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Abstract

Purpose: To investigate whether neuromuscular blocking agents (NMBA) exert beneficial effects in acute respiratory
distress syndrome (ARDS) by reason of their action on respiratory mechanics, particularly transpulmonary pressures (P,).

Methods: A prospective randomised controlled study in patients with moderate to severe ARDS within 48 h of the
onset of ARDS. All patients were monitored by means of an oesophageal catheter and followed up for 48 h. Moderate
ARDS patients were randomised into two groups according to whether they were given a 48-h continuous infusion of
cisatracurium besylate or not (control group). Severe ARDS patients did not undergo randomisation and all received
cisatracurium besylate per protocol. The changes during the 48-h study period in oxygenation and in respiratory
mechanics, including inspiratory and expiratory P, and driving pressure, were assessed and compared. Delta P (AP)
was defined as inspiratory P_minus expiratory P,.

Results: Thirty patients were included, 24 with moderate ARDS and 6 with severe ARDS. NMBA infusion was associ-
ated with an improvement in oxygenation in both moderate and severe ARDS, accompanied by a decrease in both
plateau pressure and total positive end-expiratory pressure. The mean inspiratory and expiratory P, were higher in the
moderate ARDS group receiving NMBA than in the control group. In contrast, there was no change in either driving
pressure or AP, related to NMBA administration.

Conclusions: NMBA could exert beneficial effects in patients with moderate ARDS, at least in part, by limiting expira-
tory efforts.

Trial registration: NCT01573715.
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Take-home message: Neuromuscular blockers form part of the
treatment of early-phase moderate to severe acute respiratory distress
syndrome.
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Introduction

Most of the recent advances in the treatment of acute
respiratory distress syndrome (ARDS) are focused on
mechanical ventilation with low tidal volume [1], mod-
erate to high level of positive end-expiratory pressure
(PEEP) [2] and prolonged prone positioning [3]. Numer-
ous pharmacological interventions have been associ-
ated with disappointing results including intravenous
[4-7] and inhaled molecules [8—10]. The only conclusive
positive pharmacological study in ARDS was the use of
a short infusion period of cisatracurium besylate [11].
The mechanisms explaining how cisatracurium besylate
improves the outcome are still unclear and maybe mul-
tiple [12]. Besides a proven anti-inflammatory effect of
the molecule itself [13, 14] through the nicotinic acetyl-
choline pathway, it has been advocated that neuromus-
cular blocking agents (NMBA) could lead to more gentle
mechanical ventilation with better synchronism between
the patient and ventilator and a more homogenous dis-
tribution of the pressurization during tidal ventila-
tion [12]. In ARDS patients, the optimal way to ensure
mechanical ventilation is still debated. On the one hand,
one could argue that preserving spontaneous ventilation
during the acute phase of ARDS may be beneficial, nota-
bly by preventing the risk of diaphragmatic dysfunction
[15]. On the other hand, spontaneous breathing efforts
in the most severe forms of ARDS could cause uncon-
trolled switches in transpulmonary pressure (P;) increase
despite limited plateau pressure (Pplat), at least in animal
models [16]. The main objective of the present prospec-
tive randomised controlled study was therefore to assess
the effects of a 48-h infusion period of NMBA on res-
piratory mechanics (Pplat, total PEEP, driving pressure,
inspiratory and expiratory P; and AP;) in moderate to
severe ARDS. The secondary objective was to assess and
compare the percentages of positive expiratory P; during
the 48 h of the study.

Methods

This prospective randomised study was conducted
in two ICUs in a university teaching hospital in Mar-
seille, France. This registered (NCTO01573715) study
was approved by the ethics committee (Comité de Pro-
tection des Personnes Sud Meéditerranée V) and the
French national authority (Agence Nationale de Sécu-
rité du Médicament). Importantly, the ethics committee
asked us to use NMBA in all severe ARDS patients and
to randomise only the patients presenting with a PaO,/

FiO, greater than 100. Written informed consent was
obtained from a relative of the patient. If patients were
able to read the leaflet at some point after inclusion in the
study, they were approached to confirm participation in
the trial.

