
associated with subsequent neuromuscular weak-
ness.>* The largest multicenter trial to date (the
ARDS et Curarisation Systematique [ACURASYS]
trial)® was conducted a decade ago, and ICU
practices have changed since then. The investi-
gators of that trial reported that the early ad-
ministration of a 48-hour infusion of neuromus-
cularblockadein patients with moderate-to-severe
ARDS (defined by a ratio of the partial pressure
of arterial oxygen [Pao,] to the fraction of in-
spired oxygen [Fio,] of <150 mm Hg with a
positive end-expiratory pressure [PEEP] of >5 cm
of water) resulted in lower mortality than a strat-
egy of deep sedation without routine neuromus-
cular blockade.> Despite these encouraging re-
sults, early neuromuscular blockade is not widely
adopted and is only weakly recommended in
current guidelines.®® Potential concerns include
the lack of research comparing neuromuscular
blockade and deep sedation with current practice
(which promotes lighter sedation targets®'°1?) as
well as limited data on the effect of neuromus-
cular blockade on neuromuscular function and
other long-term outcomes.>** In addition, neuro-
muscular blockade requires deep sedation, which
itself can result in negative outcomes.>'>*

The Prevention and Early Treatment of Acute
Lung Injury (PETAL) Clinical Trials Network of
the National Heart, Lung, and Blood Institute
(NHLBI) conducted the Reevaluation of Systemic
Early Neuromuscular Blockade (ROSE) trial —
a multicenter, unblinded, randomized trial of
patients with moderate-to-severe ARDS — to
determine the efficacy and safety of early neuro-
muscular blockade with concomitant heavy se-
dation as compared with a strategy of usual
care with lighter sedation targets. We hypothe-

N ENGL J MED

sized that the use of early neuromuscular block-
ade would result in lower all-cause in-hospital
mortality at 90 days than usual care.

METHODS

TRIAL DESIGN AND OVERSIGHT

We designed the ROSE trial to be consistent with
certain elements of the ACURASYS trial.>® Sim-
ilarities included the use of the same neuromus-
cular blocking agent (cisatracurium) with the
same dosing regimen and duration of treatment.
A key difference was our use of lighter sedation
targets in the control group to be consistent
with current practice recommendations.*®° To
minimize potentially confounding differences in
the use of cointerventions, we specified the ap-
proach to mechanical ventilation in the protocol,
including the use of a strategy involving a high
PEEP, and we recommended the use of a conser-
vative fluid strategy.'®'® To capture potential
differences in late sequelae, assessors who were
unaware of the group assignment interviewed
surviving patients or their proxies at 3, 6, and 12
months after randomization. We published the
protocol and submitted the statistical analysis
plan (available with the full text of this article at
NEJM.org) to the NHLBI before data analysis."
A central institutional review board and a data
and safety monitoring board appointed by the
NHLBI provided oversight. Our coordinating cen-
ter gathered and analyzed the data, and the pro-
tocol committee wrote the first draft of the
manuscript. We vouch for the accuracy and
completeness of the data and for the fidelity of
the trial to the protocol. We obtained written
informed consent from representatives of all
patients.

PATIENTS

We enrolled patients who were undergoing me-
chanical ventilation through an endotracheal tube
and had the following criteria present for less
than 48 hours: Pao,:Fio, of less than 150 mm Hg
with a PEEP of 8 cm or more of water; bilateral
pulmonary opacities on chest radiography or on
computed tomography that could not be ex-
plained by effusions, pulmonary collapse, or
nodules; and respiratory failure that could not be
explained by cardiac failure or fluid overload. If
results of arterial blood gas analysis were un-
available, the Pao, was inferred from the oxygen
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EARLY NEUROMUSCULAR BLOCKADE IN ARDS

saturation as measured by pulse oximetry (Spo,)
and was used to estimate the Pao,:Fio, at a PEEP
of 8 cm or more of water.”?° A full list of exclu-
sion criteria is provided in the Supplementary
Methods section in the Supplementary Appendix,
available at NEJM.org.

