Journal of the American Heart Association

ORIGINAL RESEARCH

Continuous Neuromuscular Blockade
Following Successful Resuscitation From
Cardiac Arrest: A Randomized Trial

Ari Moskowitz “=, MD; Lars W. Andersen =, MD, MPH, PhD, DMSc; Jon C. Rittenberger, MD; Robert Swor, DO;
Raghu R. Seethala, MD; Michael C. Kurz, MD; Katherine M. Berg "/, MD; Maureen Chase, MD, MPH;

Michael N. Cocchi, MD; Anne V. Grossestreuer, PhD; Xiaowen Liu, PhD; Mathias J. Holmberg “=', MD, MPH,;
Clifton W. Callaway, MD, PhD; Michael W. Donnino, MD

BACKGROUND: Neuromuscular blockade (NMB) agents are often administered to control shivering during targeted temperature
management following cardiac arrest. In this study, we hypothesized that early, continuous NMB would result in a greater
reduction in serum lactate levels among comatose patients after cardiac arrest.

METHODS AND RESULTS: Randomized trial of continuous NMB for 24 hours versus usual care following cardiac arrest conducted
at 5 urban centers in the United States. Adult patients who achieved return of spontaneous circulation, remained unrespon-
sive, and underwent targeted temperature management after cardiac arrest were included. The primary outcome was change
in lactate over 24 hours. A total of 83 patients were randomized, and 80 were analyzed (37 and 43 in the NMB and usual
care arms, respectively). There was no significant interaction between time and treatment group with respect to change in
lactate over 24 hours (median lactate change from 4.2 to 2.0 mmol/L [-2.2 mmol/L] in the NMB arm versus 4.0 to 1.7 mmol/L
[-2.83 mmol/L] in the usual care arm; geometric mean difference, 1.3 [95% ClI, 1.0-1.8]; P=0.07 for the interaction term). There
was no difference in hospital survival (38% [NMB] versus 33% [usual care]; P=0.63) or survival with good functional outcome
(830% [NMB] versus 21% [usual care]; P=0.35). There were no adverse events in either arm attributed to study interventions.

CONCLUSIONS: Continuous NMB compared with usual care did not reduce lactate over the first 24 hours after enrollment com-
pared with usual care. There was no difference in overall hospital survival, hospital survival with good neurologic outcome, or
adverse events.

REGISTRATION: URL: https:/www.clinicaltrials.gov; Unique identifier: NCT02260258.
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ardiac arrest is a devastating event that affects
>500000 individuals per year in the United
States.! Although survival rates following car-
diac arrest have improved, mortality remains high and
many survivors experience long-term neurologic se-
quelae.?® A key link in the cardiac arrest chain of sur-
vival is the provision of post-cardiac arrest critical care
and neuroprotective strategies. Targeted temperature

management (TTM) is a central component of critical
care post-cardiac arrest care, and current guidelines
from the American Heart Association suggest all initial
survivors of cardiac arrest who remain unresponsive
receive TTM.* Beyond TTM and early coronary angi-
ography in suspected acute coronary syndrome, there
are few evidence-based specific therapies in the post-
cardiac arrest setting.
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CLINICAL PERSPECTIVE

What Is New?

e On the basis of promising observational data,
continuous neuromuscular blockade has
been suggested as an adjunctive therapy to
targeted temperature management for pa-
tients who remain comatose following cardiac
arrest.

e |n this multicenter, randomized trial of early, con-
tinuous neuromuscular blockade versus usual
care for patients after cardiac arrest who re-
mained comatose and were receiving targeted
temperature management, there was no effect
of neuromuscular blockade with respect to the
primary outcome of serum lactate change over
24 hours.

What Are the Clinical Implications?

e This trial does not support the routine use
of continuous neuromuscular blockade
for comatose patients after cardiac arrest
who are receiving targeted temperature
management.

Nonstandard Abbreviations and Acronyms

ICU intensive care unit

NMB neuromuscular blockade
NSE neuron-specific enolase
TT™M targeted temperature management

The administration of continuous neuromuscu-
lar blockade (NMB) in combination with TTM has
been proposed as an additional therapeutic inter-
vention for initial survivors of cardiac arrest. NMB
may improve post-cardiac arrest outcomes through
several mechanisms, including reduction of global
oxygen consumption, prevention of patient-ventilator
dyssynchrony, reduction of metabolic demand, re-
duction of inflammation, and shorter time to target
temperature.® Multicenter observational data found
that continuous NMB following cardiac arrest was
associated with more rapid lactate reduction and re-
duced mortality.