Patients

All intubated and mechanically ventilated patients were
included if they presented with moderate to severe ARDS
[17] with a PaO,/FiO, less than 150 with PEEP at least 5
within the first 48 h of the onset of ARDS. Exclusion cri-
teria included age less than 18, pregnancy, patient receiv-
ing continuous infusion of NMBA, known NMBA allergy,
contraindication to introduction of nasogastric tube,
undrained pneumothorax, treatment with extracorporeal
membrane oxygenation or extracorporeal CO, removal,
increased intracranial pressure, respiratory chronic insuf-
ficiency, body mass index greater than 40 kg/m? severe
chronic liver disease (Child—Pugh class C), bone marrow
transplantation or chemotherapy-induced neutropenia,
burn lesions greater than 30% of body surface, Simplified
Acute Physiology Score II of 70 or greater [18], decision
to withhold life-sustaining treatment, person deprived of
liberty or subject to legal protection measure.

Protocol

Arm selection group

After screening all ARDS patients, we performed an arte-
rial blood gas analysis at a PEEP of 10 cmH,O with the
same FiO, as recorded at screening. If PaO,/FiO, was
less than 100, patients were included in the severe ARDS
group. If PaO,/FiO, was greater than 100, a second arte-
rial blood gas was performed 30 min later at a PEEP of
5 cmH,0. If PaO,/FiO, was less than 150, patients were
included in the moderate ARDS group. If PaO,/FiO, was
greater than 150, the patients were not included in the
study and reassessed later.

Mechanical ventilation

All included patients were ventilated according to the
original ARDSnet protocol [1]. Briefly, patients were
ventilated in a volume-assist control mode with con-
stant square flow and a tidal volume of 6 mL/kg/IPBW
(ideal predicted body weight) using the AVEA ventilator
(VIASYS Healthcare, Palm Springs, CA). The goal of oxy-
genation was to target a peripheral saturation of blood
oxygen (SpO,) measured by pulse oximetry between
88 and 95% or a PaO, of 55-80 mmHg measured by



410

arterial blood gas analysis. To achieve this goal, FiO, and
the PEEP were adjusted as in the ARMA and the ACU-
RASYS studies [1, 11]. Respiratory rate was adjusted to
ensure arterial pH between 7.20 and 7.45.

Oesophageal and transpulmonary pressure measurements
A specific nasogastric feeding probe (SmartCathG®,
VIASYS Healthcare, Palm Springs, CA, USA) equipped
with an oesophageal balloon was inserted after in vitro
automatized test for leak search and compliance meas-
urement. Then the balloon was filled with a volume of air
between 0.5 and 2 mL (as recommended by the manufac-
turer). Every 30 min, the ventilator evacuates and refills
the balloon to maintain measurement accuracy. The
correct positioning in the lower third of the oesophagus
was confirmed by the presence of cardiac artefacts, the
changes in transpulmonary pressure during tidal ven-
tilation and the parallelism of airway and oesophageal
curves after a brief chest compression manoeuvre dur-
ing an airway occlusion test [19]. Finally, a chest X-ray
excluded the misplacement of the probe into the airway.
Oesophageal pressures were recorded and monitored
by the integrated system, a CP-100 pulmonary moni-
tor (Bicore monitoring system Inc ®, Irvine, CA, USA).
An end-inspiratory occlusion hold of 2 s allowed the
measurement of respectively Pplat and inspiratory Pes
(Pes;,,), whereas an end-expiratory occlusion hold of
5 s allowed the measurement of respectively total PEEP
(PEEP,,,) and expiratory Pes (Pes,,,).

The following measurements and calculations were
performed at each time point of the study, namely at
baseline (without NMBA), 1 h after (H+1) and every 12 h
until 48 h (H+12, H+-24, H+36, H+48):

PEEP;,: = external PEEP + intrinsic PEEP,

Driving pressure (AP) = Pplat — PEEPqt,

Py insp = Pplat — Pesinsp,
Py exp = PEEPtot — Pesexp,

Transpulmonary driving pressure (APL)

:PLinsp _PLexp:

Respiratory system elastance (ELgs)
= (Pplat — PEEPyt)/Vt,

Chest wall elastance (ELcw) = (Pesinsp — Pesexp)/Vt,

Pulmonary elastance (ELy) = ELrs — ELcw
= (PL insp — PL exp)/Vt-

Management of sedation

During the 48 h of the study, the Ramsay sedation scale
was used to adapt sedative requirements. The scale
assigns the conscious state a score of 1 (anxious, agi-
tated, or restless) to 6 (no response on glabellar tap). We
used continuous infusion of midazolam and sufentanil to
achieve a Ramsay score of 6 throughout the study. If this
goal was not achieved, a continuous infusion of ketamine
was added.