RANDOMIZATION AND TREATMENTS

We randomly assigned patients in a 1:1 ratio to
receive 48 hours of continuous neuromuscular
blockade with concomitant deep sedation (inter-
vention group) or to receive usual care without
routine neuromuscular blockade and with light-
er sedation targets (control group). Patients in
the intervention group who were not under deep
sedation at baseline were deeply sedated within
4 hours after randomization. Subsequently, pa-
tients in this group received an intravenous bolus
of 15 mg of cisatracurium, followed by a con-
tinuous infusion of 37.5 mg per hour for 48
hours. Although treatment was not administered
in a blinded manner, we chose not to adjust the
dose of the neuromuscular blocking agent accord-
ing to peripheral nerve stimulation both to rep-
licate the dosing regimen used in the ACURASYS
trial and to facilitate adherence to the trial pro-
tocol. Neuromuscular blockade could be stopped
early if the patient met the criteria for freedom
from mechanical ventilation (Fio, £0.40 and
PEEP <8 cm of water) for at least 12 hours. We
recommended the use of light sedation in the
control group. Light sedation was defined by a
score on the Richmond Agitation—Sedation Scale
of 0 or —1 (scores range from 4 [combative] to
-5 [unresponsive], with a score of 0 indicating
that the patient is alert and calm), a score on the
Riker Sedation—Agitation Scale of 3 or 4 (scores
range from 1 [unresponsive] to 7 [dangerous
agitation], with a score of 4 indicating that the
patient is calm and cooperative), or a score on
the Ramsay Sedation Scale of 2 or 3 (scores range
from 1 [anxious, restless] to 6 [unresponsive],
with a score of 2 indicating that the patient is
cooperative and oriented).?:?

COMMON TRIAL PROCEDURES

All patients were treated with a strategy of low
tidal volume ventilation within 2 hours after
randomization and a high PEEP strategy for up
to 5 days after randomization.'*?** We allowed
a lower PEEP if the clinician suspected that a
higher PEEP worsened oxygenation, hypotension,

N ENGL J MED

high plateau pressures (>30 cm of water), or aci-
demia (pH <7.15) despite tidal-volume reductions,
fluid boluses, or increases in respiratory rate.
Lower PEEP was also permitted if a pneumo-
thorax developed or if the patient was at high
risk for barotrauma. The use of prone position-
ing was at the discretion of the clinician, though
we recommended that clinicians wait at least 12
hours after the onset of ARDS, as suggested by
current evidence,”® and avoid the automatic use
of neuromuscular blockade. We allowed an open-
label intravenous bolus injection of 20 mg of
cisatracurium in both groups if patients met
prespecified criteria (see the Additional Methods
section in the Supplementary Appendix). After
the 48-hour trial intervention period, decisions
regarding further use of neuromuscular blockade,
including the choice of agent, were left to the
discretion of the treating clinician. To facilitate
comparison, we report all neuromuscular block-
ade use as the equivalent cisatracurium dose.”

END POINTS

The primary end point was in-hospital death
from any cause at 90 days (in-hospital was de-
fined as the time in the trial hospital plus trans-
fer to another hospital, including the time in
long-term acute care facilities). Secondary end
points were organ dysfunction (as assessed on
the basis of the Sequential Organ Failure [SOFA]
score®; scores range from 0 to 4 for each of six
organ systems, with higher scores indicating
more severe organ dysfunction), in-hospital death
at day 28, days free of organ dysfunction, days
not in the ICU, days free of mechanical ventila-
tion, and days not in the hospital at day 28. End
points assessed at 3, 6, and 12 months were
survival, disability, health-related quality of life,
patient-reported health, pain interference, symp-
toms resembling those of post-traumatic stress,
cognitive function, and return to work.?* Safety
end points included recall of paralysis (assessed
with the modified Brice questionnaire), ICU-
acquired weakness up to day 28 (assessed with
the Medical Research Council scale, which in-
cludes scores for muscle strength in 6 muscle
groups on each side of the body, for a total of
12 muscle groups; the score for each muscle
group can range from 0 [no movement observed]
to 5 [the muscle contracts normally against full
resistance], with the overall score ranging from
0 to 60), limitations on physical activity (assessed
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The NEW ENGLAND JOURNAL of MEDICINE

with the ICU Mobility Scale; scores range from
0 [mo movement] to 10 [walking without aid]),
new-onset atrial fibrillation or supraventricular
tachycardia, barotrauma, and investigator-reported
adverse events.***® We could not ensure that the
in-hospital assessors of end points were un-
aware of treatment group, but all postdischarge
end points were assessed by trial personnel who
were unaware of the group assignment.