This randomized trial tested the efficacy and safety
of continuous NMB compared with usual care follow-
ing cardiac arrest. We tested the hypothesis that con-
tinuous NMB would increase lactate clearance over
the first 24 hours after cardiac arrest.
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METHODS

Data Sharing and Disclosure

Because of the sensitive nature of the data collected
for this study, requests to access the data set from
qualified researchers trained in human subject confi-
dentiality protocols may be sent to the corresponding
author.

Trial Setting and Design

This was a phase 2, multicenter, randomized, supe-
riority trial of continuous NMB using rocuronium ver-
sus usual care in patients who had sustained return of
spontaneous circulation but who remained unrespon-
sive after cardiac arrest. Enrolling sites were 5 urban
tertiary care centers in the United States (Table S1).
Legally authorized representatives of all patients pro-
vided written informed consent.

The trial was registered at clinicaltrials.gov
(NCT02260258) before the first enrollment, and insti-
tutional review boards of all enrolling institutions ap-
proved the protocol. A Data Safety and Monitoring
Board evaluated and monitored the trial for safety.

Patients

Between December 2014 and May 2019, we enrolled
adult patients (aged >18 years) who experienced a
cardiac arrest and subsequently had sustained return
of spontaneous circulation (>20 minutes) but remained
unresponsive (ie, not following commands) and were
undergoing TTM between 32°C and 36°C. We added
an additional inclusion criterion of a minimum serum
lactate level of >2 mmol/L early in study enroliment
(Table S2). We excluded patients if they had a trau-
matic cause of cardiac arrest, were receiving continu-
ous NMB for clinical purposes, were not expected to
survive 24 hours, had undergone TTM for >6 hours,
had a prearrest modified Rankin scale score of >4,
or were members of a protected population. Patients
experiencing in-hospital or out-of-hospital cardiac ar-
rest were eligible, although study teams were primarily
located in the emergency departments of participat-
ing sites.

Randomization and Intervention
Randomization occurred in blocks of 4 in a 1:1 ratio
and was stratified by study site and by the presence
of shock. Shock was defined as the use of any va-
sopressor. An independent statistician generated the
random sequence using Power Analysis Sample Size
software v13. Research pharmacies at each site main-
tained site-specific allocation sequences. Medication
was provided open label. Clinical and research teams
were not blinded to allocation.
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Patients in the continuous NMB arm received a
rocuronium bolus of 1.0 mg/kg followed by a con-
tinuous infusion of rocuronium for a total of 24 hours
titrated to 1 to 2/4 twitches on a train-of-4 stimulator.
Patients in the usual care arm received 100 mL of
normal (0.9% NaCl) saline to mark the 0-hour time
point. Rocuronium was chosen as there was a short-
age of cisatracurium in the United States at the time
of trial design. All patients, including those who re-
ceived continuous NMB, were sedated per local site
protocol. Use of the Columbia antishivering protocol
was recommended to clinical teams, but adherence
was not mandated.”

Sample Size and Outcomes

The primary outcome of the study was change in
serum lactate level between enroliment and 24 hours
after the receipt of study drug. We chose this outcome
because lactate is correlated with hospital survival in
patients who experience cardiac arrest.2 The primary
outcome was changed from lactate levels 24 hours
after initiation of study drug to better account for any
group differences in lactate level at time of enroliment
and to allow patients who die before 24 hours to be
included in the analysis. This change is reflected in the
statistical analysis plan published online before data
analysis.

Secondary outcomes for the trial included time
from return of spontaneous circulation until target tem-
perature, time to liberation from mechanical ventilation,
length of stay in the intensive care unit (ICU), hospital
survival, and hospital survival with good functional out-
come (as defined by a modified Rankin Scale score
of <4). Additional secondary biomarker outcomes in-
cluded measures of inflammation (interleukin-1B, in-
terleukin-6, interleukin-8, interleukin-10, and tumor
necrosis factor-a), measures of vascular injury (vas-
cular cell adhesion molecule, intercellular adhesion
molecule, E-selectin, and vascular endothelial growth
factor-A), measures of renal function (kidney injury
molecule-1, cystatin C, and neutrophil-gelatinase as-
sociated lipocalin), and measures of neurologic injury
(neuron-specific enolase [NSE]).

