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Dear Editor,

Neuromuscular blockers (NMB) are frequently used in
acute respiratory distress syndrome (ARDS) for severe
hypoxemia and ventilator dyssynchrony and have been
shown to improve mortality [1]. The benefit may be
secondary to removal of spontaneous breathing, dys-
synchrony and expiratory efforts [2] thereby decreasing
inflammation [3]. NMB dosing protocols, however, do
not utilize monitoring of spontaneous breathing activity
when determining efficacy [4]. Prior studies used stand-
ardized dosing [1] regardless of weight which may under-
or overdose patients. Additionally current guidelines
recommend using train-of-four (TOF) monitoring, a type
of peripheral nerve stimulation as a surrogate marker [4],
despite the fact that NMB has variable effects on different
muscles and the degree of peripheral paralysis may not
reflect diaphragmatic and respiratory muscle paralysis
[5]. Furthermore, TOF response and interpretation vary
as a result of patient factors (edema, temperature, etc.),
site of use, technology, and operator experience.

Our group has recently utilized Campbell diagrams
(chest wall pressure—volume loops) and esophageal
pressure (Pes) to phenotype breathing patterns [2]. In
agreement with current hypotheses for NMB benefit,
we found that deep sedation and paralysis could restore
the passive chest wall and improve end-expiratory
lung volumes lost secondary to active expiration. These
results also suggested that Campbell diagrams could
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be utilized to identify passive breathing with real-time
monitoring at the bedside. We compared TOF with the
Campbell diagram in 13 patients paralyzed with cisa-
tricurium over several measurements while enrolled in
an ongoing observational study. Waveforms were col-
lected for 20—40 min per recording and the closest TOF
levels obtained from the orbicularis oculi (from 0 to 4)
were recorded by nursing for routine clinical care. Pas-
sive breathing was assessed using the Campbell diagram
if breaths showed reproducible upward Pes deflection
during inspiration and downward Pes deflection during
expiration along the passive chest wall compliance curve.
Non-passive breathing was determined if any deviation
from this pattern resulted in flow, pressure, or volume
changes (to disregard esophageal spasm). STATA (Stata-
corp LLC) was used for statistics and Windaq (Dataq
Instruments) for waveform analysis.

Completely passive breathing was found in 27/34
(79%) (Fig. 1a) of waveforms while 7/34 (21%) of wave-
forms exhibited breathing activity with expiratory efforts
accounting for 6 of the 7 (examples in Fig. 1). Patients
were often under-paralyzed per TOF score of 4 (11 of
34) or over-paralyzed per TOF score of 0—1 (19/34), with
very few patients at goal of 2 (4/34). There appeared to
be no difference in NMB dose at different levels of TOF
and in active and passively breathing patients, but a
larger sample will be needed for generalized estimat-
ing equations and linear mixed modeling to account for
the lack of independence between observations. Despite
these limitations, this analysis suggests that use of TOF
may be suboptimal for dosing of NMB and “deeply”
paralyzed patients may not have full respiratory muscle
paralysis. A targeted approach using the Campbell dia-
gram and esophageal manometry may allow for more
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Fig. 1 a Distribution of 34 waveforms from 13 patients with train-of-four (TOF) measurements displaying passive (blue) vs active (red) breathing.
Most patients were not kept at goal TOF levels (2/4) and still exhibited active breathing when more “deeply” paralyzed with TOF 0-1. b, ¢ Campbell
diagrams (pressure-volume loops of the chest wall) plotting volume change and esophageal pressure (Pes) change (as a surrogate for pleural
pressure). Two patients with acute respiratory distress syndrome (ARDS) receiving neuromuscular blockade with cisatricurium exhibiting evidence
of spontaneous breathing activity with intermittent expiratory efforts. The passive chest wall is characterized as an upward Pes deviation during the
inspiratory phase and downward Pes deviation during the expiratory phase falling along the passive chest wall compliance curve. Active expiratory
efforts are characterized by an upward Pes deviation away from the passive chest wall during the expiratory phase. b Patient with expiratory efforts
that lower end-expiratory volumes by roughly 200 mL from below the end-expiratory volume while passively breathing. € More subtle intermittent

personalized and optimized care and NMB dosing. We
are expanding this analysis to a larger cohort to further
this investigation.
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