STATISTICAL ANALYSIS

Under the assumption that 27% of patients in
the intervention group and 35% in the control
group would die, we calculated that 1408 pa-
tients would need to be enrolled to provide the
trial with 90% power to reject the null hypoth-
esis of no difference between the groups in
treatment effect, at a two-sided alpha level of
0.05.>%3% The trial was designed to be stopped if
superiority of either group was established using
symmetric group sequential flexible stopping
boundaries, with no stopping rule for futility.*
We compared the primary end point between
groups with the use of a Wald test for the differ-
ence of two proportions. We performed pre-
specified analyses according to severity of ARDS
(Pao,:Fio, <120 mm Hg or 2120 mm Hg) and
duration of ARDS (a duration less than or great-
er than the median time from meeting inclusion
criteria to randomization) as well as for the po-
tential effect of excluding patients who had previ-
ously received neuromuscular blockade (hospitals
were divided into terciles on the basis of their
exclusion rate of patients who had previously
received neuromuscular blockade). We also test-
ed for interactions between treatment group and
sex, race, and ethnic group. All treatment-by-
subgroup interactions were analyzed on the risk
difference scale with the use of a generalized
linear model with a binomial distribution func-
tion and an identity link function. Secondary end
points are reported with observed differences
and 95% confidence intervals. Adverse events
were compared between groups, with the event
the unit of analysis and with the use of weighted
Poisson regression; nonserious events were
weighted by 1 and serious events were weighted
by 2. Mortality at 90 days and at 1 year was
compared between the groups with the use of a
z-test, which was based on the point estimates

N ENGL J MED

and standard errors of the within-group non-
parametric interval-censored survival functions.
All analyses were performed according to the
intention-to-treat principle, without adjustment
for multiple comparisons. Two-sided P values of
less than 0.05 were considered to indicate statis-
tical significance. Analyses were performed with
SAS software, version 9.4 (SAS Institute).

RESULTS

PATIENTS

From January 2016 through April 2018, we
screened 4848 patients at 48 hospitals across the
United States, and 1006 patients were included
in the primary analysis (Fig. 1). After the second
interim analysis, the decision to stop the trial for
futility was made independently by the data and
safety monitoring board; the decision was en-
dorsed by the NHLBI and accepted by the PETAL
steering committee. The most common reason
for exclusion was improvement in the Pao,:Fio,
before enrollment (658 patients). The most com-
mon reason for exclusion after screening was
the previous receipt of neuromuscular blockade
(655 patients). Of the patients who were enrolled,
501 were randomly assigned to the intervention
group, and 505 to the control group. Baseline
characteristics were similar in the two groups
(Table 1, and Table S1 in the Supplementary
Appendix). Patients were enrolled a median of
7.6 hours (interquartile range, 3.7 to 15.6) after
diagnosis of moderate-to-severe ARDS; 9.3% of
the patients (94 patients) were enrolled with a
qualifying Spo,:Fio, (Table S2 in the Supplemen-
tary Appendix).