Neuromuscular blockers administration

Patients with moderate ARDS were randomised accord-
ing to a computer-generated random-number table
stratified by centre and prepared by statisticians to assign
patients in blocks of 4 to receive or not a 48-h infusion
of cisatracurium besylate. Patients with severe ARDS also
received an open-label 48-h infusion of cisatracurium
besylate. Cisatracurium besylate was given using a 3-mL
rapid intravenous infusion of 15 mg followed by a con-
tinuous infusion of 37.5 mg/h. Peripheral nerve stimu-
lation was performed thereafter and a supplementary
bolus of cisatracurium besylate was administered if the
patient had a response of at least one by the train of four
checking.

Data collection

We performed comparisons between two groups of
patients with moderate ARDS, the control group and the
NMBA group. The results of the moderate ARDS group
receiving NMBA were compared to those of the severe
ARDS group (receiving NMBA according to the eth-
ics committee statement) in order to verify if our con-
clusions were generalizable to all ARDS patients with a
PaO,/FiO, less than 150. We collected data on demo-
graphic characteristics, severity scores (Simplified Acute
Physiologic Score II, Sepsis-related Organ Failure Assess-
ment, McCabe score) [18, 20, 21], risk factors for ARDS,
septic shock associated, lactate levels at baseline, and
clinical outcomes (the number of days outside the ICU
between day 1 and day 28, the number of days without
mechanical ventilation between day 1 and day 28 and
ICU mortality rate) for each group. We also reported
cumulative doses of cisatracurium besylate in the NMBA

group.
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Statistical analysis

Assuming a reduction of 3 cmH,O of AP} at 48 h in the
moderate ARDS group receiving NMBA and on the
basis of a previously unpublished cohort of ten patients
with moderate ARDS receiving cisatracurium besylate
and presenting a AP; of 8 £ 2.5 cmH,0, the sample size
calculation was 11 per group for a 80% statistical power
and a two-sided alpha value of 0.05. Assuming techni-
cal problems to register a good signal of oesophageal
pressure during the 48 h of the protocol, we planned to
include 24 patients. The severe ARDS group of patients
(all receiving NMBA) was used as comparator to the
moderate ARDS group receiving NMBA. We planned
to include these patients in the analysis only if there
was no difference regarding the assessed parameters.
Quantitative variables were expressed as the median
and interquartile range (25th and 75th percentiles), and
comparisons between groups were performed using
the Mann—Whitney U test. Qualitative variables were
expressed as the absolute value and percentage and
compared using the Fisher exact test. Repeated-meas-
ures analysis of variance with Friedman test was used
to evaluate the effect of time and group on respiratory
mechanics and PaO,/FiO, ratio. Averages of the respira-
tory mechanics parameters within each patient were
expressed as mean =+ standard deviation. After test-
ing the normality of the distribution, comparisons were
performed with Student’s test. A p value less than 0.05
was retained as significant. All statistics and figures were
performed with the SPSS 20.0 package (SPSS, Chicago,
IL, USA).

Results

During a 24-month period, we screened 93 patients
with moderate to severe ARDS (Fig. 1). Among them,
61 had exclusion criteria. We initially planned to include
40 patients but the lack of measurement problems of
oesophageal pressure and the reduced number of patients
in the severe ARDS arm not receiving NMBA at the time
of screening allowed us to enrol fewer subjects (i.e. 30).
Among them, 24 met moderate ARDS criteria and were
randomised into the NMBA group (n = 13) and the con-
trol group (n = 11). Results of the randomised study
(n = 24 moderate ARDS patients) are provided in Figs. 2,
3 and S3. Results of the open study (# = 6, severe ARDS
patients receiving NMBA per protocol) are provided

in Figure S1 and pooled data of the entire cohort of 30
patients in Figure S2.

