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Abstract

Neuromuscular blocking agents (NMBA) are a controversial therapeutic option in the approach
to the critically ill patient. They are not innocuous, and the available evidence does not support
their routine use in the intensive care unit. If necessary, monitoring protocols should be estab-
lished to avoid residual relaxation, adverse effects, and associated complications. This narrative
review discusses the current indications for the use of NMBA and the different tools for mon-
itoring blockade in the intensive care unit. However, expanding the use of NMBA in critical
settings merits the development of prospective studies.
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Introduction

Neuromuscular blocking agents (NMBA)
are drugs that affect the motor endplate of
striated muscles' by blocking the transmis-
sion of nerve impulses at the neuromuscular
junction. Normally, to cause contraction at
the neuromotor endplate, acetylcholine is
released from the presynaptic motor nerve
ending, spreads across the synaptic cleft,
and binds to ligand-gated nicotinic acetyl-
choline receptors on the postsynaptic motor
endplate. If the threshold potential is
reached, the action potential diffuses over
the surface of the skeletal muscle cells,
giving rise to contraction.’

NMBA are widely used in controlled
surgical settings. When neuromuscular
function is assessed by measuring the
muscle response to stimulation of a periph-
eral nerve, one of the most commonly used
methods is the train of four (TOF).
NMBA have variable utility in the intensive
care unit (ICU), and the most common
reason for using them is rapid sequence
intubation because of their short-term
effects.® Long-term use of NMBA has
been recommended in patients with refrac-
tory hypoxemia, especially when associated
with acute respiratory distress syndrome
(ARDS), and NMBA have been widely
used in the current COVID-19 pandemic,?
in patients with status asthmaticus, and in
patients with eclevated intra-abdominal
pressure (IAP). Some controversial indica-
tions include post-arrest hypothermia,
severe head injury (concussive brain
injury), tremor control, correction of
patient—ventilator asynchrony, and elevated
intracranial pressure (ICP), among other
scenarios.’

Despite their many benefits, NMBA are
associated with several potential complica-
tions. It is imperative that staff have accu-
rate knowledge regarding monitoring of
neuromuscular blockade (NMB) in the
ICU based on both pathophysiological

concepts and data obtained from clinical
studies.

This narrative review was developed
after conducting a search for primary stud-
ies, systematic reviews, and meta-analyses
in the main scientific databases Google
Scholar, Embase, Scopus, and Medline
using the MeSH terms “neuromuscular
blocking agents,” “intensive care unit,”
“train of four,” and “post-tetanic count,”
which were linked with the Boolean AND
connector for each of the components of
the PICO question (Problem, Intervention,
Comparator, Results). Duplicate articles
were excluded, and those that met the inclu-
sion criteria, including the keywords in the
title or abstract, were selected. Finally, to
select relevant articles for this review, a con-
sensus was reached among all the authors to
unify and review the database. We herein
provide an overview of the current indica-
tions for the use of NMBA in the ICU and
available options for monitoring these drugs
according to the most recent literature.

Physiological and
pharmacological basis of NMBA

Neuromuscular transmission (NMT) com-
prises three fundamental components: the
neuron, the neurotransmitter, and the
muscle fiber. Initially, the motor units com-
prise lower motor neurons and their associ-
ated muscle, with a single nerve capable of
innervating up to 100 individual muscle
fibers. The neurotransmitter acetylcholine
is accumulated in vesicles in presynaptic
neurons; once the action potential is
generated, it is released into the synaptic
cleft through depolarization mediated by
sodium influx.*

Generally, more acetylcholine molecules
are released than are necessary to activate
the nicotinic receptors and guarantee trans-
mission of the action potential because of
the ability of acetylcholinesterase to rapidly
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hydrolyze acetylcholine, given its high affin-
ity.® About 4 million molecules of acetyl-
choline are released into the synaptic cleft
to exert their effect on about half a million
postsynaptic nicotinic receptors. These
receptors have a conformation of several
subunits (two types o, f, 0, and y) that
require the binding of at least two molecules
of acetylcholine to generate a conforma-
tional change in the receptor and allow
massive entry of sodium and potassium,
which produces membrane depolarization
and generates muscle contraction.>” Only
the motor endplate of skeletal muscles is
affected (smooth muscle and cardiac
muscle are not affected).! Finally, the
action of acetylcholine is rapidly terminated
by the enzyme acetylcholinesterase.’

NMBA are classified according to their
mechanism of inducing NMB: depolarizing
agents, including succinylcholine, and non-
depolarizing agents, which are further
classified as aminosteroids (such as rocuro-
nium, vecuronium, and pancuronium) and
benzylisoquinolines (including cisatracu-
rium and atracurium).? The characteris-
tics of the main NMBA are summarized
in Table 1.

Depolarizing NMB

Succinylcholine is a nicotinic receptor ago-
nist that allows ion-gated channels to open
and remain open in the presence of succi-
nylcholine.® From a clinical point of view,
depolarization allows the observation of
fasciculations in the early phases that later
give way to paralysis. The rapid effect and
3- to S5-minute duration of succinylcholine
make it useful in short procedures, such as
orotracheal intubation (OTI).® Potential
adverse effects of succinylcholine include
hyperkalemia, anaphylaxis, bronchospasm,
cardiac arrhythmia, disorders up to asys-
tole, and the eventual possibility of trigger-
ing malignant hyperthermia.’