NEUROMUSCULAR BLOCKADE, SEDATION,

AND OTHER CARE PROCESSES

In the intervention group, 488 patients (97.4%)
received a cisatracurium infusion, beginning a
mean (£SD) of 1.9%+1.4 hours after randomiza-
tion. The median duration of cisatracurium ad-
ministration over the 48-hour intervention period
was 47.8 hours (interquartile range, 43.8 to 48.0),
and the median cumulative dose was 1807 mg
(interquartile range, 1706 to 1815). Overall, the
cisatracurium infusion was stopped early in 74
patients (14.8%) because of clinical improvement.
In the control group, 86 patients (17.0%) received
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EARLY NEUROMUSCULAR BLOCKADE IN ARDS

4848 Patients were assessed for eligibility

3840 Were excluded

658 Had Pao,:F10, >200 mm Hg at time
of randomization

655 Were receiving continuous NMB
at enrollment

394 Declined to participate or had surrogate
who declined

384 Were not expected to survive 24 hr

307 Were withdrawn by physician

270 Did not have surrogate available

245 Had been receiving mechanical ventilation
for >120 hr

237 Had severe chronic liver disease

209 Had inclusion criteria for >48 hr

159 Decided to withhold life-sustaining
treatment

124 Had body weight >1 kg/cm of height

113 Were receiving extracorporeal membrane
oxygenation

109 Were expected to receive mechanical
ventilation for <48 hr

561 Had other reason

1008 Underwent randomization

502 Were assigned to the intervention group

(cisatracurium) 506 Were assigned to the control group

1 Was immediately withdrawn 1 Was immediately withdrawn
from the trial after randomization from the trial after randomization
owing to ineligibility and did owing to ineligibility and did
not receive cisatracurium not receive NMB
488 Received cisatracurium in the first 86 Received any NMB in the first 48-hr

48-hr intervention period intervention period
13 Did not receive cisatracurium in first 48-hr 40 Received any NMB in the second
intervention period 48-hr trial period
3 Were withdrawn before administration
of NMB

1 Was deemed too unstable by physician
2 Died before administration of NMB
1 Did not reach target sedation
6 Had other reasons

419 Did not receive any NMB in the second
48-hr trial period

501 Were included in the primary analysis 505 Were included in the primary analysis

Figure 1. Patient Screening, Enrollment, and Follow-up.

Patients may have had more than one reason for exclusion. Two patients were randomly assigned twice to the con-
trol group. No patients were lost to follow-up. NMB denotes neuromuscular blockade, and Pao,:Fio; the ratio of the
partial pressure of arterial oxygen to the fraction of inspired oxygen.
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Table 1. Baseline Characteristics of the Patients.*
Intervention Group Control Group
Characteristic (N=501) (N=505)
Age —yr 56.6x14.7 55.1£15.9
Female sex —no. (%)t 210 (41.9) 236 (46.7)
White race — no. (%) T 361 (72.1) 344 (68.1)
Shock at baseline — no. (%) 276 (55.1) 309 (61.2)
Median timhe from enrollment to randomization (IQR) 8.2 (4.0-16.4) 6.8 (3.3-14.5)
—hr
Neuromuscular blockade use between meeting inclusion 55/484 (11.4) 50/484 (10.3)
criteria and randomization — no./total no. (%)
Primary cause of lung injury — no. (%)
Pneumonia 292 (58.3) 301 (59.6)
Aspiration 91 (18.2) 75 (14.9)
Nonpulmonary sepsis 68 (13.6) 71 (14.1)
Other cause 50 (10.0) 58 (11.5)
Assessments and measurements
APACHE Il scorei: 103.9+30.1 104.9+30.1
Total SOFA score{ 8.7+3.6 8.8+3.6
Tidal volume — ml/kg of predicted body weight€| 6.3£0.9 6.3+0.9
Fiog| 0.8+0.2 0.8+0.2
Inspiratory plateau pressure — cm of water** 25.5+6.0 25.7+6.1
PEEP — cm of waterj T 12.6+3.6 12.5+3.6
Pao,:Fio; — mm Hgit 98.7+27.9 99.5+27.9
Imputed Pao,:Fio, — mm Hgff 94.8+26.7 93.2+£28.9

Plus—minus values are means +SD. There were no significant differences between the groups except for time from
inclusion in the trial to randomization (P=0.047) and shock at baseline (P=0.05). Percentages may not total 100
because of rounding. IQR denotes interquartile range.