At inclusion median PaO,/FiO, ratio was 140 (127-
146) mmHg with a median PEEP of 10 (6—10) cmH,0 in
the moderate ARDS group. After optimization of seda-
tion and adequate PEEP level according to the ARMA
study, PaO,/FiO, of the entire moderate ARDS group
increased to 152 (127-184) mmHg at baseline. Table 1
compares the demographic data, severity scores, risk fac-
tors for ARDS, baseline respiratory mechanics and ICU
outcomes between the control and NMBA groups. Both
groups were comparable except for slightly higher lactate
level at inclusion in the NMBA group.

Changes of respiratory mechanics and oxygenation
over time are illustrated by Fig. 2. A significant improve-
ment in oxygenation was observed in the moderate ARDS
NMBA group during the 48 h of the study, whereas we
did not find any improvement of oxygenation in the mod-
erate ARDS control group. Pplat decreased in the moder-
ate ARDS NMBA group but not in the control group. At
24 h, Pplat was 20 IQR (17; 21) cmH,0O in the moderate
ARDS NMBA group and 22 IQR (19; 26) in the moderate
ARDS control group, p = 0.05. We did not find any sig-
nificant effect of time and group for AP values during the
study. Most of the patients had low AP (the 75th percen-
tile was below the threshold of 15 cmH,0). Concerning
the severe ARDS group with per protocol administration
of NMBA, we observed an increase in PaO,/FiO, associ-
ated with a decrease in Pplat and PEEP (Fig. S1).

Transpulmonary pressures
A representative tracing of airway, oesophageal and
transpulmonary pressures is provided in Fig. 4. While base-
line P; values were comparable, a higher inspiratory P in
the NMBA group was recorded at 48 h as compared with
the control group (p = 0.01) (Fig. 2). Comparisons between
the averages within each patient over the study period of
the respiratory mechanic variables are provided in Fig. 3.
The average of the inspiratory P, measurements was
8.7 £ 3.3 cmH,0 in the NMBA group as compared with
5.7 £ 3.6 cmH,0 in the control group (p = 0.04). A higher
average of expiratory P; measurements of 1.4 + 2.7 cmH,O
was found in the NMBA group as compared with
—1.8 £ 3.5 cmH,0 in the control group (p = 0.02) (Fig. 3).
Interestingly, the percentage of recordings with a positive
expiratory P in the NMBA group was 68% as compared
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Excluded

Screened moderate to severe ARDS patients
n=93

n=61

Exclusion criteria (n)

-Palz/Fi0z > 150 with PEEP= 5 |5}

-Continuous infusion of NMBA [12)

-known allergy to NMBA (D)

-contra indication for esophageal probe (8]
-Pneumothorax |2}

-ECMO or ECOOR [12)

-increzsed intracranizl pressure (1)

-Respiratory chronic insufficizncy with O therapy (2]
-BM1 »40 kgim? {2)

-severe chronic liver disease {Child-Pugh class C) [2)
-bone merrow trensplentation or
chemactherapy-induced neutropenia (1)

-Burn [esicns > 30 % of body surface (3]

-SAPS 2= 70 {4)

-Bregnancy (2)

-decision to withhold life-sustaining treatment [5)
-perscn deprived of libarty or subject to l=gal protection measure [2)

Severe ARDS
n=6

Severe ARDS

receiving cisatracurium
n=6

Moderate ARDS
receiving cisatracurium
n=13

Fig. 1 Diagram of ARDS patients screened and enrolled in the study

Met inclusion criteria

n=32
Refused
— consent
n=2

Enrolled with esophageal
pressure monitoring
n=30

Moderate ARDS
n=24

N

Moderate ARDS

not receiving cisatracurium
n=11
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Fig. 2 Evolution of oxygenation, respiratory mechanics and transpulmonary pressures in the moderate ARDS patients

with 42% in the control group (p = 0.008) (Fig. S3). We did  control moderate ARDS group (n = 11) are provided
not find any effect of time and group on AP, (Fig. 2). in Fig. S2. Inspiratory P; was significantly higher at 1 h

Comparisons of inspiratory and expiratory P; between and at 48 h in the moderate and severe NMBA groups as
the moderate and severe NMBA group (n = 19) and the  compared with the moderate ARDS control group.
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Fig. 2 continued
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NMBA requirements

The median cumulative dose of cisatracurium besylate
was 1595 mg IQR (1221; 1830) representing a median
infusion rate of 33 mg/h IQR (25; 38).