A prespecified safety outcome was muscle weak-
ness, assessed using a modified Medical Research
Council scale measured at the time of discharge from
the ICU.° Trained research staff at each site monitored
study patients between enrollment and ICU discharge
for any unexpected adverse effects related to study
participation.

Data Collection and Blood Sampling

Trained research personnel collected all data accord-
ing to a detailed, predefined data dictionary, and a phy-
sician verified all outcome variables. We entered data
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into a Research Electronic Data Capture database, a
secure, web-based database tool."

We obtained blood samples from patients imme-
diately before study drug administration and then at
12 and 24 hours. The clinical laboratory at each site
measured lactate levels. We generally obtained blood
samples for lactate measurement from a central ve-
nous access catheter. We centrifuged blood not sent
to the clinical laboratory, froze it at —80°C, and then
sent samples to the coordinating site for storage at
—80°C until analysis.

Biomarker Measurement

We used frozen plasma for all biomarker measure-
ments and measured analytes by multiplex analysis
using 96-well multiplex kits. For vascular biomarkers
(E-selectin, vascular cell adhesion molecule, and inter-
cellular adhesion molecule), we diluted plasma sam-
ples at either 1:50 or 1:100. For cytokines and vascular
endothelial growth factor plasma, samples were not di-
luted. We measured all samples in duplicate and ana-
lyzed mean values from duplicate results.

Statistical Analysis
A detailed statistical analysis plan appears online at
clinicaltrials.gov (https://clinicaltrials.gov/ct2/show/NC
T02260258) and was published before any analysis
being performed. All analyses used a modified inten-
tion-to-treat population, defined as those subjects re-
ceiving random assignment and receiving any study
drug (rocuronium or the saline time marker).

Conservative estimates drawn from observational
data indicated that a sample size of 80 patients could
detect a predicted mean difference in 24-hour lactate
of 2.0 mmol/L (£3.2 mmol/L) with 80% power, assum-
ing a 2-sided test and an a of 0.05.°

We describe baseline characteristics by treatment
group. We summarize categorical variables by frequen-
cies and percentages and continuous variables using
means (SDs) or medians (interquartile ranges [IQRs]).

The change in lactate over time was assessed using
a linear mixed effects model. We log-transformed lac-
tate values, which were not approximately normally dis-
tributed (log transformation used the natural logarithm).
Fixed effects included the allocated treatment (NMB
versus usual care), shock stratification, time point (O,
12, and 24 hours), and the interaction between treat-
ment and time point. We included study site and pa-
tient within study site as random intercept effects. The
primary outcome was the interaction term between
allocated treatment and time, which is presented as
a ratio of geometric mean differences over 24 hours."
Values >1.0 favor the placebo arm.

We present medians and IQRs of lactate over time,
by treatment, using longitudinal plots. We compared
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Assessed for
eligibility
(n=818)

/ Excluded (n=735) \

No LAR" to consent (n=254)
Clinical paralytic use (n=80)
Traumatic arrest (n=77)

Total
randomized
(n=83)

Missed (n=61)
LAR" declined study (n=43)
Baseline mRS' >3 (n=56)

K Other/Unknown (n=164) /

v

Randomized to
NMB
(n=39)

Did not receive
NMB due to clinical
decision to give
NMB prior to study
drug administration

(n=2)

Analyzed as
NMB arm
(n=37)

Randomized to
usual care

(n=44) Did not receive saline

marker as patient began
following commands prior
to administration (n=1)

Analyzed as
usual care arm
(n=43)

Figure 1. Consolidated Standards of Reporting Trials diagram.