T Sex and race were determined by the coordinators on the basis of hospital records or information from the next of
kin.

i Acute Physiology, Age, and Chronic Health Evaluation (APACHE IIl) scores range from 0 to 299, with higher scores
indicating more severe illness.” The APACHE Ill score was assessed in 455 patients in the intervention group and
459 in the control group.

§  Sequential Organ Failure Assessment (SOFA) scores were measured in 5 organ systems (respiratory, cardiovascular,
hematologic, gastrointestinal, and renal; the neurologic system was not assessed), with each organ scored from 0 to
4, resulting in an aggregated score that ranges from 0 to 20, with higher scores indicating greater dysfunction.?® The
SOFA score was not assessed in 1 patient in the control group.

The tidal volume was assessed in 445 patients in the intervention group and 443 in the control group.

| The fraction of inspired oxygen (Fio;) was assessed in 469 patients in the intervention group and 474 in the control
group.

*#* The inspiratory plateau pressure was assessed in 274 patients in the intervention group and 266 in the control group.

T The positive end-expiratory pressure (PEEP) was assessed in 492 patients in the intervention group and 495 in the
control group.

I3 The ratio of the partial pressure of arterial oxygen (Pao,) to Fio, was assessed in 452 patients in the intervention group
and 460 in the control group. The Fio, value reflects the value that was recorded closest to the time of randomization
within the 24 hours before randomization.

§§ 1f an arterial blood gas analysis was not available at randomization, the Pao,:Fio, could be inferred from the oxygen

saturation as measured by pulse oximetry. The imputed Pao,:Fio, was calculated in 49 patients in the intervention

group and 45 patients in the control group.
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EARLY NEUROMUSCULAR BLOCKADE IN ARDS

a neuromuscular blocking agent during the first
48 hours at a median cisatracurium (or equivalent)
dose of 38 mg (interquartile range, 14 to 200).
Additional details on the dosing of neuromuscu-
lar blocking agents are provided in Table S3 in
the Supplementary Appendix. Patients in the
intervention group were under deeper sedation
than patients in the control group both during
the 48-hour intervention period and on the third
trial day (Fig. 2). During the first 24 hours, pa-
tients in the intervention group had lower PEEP
requirements than patients in the control group
(between-group difference, —0.9 cm of water;
95% confidence interval [CI], 1.5 to —0.4). Dur-
ing the first and second 24-hour periods, patients
in the intervention group also had lower minute
ventilation (the between-group difference on day
1 was —0.7 liters per minute [95% CI, —1.1 to
—0.2], and on day 2, —0.8 liters per minute [95%
CI, —1.2 to —0.4]), lower Fio, requirements (the
between-group difference on both day 1 and day 2
was —0.04 [95% CI, —0.06 to —0.02]), and higher
driving pressures (the between-group difference
on day 1 was 0.7 cm of water [95% CI, 0.0 to
1.3], and on day 2, 0.8 cm of water [95% CI, 0.1
to —1.5]). However, there were no between-group
differences in the Pao,:Fio, from day 1 through
day 7. Improvement in oxygenation was similar
among patients who were enrolled early and
those who were enrolled late after the onset of
ARDS. From day 1 through day 7, there was
good adherence to the protocol with respect to
PEEP and Fio, recommendations, and adherence
to recommended ventilation guidelines ranged
from 80.1 to 87.5% with respect to low tidal vol-
ume ventilation (£6.5 ml per kilogram of predicted
body weight) and 85.6 to 90.8% with respect to
low plateau pressures (£30 cm of water). The
median daily fluid balance was 327 ml (interquar-
tile range, —951 to 1456) on day 2 and —242 ml
(interquartile range, —1432 to 728) on day 3, and
there were no differences between trial groups.
Additional details are provided in Figure S1 and
Tables S4 through S8 in the Supplementary Ap-
pendix.

PRIMARY END POINT
At 90 days, in-hospital death from any cause oc-
curred in 213 patients (42.5%) in the interven-

N ENGL J MED

tion group and in 216 patients (42.8%) in the
control group (between-group difference, —0.3
percentage points; 95% CI, —6.4 to 5.9; P=0.93)
(Fig. 3 and Table 2). Treatment-by-subgroup inter-
actions were not significant with respect to
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Figure 2. Neuromuscular Blockade and Sedation.