Discussion
The present study further explored some interesting and
favourable effects of continuous cisatracurium besylate

infusion during the acute phase of moderate to severe
ARDS. We notably demonstrated that the already docu-
mented improvement in oxygenation observed with
cisatracurium besylate infusion was associated with alter-
ations in transpulmonary pressure regimens. Indeed, we
observed higher average of expiratory P; measurements
and a greater percentage of positive expiratory P sug-
gesting less derecruitment during the expiratory phase
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Fig. 3 Comparisons of averages over the 48 h in each patient of

Pplat, PEEP tot, AP, P\ ¢, Pl expy @nd AP in moderate ARDS, excluding
baseline values, shown as mean and standard deviation

as well a higher average of inspiratory P; measurements
suggesting more recruitment during the inspiratory
phase in the cisatracurium besylate group as compared
with the control group. The lower oesophageal pressures
measured in the NMBA group could reflect the abolition
of active expiratory muscles activity but did not seem to
be related to the abolition of oesophageal motility accord-
ing to wave tracings. Cisatracurium besylate infusion was
also associated with a reduction of plateau pressure but
not with a reduction in driving pressure and transpul-
monary driving pressure (AP;). A delayed and sustained
improvement of oxygenation was previously described
with the use of continuous cisatracurium besylate infu-
sion [22] and has been discussed elsewhere [12]. The
decrease in Pplat has also been previously described but
in a longer delays [22].

AP, a surrogate of stress applied to the lungs, is related
to the strain though the specific elastance of the lungs
according the following formula: APy (stress) = Ej g
(specific lung elastance) x AV/FRC (functional resid-
ual capacity) [23]. In our study NMBA infusion did not
affect AP; which is in agreement with a previous study
[24] which found no effect of NMBA either on chest wall
elastance or on lung elastance in a heterogeneous group
of mechanically ventilated patients.

NMBA infusion was associated with a significantly
greater percentage of measured values of positive expir-
atory P;. Strategies targeting a positive expiratory P
have previously demonstrated their potential clinical
utility [25]. This result may, at least partly, explain the
favourable effect of NMBA infusion on improvement in
oxygenation.

The decrease in plateau pressure during NMBA infusion
without any change in AP is probably related to the decrease
in total PEEP. This latter observation is probably related to
lower PEEP levels achieved on the ventilator (according
to PEEP/FiO, table secondary to the improvement in oxy-
genation) and maybe to a decrease of intrinsic PEEP with
NMBA. The higher P; measured in NMBA patients might
result from lower oesophageal pressures recorded as a result
of the abolition of respiratory muscles activity.

In ARDS patients for whom protective ventilation
should be applied, it has been described that different
patient—ventilator interactions lead to undesired effects
in spite of respirator settings e.g. reverse triggering [26]
and breath stacking dyssynchrony [27]. In the latter
study, breath stacking dyssynchrony was near-completely
eliminated during neuromuscular blockade.

The higher P, ,,, observed in the NMBA group could
be at least partly explained by the fact that in the control
group, the relatively high respiratory drive also activates
expiratory muscles. Such expiratory muscle activity
shifts the diaphragm in the cephalad direction, lead-
ing to elevated pleural pressure during expiration and
therefore lower P; [28]. Active inspiratory and expira-
tory efforts could have been assessed by calculating the
work of breathing and the pressure—time product of the
oesophageal pressure [29, 30]; unfortunately, this was
not planned by the protocol and we did not collect these
data.