LAR indicates legally authorized representative; mRS, modified Rankin Scale; and NMB, neuromuscular blockade.

biomarker outcomes using the above mixed model,
using log-transformed biomarker levels if not normally
distributed. Continuous and categorical secondary
outcome measures were compared using linear or lo-
gistic regression as appropriate, controlling for shock
stratification and site. Length of stay in the ICU was
compared using negative binomial regression given
the right skew of the distribution. ICU length of stay
was analyzed (1) including all patients randomized and
(2) limiting the analyzed population to those who sur-
vived their ICU stay. Muscle weakness scores in ICU
survivors were highly left skewed, and we compared
these scores using a Mann-Whitney U test.

We conducted prespecified subgroup analy-
ses based on initial rhythm (shockable versus non-
shockable) and shock status. We performed a post
hoc analysis by median lactate and an exploratory
per-protocol analysis including only patients who re-
ceived 24 hours of rocuronium (if so assigned) versus
those who survived to 24 hours without receipt of an
NMB agent after saline administration (if in the usual
care group).

All tests were 2 sided, and the nominal level of sta-
tistical significance was 5%. We applied no formal ad-
justments for multiplicity of testing, but the outcomes
were ordered by degree of importance and we inter-
preted test results in light of the multiple comparisons
made."? All statistics were performed using STATA, ver-
sion 15 (StataCorp LP, College Station, TX).
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RESULTS

Patients

A total of 818 patients met inclusion criteria, and 83
underwent random assignment (39 allocated to NMB
and 44 allocated to usual care). Before study drug ad-
ministration, 2 patients in the NMB arm and 1 patient in
the usual care arm had clinical changes that excluded
from receiving study drug. A total of 80 patients (37 in
the NMB arm and 43 in the usual care arm) remained
in the modified intention-to-treat analysis. Figure 1
shows the flow of patients through the trial. Baseline
characteristics and cardiac arrest/resuscitation char-
acteristics are in Table 1.

Trial and Concomitant Therapies

Between return of spontaneous circulation and study
enrollment, 6 (16%) patients in the NMB arm and 2
(5%) patients in the usual care arm received a bolus
dose of neuromuscular blocking agent. Between en-
rollment and the 12-hour time point, 6 (14%) patients
in the usual care arm received some neuromuscular
blocking agent. Between the 12- and 24-hour time
points, 8 (19%) patients in the usual care arm received
a neuromuscular blocking agent. Nine (21%) patients
in the usual care arm received some neuromuscu-
lar blocking agent between enrollment and the 24-
hour time point, with 2 (22%) of these receiving only
bolus dosing. Neuromuscular blocking agents given
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Table 1. Baseline Characteristics
Neuromuscular Usual Care
Variable Blockade (n=37) (n=43)
Demographics
Age, median (IQR), y 66 (57-77) 64 (56-77)
Female sex, n (%) 17 (46) 14 (33)
White race, n (%) 20 (54) 22 (51)
Medical history, n (%)
Congestive heart failure 9 (24) 12 (28)
Atrial fibrillation 7 (19) 9(21)
Coronary artery disease 14 (38) 9 (21)
Prior cardiac arrest 0 (0) 0(0)
Chronic pulmonary disease 12 (32) 9(21)
Liver cirrhosis 1) 2(5)
Kidney disease 9 (24) 14 (83)
Active malignancy 3(8) 2 (5)
Arrest characteristics
Location (out-of-hospital 35 (95) 40 (93)
cardiac arrest), n (%)
Initial rhythm (shockable), 17 (46) 16 (38)
n (%)
Estimated no-flow time, 4 (0-7) 2 (0-10)
median (IQR), min
Estimated low-flow time, 12 (5-26) 15 (8-30)
median (IQR), min
Witnessed (yes), n (%) 27 (73) 26 (61)
Bystander CPR provided 24 (71) 26 (67)
(ves), n (%)
Arrest cause (cardiac), n (%) 27 (73) 30 (70)
Characteristics at enrollment
Time from return of 7.5 (6-8.3) 6.3 (5-7.5)
spontaneous circulation to
study drug, median (IQR), h
pH, median (IQR) 7.3 (7.2-7.3) 7.3 (7.2-7.4)
Pco,, median (IQR), mmHg 41.5 (34.5-53.5) | 40.0(33.5-48.5)
Po,, median (IQR), mmHg 100.0 161.0
(76.0-168.5) (83.0-245.0)
Shock stratification (shock), 19 (51) 21 (49)
n (%)
ST-segment—elevation 4 (11) 6 (14)
myocardial infarction
present (yes), n (%)
Target temperature, median 35.0(33.5-36.0) | 34.0(33.5-35.5)
(IQR), °C

CPR indicates cardiopulmonary resuscitation; and IQR, interquartile
range.