Panel A shows the mean percentage of patients who
received continuous neuromuscular blockade, and
Panel B shows the mean percentage of patients who
were under light sedation during the first week of the
trial. Light sedation was defined by a score of 0 or -1 on
the Richmond Agitation—Sedation Scale (scores range
from 4 [combative] to -5 [unresponsive], with a score
of 0 indicating that the patient is alert and calm), a
score of 3 or 4 on the Riker Sedation—Agitation Scale
(scores range from 1 [unresponsive] to 7 [dangerous
agitation], with a score of 4 indicating that the patient
is calm and cooperative), or a score of 2 or 3 on the
Ramsay Sedation Scale (scores range from 1 [anxious,
restless] to 6 [unresponsive], with a score of 2 indicating
that the patient is cooperative and oriented).?* More
details are provided in Tables S3 and S4 in the Supple-
mentary Appendix. I bars indicate standard errors.
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Figure 3. Patien
Randomization.
The period of hospitalization included transfer to other health care facilities.

ARDS severity, ARDS duration, or previous neuro-
muscular blockade use stratified according to
hospital tercile. Other than the interaction of
treatment assignment with ethnic group (P=0.02
for interaction), no other interactions were sig-
nificant (Fig. S2 and Tables S9 through S15 in
the Supplementary Appendix).

SECONDARY END POINTS

At 28 days, there was no between-group differ-
ence in hospital mortality, days free of ventila-
tion, days out of the ICU, or days out of the
hospital (Table 2). Cardiovascular SOFA scores
were higher in the intervention group than in the
control group on day 1 (between-group differ-
ence, 0.2; 95% CI, 0.1 to 0.4) and day 2 (between-
group difference, 0.3; 95% CI, 0.1 to 0.5). How-
ever, there were no differences thereafter, nor
were there differences in total SOFA scores or
other organ-specific SOFA scores. The use of
adjunctive therapies appeared to be similar in
the two groups during the 48-hour intervention
period (between-group difference, 0.7 percentage

N ENGL J MED

points; 95% CI, —4.0 to 5.5) and through day 28
(between-group difference, 1.2 percentage points;
95% CI, —4.2 to 6.6). Overall, prone positioning
was used in 15.8% of patients (159 patients),
with similar use in the two groups (between-
group difference, 1.9 percentage points; 95% CI,
—2.6 to 6.4). Most (56% [42 patients]) of the 75
patients who underwent prone positioning in
the control group did not receive concomitant
neuromuscular blockade. Glucocorticoid use
was also similar in the two groups. The mean
(£SE) estimated mortality at 1 year was also not
different between groups (51.1+2.2% in the in-
tervention group and 51.1+2.2% in the control
group). Patient-reported outcomes were similar
between the groups at 3, 6, and 12 months, in-
cluding health-related scores and health-related
limitations with respect to disability, cognitive
function, symptoms resembling those of post-
traumatic stress, and pain. Additional infor-
mation on secondary end points is provided in
Tables S16 through S23 in the Supplementary
Appendix.
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EARLY NEUROMUSCULAR BLOCKADE IN ARDS

Table 2. End Points.*

Variable (N=501) (N=505) (95% Cl) P Value

Primary end point: in-hospital death by day 90 213 (42.5+2.2) 216 (42.8+2.2) -0.3 (-6.4t05.9) 0.93
—no. (%)
Secondary end points
In-hospital death by day 28 — no. (%) 184 (36.7) 187 (37.0) -0.3 (-6.3t05.7)
Days free of ventilation at day 283 9.6+10.4 9.9+10.9 -0.3 (-1.7t0 1.0)
Days not in ICU at day 28 9.0+9.4 9.4+9.8 0.4 (-1.6t0 0.8)
Days not in hospital at day 281 5.7+7.8 5.9+8.1 -0.2 (-1.1t0 0.8)