Limitations of the study

First, according the design of the study, we recorded dif-
ferent time points of respiratory mechanics during 48 h.
We cannot exclude that a continuous monitoring of P
or a longer period of study would have led to different
results. Second, with continuous monitoring and record-
ing of airway and oesophageal pressures, we could have
determined which patient—ventilator interactions could
be responsible for the differences of P; observed. Third,
we used a range of volume to inflate the oesophageal bal-
loon automatized by the ventilator and recommended by
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Table 1 Characteristics and clinical outcomes of the moderate ARDS patients

Age (year) 60 (52; 75) 72 (63;79) 0.08
Gender (male/female) 10/1 9/4 03
Body mass index (kg/m?) 30 (27;33) 28 (25;34) 04
SAPS I 48 (42;62) 47 (37; 54) 04
SOFA 10(6;11) 9(6;11) 09
McCabe score 3(2;3) 3(2;3) 0.6
Risk factors for ARDS including, n (%)
Community-acquired pneumonia 3(27) 6 (46) 04
Aspiration pneumonia 5 (45) 5(38) 1
Ventilator-associated pneumonia 2(18) 0(0) 0.2
Extrapulmonary sepsis 1(9) 2(15) 1
Septic shock, n (%) 9(82) 11(85) 1
Lactates, mmol/L 1.2(0.9;1.9) 2.1(15;3) 0.05
Respiratory variables at baseline
PaO, to FiO, ratio (mmHg) 150 (121;187) 158 (131; 185) 04
FiO,, % 50 (50; 70) 60 (50; 60) 0.1
PaCO, (mmHg) 43 (37;52) 43 (36; 44) 0.9
Arterial pH 7.38 (7.36; 7.46) 7.39 (7.34;7.43) 0.6
Set PEEP (cmH,0) 8(10;10) 10 (10;10) 03
Total PEEP (cmH,0) 10(9;12) 11(10;11.5) 0.2
Vit (mL/kg/IPBW) 6.3 (6.0;6.9) 6.2 (5.9,6.8) 0.9
Respiratory rate (cycle/min) 22 (20; 28) 25 (20; 28) 0.6
Minute ventilation (L/min) 9.4 (8.6;10.9) 96(8.7;11) 0.9
Plateau airway pressure (cmH,0) 21(19; 25) 23(19; 26) 02
Driving pressure (cmH,0) 11(9;14) 12(8;16) 03
Allin cmH,0O/L
Respiratory system elastance 30(22; 34) 27 (22:38) 0.6
Chest wall elastance 9(7;13) 11(6;16) 0.7
Pulmonary elastance 16 (13; 26) 18(12;28) 0.6
ICU mortality, n (%) 3(27) 5(38) 0.6
Tracheotomy, n (%) 7 (63) 7 (54) 0.6
No. of ventilator-free days from day 1 to day 28 8 (0-18) 7 (0-20) 0.8
No. of days outside ICU from day 1 to day 28 4(0-14) 0(0-16) 09

ARDS acute respiratory distress syndrome, NMBA neuromuscular blocking agent, SAPS Il Simplified Acute Physiology Score I, SOFA Sepsis Organ Failure Assessment,

PEEP positive end-expiratory pressure, Vt tidal volume, ICU intensive care unit

the manufacturer. A recent study of Mojoli et al. [31] rec-
ommends using a larger volume to inflate the oesopha-
geal balloon of the SmartcathG® catheter. However, our
study predates the publication from Mojoli et al. and
comparisons between groups are still valid.

And finally, we cannot generalize the results to the
more severe patients because we did not randomise
those patients. However, the time course of oxygenation

and respiratory mechanics in the severe ARDS group
are very similar to those of paralysed moderate ARDS
patients.

In conclusion, in moderate to severe ARDS patients,
we confirm that NMBA infusion during the first 48 h
after the onset of ARDS is associated with improve-
ment in oxygenation and we found potent favourable
effects on transpulmonary pressures. A further study
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Fig. 4 Representative tracing of airway pressure (Wave Paw), oesophageal pressure (Wave Pes) and transpulmonary pressure (Wave Ptp) in a
patient with moderate ARDS before and after 2 h of NMBA infusion. Notice the abolition of PEEP swing, the decrease in inspiratory Pes and the

with continuous recordings of respiratory mechanics
including transpulmonary pressures before and after
neuromuscular blockers administration could support
additional physiological mechanisms.
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