*Includes immediate CPR provided by trained advanced cardiac life
support responders. If unknown, bystander CPR coded as not performed.
In-hospital cardiac arrest excluded.

in the usual care arm after enrollment were given in
response to shivering (89%) or worsening respiratory
failure (11%). No patient in the NMB arm had NMB
stopped early with the exception of those who died in
the first 24 hours (2 in the NMB arm and 3 in the usual
care arm) (Table S3).
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Figure 2. Longitudinal plot of lactate over time.

The median cardiovascular sequential organ fail-
ure assessment score at enrollment was 3.0 (IQR,
0.0-4.0) in the NMB arm and 1.0 (IQR, 0.0-4.0) in
the usual care arm. At 12 hours, the median scores
were 2.5 (IQR, 0.0-3.0) and 1.5 (0.0-4.0) in the NMB
and usual care arms, respectively. At 24 hours, the
median cardiovascular sequential organ failure as-
sessment scores were 2.0 (IQR, 0.0-4.0) and 3.0
(IQR, 0.0-3.0) in the NMB and usual care arms,
respectively.

Primary and Key Secondary Outcomes
The median lactate level at enrollment was 4.2 mmol/L
(IQR, 2.5-5.4 mmol/L), and was similar between
groups (median, 4.2 mmol/L [IQR, 2.6-5.0 mmol/L]
in the NMB group versus 4.0 mmol/L [IQR, 2.5-6.7
mmol/L] in the usual care group). By 12 hours after
enroliment, lactate levels fell in both groups to a
median of 3.1 mmol/L (IQR, 1.7-3.7 mmol/L) in the
NMB group and 2.4 mmol/L (IQR, 1.4-4.2 mmol/L)
in the usual care group. At the 24-hour time point,
lactate was 2.0 mmol/L (IQR, 1.5-3.1 mmol/L) and
1.7 mmol/L (IQR, 1.3-2.3 mmol/L) in the NMB and
usual care arms, respectively. There was no detect-
able between-group difference in lactate change over
time (ratio of geometric mean difference, 1.3; 95%
Cl, 1.0-1.8; P=0.07 for the interaction between study
arm and time). There was additionally no difference
in median lactate level at 24 hours after enrollment
(P=0.12). Median lactate levels over time are repre-
sented graphically in Figure 2.

Overall, 14 (38%) patients in the NMB arm survived
to hospital discharge compared with 14 (33%) pa-
tients in the usual care arm (odds ratio [OR], 1.3 [95%
Cl, 0.5-3.3]; P=0.63). Eleven (30%) of patients survived
with favorable functional outcome in the NMB arm com-
pared with 9 (21%) in the usual care arm (OR, 1.7 [95%
Cl, 0.6-4.7]; P=0.35). Among patients who survived to
ICU discharge, there was no between-group difference
in muscle weakness score, ICU length of stay, or the
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duration of mechanical ventilation (Table 2). There were
no unexpected adverse events related to study drug.
Results of the exploratory per-protocol analysis were
similar to those in the intention-to-treat cohort with re-
spect to the primary outcome of lactate at 24 hours.

Subgroup Analyses

There was no effect modification according to ini-
tial rhythm (P=0.43 for the interaction), presence of
shock (P=0.85), or median lactate (P=0.20) (Figures S1
through S3).