Safety end points

Between-Group
Intervention Group Control Group Difference

percentage points

In-hospital recall of paralysis

Total no. of patients (%) 9 (1.8) 10 (2.0) -0.2 (-1.9to 1.5)
Among patients who received neuromus- 9/487 (1.8) 2/129 (1.6) 0.3 (-2.1t02.7)
cular blockade — no./total no. (%)
MRC scoref
Day 7 46.7+14.4 49.5+12.3 -2.8 (-6.1t0 0.6)9
Day 28 45.7£13.9 49.8+10.6 -4.1 (-9.0t0 0.9)9
ICU-acquired weakness — no./total no. (%) |
Day 7 50/122 (41.0) 41/131 (31.3) 9.7 (-21.5t0 2.1)
Day 28 22/47 (46.8) 14/51 (27.5) -19.4 (-38.2 0 -0.6)
Any time through day 28 107/226 (47.3) 89/228 (39.0) -73 (-15.7to 1.1)
Serious adverse events — no. of events** 35 22 0.09
Serious cardiovascular adverse events — no. 14 4 0.02
of events**
Atrial fibrillation or SVT during ICU stay 101 (20.2) 99 (19.6) 0.88
—no. (%)
Barotrauma — no. (%) 20 (4.0) 32 (6.3) 0.12
Pneumothorax on days 0 through 2 — no. (%) 8 (1.6) 10 (2.0) 0.81
Pneumothorax on days 0 through 7 — no. (%) 14 (2.8) 25 (5.0) 0.10

F*x

Unless otherwise indicated, plus—minus values are means £SD. ICU denotes intensive care unit, and SVT supraventricular tachycardia.
Included are all deaths that occurred after randomization in any heath care facility before discharge home until day 90 of the trial. Patients
in a health care facility at day 91 were considered to be alive. The plus—minus values in this category are standard errors.

If in-hospital death occurred before day 29, the days free of ventilation and the days not in the hospital at day 28 were considered to be
zero.

The Medical Research Council (MRC) scale was used to assess muscle strength in 6 muscle groups on each side of the body, for a total of
12 muscle groups. The score for each muscle group can range from 0 (no movement observed) to 5 (muscle contracts normally against
full resistance), with the overall score ranging from 0 to 60.” The MRC score at day 7 was assessed in 122 patients in the intervention
group and 131 in the control group; the score at day 28 was assessed in 47 patients in the intervention group and 51 in the control group.
The between-group difference is the difference in MRC score.

ICU-acquired weakness was defined as an MRC score of less than 48 if all 12 muscle groups were assessed, or a mean muscle-group
score of less than 4 when at least 7 of the 12 muscle groups were assessed.

A list of all adverse events is provided in Table S24 in the Supplementary Appendix. Participants may have had more than 1 adverse event.
Although mortality was high in both groups, only 1 death from complete heart block and refractory shock was considered possibly related
to cisatracurium. No other deaths were reported by participating sites as possibly, probably, or definitely related to cisatracurium or any
other procedure specified in the trial protocol.
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SAFETY AND ADVERSE EVENTS

Safety and adverse events are summarized in
Table 2 and in Tables S24 through S28 in the
Supplementary Appendix. Although mortality was
high in both groups, only one death was consid-
ered possibly related to cisatracurium, no deaths
were considered probably or definitely related to
cisatracurium, and there were no between-group
differences in the percentage of patients who
died during the 48-hour trial intervention period
or up to 96 hours. Recall of paralysis was un-
common and did not differ between groups.
Patients in the control group had higher mean
levels of physical activity up to day 6. The rates
of ICU-acquired weakness assessed were not dif-

ferent between groups, but many patients (range,
51.2 to 67.5%) could not complete the weekly

in-hospital assessments of muscle strength. More
serious cardiovascular events were reported in
the intervention group than in the control group
(14 vs. 4 events; P=0.02), although the rates of
new-onset atrial fibrillation and supraventricular
tachycardia did not differ between groups. Rates
of pneumothorax and overall barotrauma also
did not differ between groups.

DISCUSSION

In a cohort of critically ill patients identified
shortly after the diagnosis of moderate-to-severe
ARDS, the addition of early continuous neuro-
muscular blockade with concomitant deep seda-
tion did not result in lower mortality than a
usual-care approach to mechanical ventilation
that included lighter sedation targets. This trial
had high adherence to the protocol, including
minimal crossover use of neuromuscular block-
ade and high adherence to the recommended
ventilation and fluid strategy. The results of
prespecified subgroup analyses were consistent
with those of the primary analysis across sever-
ity and duration of ARDS and across trial sites
with different exclusion rates for previous neuro-
muscular blockade use.

Several factors may explain why our findings
differed from those of ACURASYS, the previous
multicenter trial that showed a benefit with
early continuous neuromuscular blockade. First,
we used a higher PEEP strategy in both groups
to test our intervention in the context of best
care and to reduce the likelihood of differential

N ENGL J MED

PEEP use across groups. Higher PEEP may itself
reduce mortality among patients with moderate-
to-severe ARDS, thereby blunting the potential
treatment effect of early continuous neuromus-
cular blockade.'® Second, on the basis of current
guideline recommendations and clinical stud-
ies,1215 we designed this trial so that the seda-
tion targets used in the control group were
lighter than those used in the ACURASYS trial;
deep sedation was used in both the intervention
group and the control group in the ACURASYS
trial. In our trial, the higher number of cardio-
vascular adverse events in the intervention group
than in the control group could be the result of
deep sedation in the intervention group, which
could have induced hypotension, bradycardia, and
other cardiovascular effects. Therefore, the use
of the lighter sedation strategy in our control
group may have decreased mortality in that
group. Third, prone positioning reduces the risk
of death in patients with ARDS when it is initi-

ated during the first 12 to 24 hours after the
onset of moderate-to-severe ARDS and is admin-

istered for at least 16 hours per day.?® The per-
centage of patients who underwent prone posi-
tioning in our trial was similar to that observed
in a recent international epidemiologic study, but
it was lower than in the ACURASYS trial.>’
Whether early continuous neuromuscular block-
ade is more effective with prone positioning is
unknown, but it is a possible explanation for the
different results of our trial and the ACURASYS
trial.

Patients in our trial were enrolled earlier after
the onset of ARDS than those in the ACURASYS
trial.* Consequently, we may have included pa-
tients who might not have survived long enough
to be included in the previous trial. Although we
excluded patients whose Pao,:Fio, improved to
more than 200 mm Hg before randomization,
we may also have recruited some patients with
lung injury that was either rapidly improving or
less established than that observed in the previ-
ous trial. However, analyses stratified according
to the time from the onset of ARDS to enroll-
ment did not suggest any between-group differ-
ence in the rate of improvement in oxygenation
or treatment effect. The unexpected interaction
between Hispanic ethnic group and treatment
may be the result of random chance.

Our trial has limitations. The most common
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EARLY NEUROMUSCULAR BLOCKADE IN ARDS

reason eligible patients were excluded was that
they had previously received neuromuscular block-
ade. It is possible that treating physicians were
identifying and treating a subset of patients who
were more likely to benefit from neuromuscular
blockade use. However, there was no evidence of
benefit even when analyses were restricted to
trial sites that rarely excluded those patients. We
did not systematically measure the effect of neu-
romuscular blockade on ventilator dyssynchrony.
However, in patients with ARDS or at risk for
ARDS, neuromuscular blockade essentially elim-
inates ventilator dyssynchrony.® Finally, nurses,
physiotherapists, and other health care profes-
sionals were aware of the treatment assignments.
This lack of blinding may have influenced short-
term assessments of early neuromuscular func-
tion, the level of physical activity, and the report-
ing of adverse events. In conclusion, among

patients with moderate-to-severe ARDS who were
treated with a higher PEEP strategy, the admin-
istration of an early and continuous infusion of
cisatracurium did not result in significantly lower
mortality at 90 days than usual care with lighter
sedation targets.
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