Biomarker Analyses

Overall, 62 patients (78%) had blood collected and
frozen for biomarker analysis. Of these patients, 29
(47%) were in the NMB arm and 33 (53%) were in
the usual care arm. The median baseline NSE levels
were 9.7 mg/mL (IQR, 6.0-12.8 mg/mL) and 9.2 mg/
mL (IQR, 5.9-13.5 mg/mL) in the NMB and usual care
arms, respectively. At 24 hours, the median NSE had
increased in both groups to 16.2 mg/mL (IQR, 5.3—
33.4 mg/mL) and 191 mg/mL (IQR, 8.2-35.6 mg/
mL) in the NMB and usual care arms, respectively.
At baseline, the median S100 levels were 497.2 pg/
mL (IQR, 148.2-1694.7 pg/mL) and 567.0 pg/mL (IQR,
303.4-1034.5 pg/mL) in the NMB and usual care
arms, respectively. S100 levels decreased in both
groups over the first 24 hours to a median of 102.1 pg/
mL (IQR, 33.3-1312.0 pg/mL) and 246.9 pg/mL (IQR,
82.0-755.5 pg/mL) in the NMB and usual care arms,
respectively. We did not detect any between-group
difference in change in NSE or S100 levels between
enroliment and 24 hours (Figure 3).

Kidney injury molecule-1 levels increased more steeply
in the NMB arm compared with the usual care arm. We
did not detect between-group differences over time in
any other measured inflammatory, endothelial, vascu-
lar, or kidney injury biomarkers (Figures S1 through S3).

DISCUSSION

In this randomized trial of patients after cardiac ar-
rest, there was no difference in lactate at 24 hours in
the NMB compared with the usual care arm. Survival
and survival with good functional outcome at hospi-
tal discharge were not different between study arms.
We did not identify any difference in muscle weakness
score between groups, and there were no serious, un-
expected adverse events related to study drug. There
was no difference in the change over time in most
measured biomarkers, although kidney injury mole-
cule-1 increased more steeply in the NMB arm.

NMB may reduce global oxygen consumption,
prevent patient-ventilator dyssynchrony, attenuate
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inflammation, and shorten time to target temperature.®
In addition, NMB may have been an unrecognized
confounder in early major randomized clinical trials of
TTM in the HACA (Hypothermia After Cardiac Arrest)
trial, in which patients randomized to mild hypother-
mia received bolus pancuronium every 2 hours for
the prevention of shivering.'®™ In the trial by Bernard
et al, patients in the mild hypothermia arm received
boluses of vecuronium as required to prevent shiver-
ing.’®'"* Neuromuscular blocking agents were not rou-
tinely given to patients randomized to normothermia in
either study. Nevertheless, the 2010 American Heart
Association guidelines recommended minimizing the
use of NMB in patients after cardiac arrest because of
concerns about masking seizure activity and limiting
neurologic assessment.'® Studies of routine NMB use
in other critical illnesses, in particular the acute respi-
ratory distress syndrome, have had mixed results, with
the most recent major randomized trial having failed
to find any benefit with routine NMB administration.51®
Substantial variability exists with respect to NMB use
during TTM."

The primary outcome of lactate change correlates
with mortality after cardiac arrest.®'®'9 The lack of dif-
ference in lactate levels in this study may have resulted
from several factors. First, it may reflect that there is
no effect of continuous NMB on lactate clearance.
Alternatively, patients randomized to NMB may have
received different doses and durations of sedating
medications. Also, although randomization was strati-
fied by shock status, median cardiovascular sequential
organ failure assessment scores were higher at enroll-
ment in the NMB arm. An additional contributing factor
may have been different target temperatures for TTM
in the 2 groups, although existing evidence suggests
lower temperatures to be associated with higher lac-
tate levels.?°

Many randomized trials conducted in critically il
populations compare 2 fixed treatment arms, as op-
posed to comparing a single intervention against “usual
care.”" When 2 fixed treatment arms are compared,
there is the possibility for harmful deviations from usual
care in the comparator arm, the inability to compare
the 2 arms adequately because of confounding by mis-
matched covariates, or both, which can arise when the
true comparator would be a group with titrated care. In
addition, the results are less generalizable to real-world
practice.?? In the present trial, the comparator arm was
“usual care,” and crossover occurred in a substantial
minority of subjects (21%). Although this level of cross-
over likely best reflects current practice in a condition
with titrated care, it may have biased the results to-
ward the null. Also, patients enrolled in this trial were
those for whom the clinical team had already decided
not to treat with continuous NMB. Of those patients
screened for inclusion, 10% were excluded because
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Table 2. Median Lactate Levels and Key Secondary Outcomes

NMB Following Cardiac Arrest

Neuromuscular Effect Estimate
Outcome Blockade (n=37) Usual Care (n=43) (95% CI) P Value
Primary outcome*
Lactate, median (IQR), mmol/L
Enroliment (0 h) 4.2 (2.6-5.0) 4.0 (2.5-6.7)
12h 3.1 (1.7-3.7) 2.4 (1.4-4.2) 1.3 (1.0-1.6) 0.05
24 h 2.0 (1.5-3.1) 1.7 (1.3-2.3) 1.3 (1.0-1.8) 0.07
Secondary outcomes
Time from ROSC to target temperature, median 6.8 (5.3-9.4) 8.3 (4.7-11.2) 1.0 (0.7-1.4) 0.82
(IQR), hf
ICU LOS, median (IQR), d*
ICU survivors 9.0 (6.0-16.0) 5.0 (4.0-12.0) 1.3(0.8-2.0) 0.35
All patients 6.0 (3.0-11.0) 4.0 (3.0-7.0) 1.4 (1.0-1.9) 0.09
Mechanical ventilation duration, median (IQR), h’
Survivors to extubation 126.3 (76.1-280.6) 66.9 (55.6-172.7) 1.4 (0.7-2.9) 0.32
All patients 102.0 (64.3-206.4) 82.7 (47.4-160.7) 1.3(0.9-1.9) 0.18
Hospital survival, n (%)! 14 (38) 14 (33) 1.3 (0.5, 3.9) 0.63
Discharge mRS <3, n (%)! 11 (30) 9 (21) 1.7 (0.6, 4.7) 0.35
Muscle weakness score, median (IQR)T 30 (28-30) 30 (27-30) n/a 0.58

ICU indicates intensive care unit; IQR, interquartile range; LOS, length of stay; mRS, modified Rankin Scale; and ROSC, return of spontaneous circulation.

*Effect estimate represents the ratio of geometric mean differences in change over time. Values >1.0 favor the placebo arm. P value is for the interaction
between randomization arm and time.

Time variable for time ROSC to target temperature was log transformed and compared using linear regression, controlling for shock stratification and site.
Effect estimate represents geometric mean difference. Values >1.0 favor longer duration in the neuromuscular blockade arm.

*LOS truncated at 28 days and compared using negative binomial regression, controlling for stratification and site. Fourteen patients in each arm survived to
ICU discharge (n=14 in each arm). Effect estimates represent incidence rate ratios. Values >1.0 favor longer duration to target temperature in the neuromuscular
blockade arm.

SDuration log transformed and compared using linear regression, controlling for shock stratification and site. Includes patients surviving to discontinuation of
mechanical ventilation (n=14 in each group). Two patients discharged from the hospital on mechanical ventilation have duration truncated at time of discharge
and are considered survivors to extubation. Effect estimates represent geometric mean difference. Values >1.0 favor longer duration in the neuromuscular
blockade arm.

IComparison made using logistic regression, controlling for shock stratification and site. Effect estimates represent odds ratios.

10f 30 possible points.

of a clinical decision to administer NMB. Therefore, our
trial evaluates those for whom a perceived clinical in-
dication for NMB (ie, severely compromised oxygen-
ation) was not present at enroliment. These factors are

important considerations when interpreting our results
in the context of current clinical practice.

The results of this study are similar to those of a re-
cently published and similarly designed randomized
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Figure 3. Biomarkers of neurologic injury over time.

Change in biomarker levels over time assessed via mixed model, controlling for shock stratification as a
fixed effect and study site as a random effect. Biomarker values log transformed for the analysis as their
distributions visually deviated from normal. P values reflect the interaction between randomization group
and time. NMB indicates neuromuscular blockade; and NSE, neuron-specific enolase.
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trial of post-cardiac arrest NMB conducted in South
Korea.?® In that trial, there was no difference in lactate at
24 hours. Although not statistically significant, survival
and survival with good neurologic outcome were higher
in the NMB arm. Similarly, a trial conducted in Austria
randomizing patients after cardiac arrest to continuous
versus intermittently dosed NMB found a higher survival
in the continuous NMB arm, although the difference was
not significant.?* No trial in patients who experienced
cardiac arrest found significant harms associated with
early, continuous postarrest NMB.

Measured biomarkers in this study included mark-
ers of neurologic injury, inflammation, cell adhesion,
vascular proliferation, and kidney injury. There was
no between-group difference in NSE or S100 levels
over time. Similarly, there was no difference in most
biomarkers of inflammation, cell adhesion, vascular
proliferation, or kidney injury. There was a trend to-
ward a more rapid clearance of tumor necrosis fac-
tor-a in the NMB arm compared with the usual care
arm. Patients in the NMB arm had a faster increase
in kidney injury molecule-1 over the first 24 hours.
These isolated findings should be considered hy-
pothesis generating.

This study has several limitations. First, the study
was underpowered for important secondary out-
comes, such as survival. In addition, post—cardiac
arrest care and neuroprognostication protocols were
not standardized across participating hospitals, which
may have increased heterogeneity. Furthermore, this
trial was not designed to study whether early NMB fa-
cilitates faster time to target temperature, although that
is an important question for future study. Rocuronium
was selected in this trial as a result of practical con-
siderations. Whether other neuromuscular blocking
agents would have been more effective is not clear.
Finally, there were a large number of patients who met
initial inclusion criteria but were ultimately excluded for
a variety of reasons. This limits generalizability and may
explain differences between the results of this random-
ized trial and those of prior observational studies.

CONCLUSIONS

In this trial, early, continuous NMB compared with
usual care following cardiac arrest was not associated
with a decrease in serum lactate levels over the first
24 hours after trial enrollment. There was no between-
group difference in any secondary clinical outcome.
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Table S1. Enrollment by study site.

Site Number screened Number enrolled

Beth Israel Deaconess 255 46
Medical Center

University of Pittsburgh 375 16
Medical Center

Brigham and Women’s 109 8
Hospital

Beaumont Hospital 45 11
University of Alabama 34 2

*The University of Pittsburgh Mercy Hospital participated in screening towards the end of the trial, but did not enroll any patients.



Table S2. Protocol Amendment Summary.

lactate >2mmol/L added.

Change Date Rationale

Inclusion criteria changed 11/12/14 Few patients were able to be

from enrollment within 6 consented and fully enrolled

hours of ROSC to within 6 within 6 hours of ROSC

hours of TTM start.

Exclusion criteria removed for 8/18/2015 Difficulty determining a

patients not breathing over patient’s ability to breath over

the set ventilator rate the set ventilator rate.

removed. Concerns regarding the
potential influence of
sedation.

Inclusion criteria of serum 02/13/17 Concern that patients

enrolled with low lactate
levels would be at low
likelihood to benefit from the
intervention with respect to
the primary outcome of
lactate change.




Table S3. Sedative and Paralytic Use.

Sedation and Analgesia, ROSC-Enroll | 0-12h 12-24h | ROSC-Enroll | 0-12h 12-24h
n(%) receiving (n=37) (=37) | (n=37) | (n=43) (n=43) | (n=42)

Propofol 14 (38) 19 (51) | 19 (51) 26 (61) 31(72) | 29(67)

Midazolam 21 (57) 20 (54) | 18 (49) 17 (40) 16 (37) | 15(36)
Lorazepam 3(8) 2 (3) 3(8) 2 (5) 1(2) 0 (0)
Dexmedetomidine 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0(0)

Fentanyl 28 (76) 32(87) | 33(89) 31 (72) 31(72) | 28(67)

Paralytic, n(%) receiving

Rocuronium 4 (11) 0 (0) 1(2) 2 (5)

Vecuronium 2 (5) 1(2) 1(2) 1(2)

Cisatracurium 0 (0) 1(2) 4(9) 5(12)




Figure S1. Subgroup Analyses.
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Effect estimates reflect the ratio of geometric mean differences. p-values reflect the relevant interaction term.



Figure S2. Inflammatory Biomarkers over Time.
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Change in biomarker levels over time assessed via linear mixed model. Biomarker values log-transformed for the analysis as their
distributions visually deviated from normal. p-values reflect the interaction between randomization group and time.



Figure S2. Endothelial and Vascular Biomarkers over Time.
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Change in biomarker levels over time assessed via linear mixed model. Biomarker values log-transformed for the analysis as their
distributions visually deviated from normal. p-values reflect the interaction between randomization group and time.



Figure S3. Biomarkers of Renal Injury over Time.
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