Non-depolarizing NMB

Non-depolarizing NMB drugs (NDNMB)
are competitive antagonists of nicotinic
receptors, bind to the receptor for a longer
period, and prevent acetylcholine from
binding to the receptor, resulting in
NMB.® There are two classes of NDNMB:
benzylisoquinolines, which are metabolized
at physiological pH through Hoffmann
elimination (an organ-independent mecha-
nism),'® and aminosteroids, which undergo
hepatic metabolism and renal elimination
to varying degrees depending on the drug."’

According to the indication, drugs must
be selected in the ICU because they must be
compatible with critical conditions and
comorbidities to avoid the greatest number
of undesirable effects.® Thus, rocuronium is
commonly used as an alternative to succinyl-
choline for OTI because of its rapid onset
and intermediate duration of action without
the high risk of generating hyperkalemia or
malignant hyperthermia. Atracurium or cis-
atracurium may be the preferred agent for
continuous infusion because their metabo-
lism is not related to renal or hepatic func-
tion. Additionally, unlike succinylcholine,
NDNMB infusions can be safely used in
critically ill patients with conditions that
cause receptor proliferation without the con-
cern for sustained membrane permeability or
acute hyperkalemia.’

Notably, caution is needed in some
patients, such as those with myasthenia
gravis (who are especially sensitive to the
effects of NMBA) and those with burns
(who are resistant to the effects of NMB
because of the proliferation/upregulation
of nicotinic receptors in the sarcolemma).®

Use of NMBA in the ICU

The most common indications for the
administration of NMBA are to facilitate
OTI and mechanical ventilation, especially
in patients with ARDS; to ensure ICP
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control; and to ablate muscle spasms asso-
ciated with tetanus and decreased oxygen
consumption.'> The use of NMBA has
also been proposed for control of IAP and
induction of therapeutic hypothermia.’
However, the most relevant factors to con-
sider when choosing specific NMBA in the
ICU are clinical experience with the drug,
the duration and mechanism of action, and
patient-specific factors.®!?

|. OTI

The most commonly used NMBA are suc-
cinylcholine and rocuronium, with rocuro-
nium being particularly preferred for rapid
sequence intubation.'” NMBA have precise
indications for the sake of improving intu-
bation conditions and plans, fewer attempts
and complications related to the procedure
have been described.’

Commonly used NMBA for rapid
sequence intubation management are succi-
nylcholine and rocuronium, the latter of
which is the drug of choice. Rocuronium
may be administered if succinylcholine
is contraindicated. However, once the
patient’s muscles are relaxed, difficulties in
performing intubation and ventilation may
progress to a life-threatening situation.'* To
reduce this risk, sugammadex is also avail-
able. Sugammadex is a novel cyclodextrin
(a selective relaxant binding drug) that is
used to reverse NMB after administration
of aminosteroid NDNMB such as vecuro-
nium or rocuronium.'® Its action is imme-
diate and produces recovery from deep
NMB in a shorter time than when succinyl-
choline is used in rapid sequence doses;
notably, however, the use of sugammadex
does not supplant adequate airway manage-
ment.'* Sugammadex in the ICU, although
not widely used, could be an important tool
in reversal of the muscle relaxation caused
by NMBA." It may also be useful in
enhanced recovery protocols after surgery
and in postoperative residual NMB.'®

2. ARDS

NMBA can facilitate protective ventilation
of the lungs, prevent the start of spontane-
ous respiratory efforts, decrease the work of
breathing, reduce oxygen consumption, and
abolish resting muscle tone;® they can also
increase chest wall compliance, reduce
patient—ventilator  asynchrony, facilitate
lung recruitment, and reduce the inflamma-
tory response of ARDS."” The ACURASYS
study was one of the first to show that phar-
macological intervention with cisatracurium
in patients with moderate to severe ARDS
was able to achieve a significant decrease in
mortality.'®

Recently published studies show contro-
versial evidence. In the Re-evaluation of
Systemic Early Neuromuscular Blockade
(ROSE) study, the use of cisatracurium
infusion for 48 hours was compared with
its intermittent administration in patients
with ARDS scenario, and no significant dif-
ferences in mortality were found (group dif-
ference in mortality reduction, —0.3; 95%
confidence interval, —6.4 to 5.9; p=0.93)."
The evidence derived from NMBA use in the
COVID-19 pandemic is reflected in the work
carried out in a Korean ICU, in which the
driving pressure and use of NMBA were
evaluated in patients with ARDS due to
COVID-19.° The study showed that the
short-term use of NMB (<6 days) facilitated
lung-protective ventilation and was indepen-
dently associated with decreased mortality
(adjusted odds ratio, 0.27; 95% confidence
interval, 0.09-0.81; p = 0.02).>° However, the
guidelines support NMBA use and recom-
mend using them in continuous intravenous
infusion early during ARDS for patients
with a Pa0,/FiO, of <150.% These strategies
are recommended by various ARDS guide-
lines, such as the Surviving Sepsis
Campaign’s COVID-19 guide, which recom-
mends using NMB in continuous infusion
for up to 48 hours because of its benefits in
refractory hypoxemia.?! This proposal has
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been used in many patients during the cur-
rent pandemic'”'® (Figure 1).

3. Status asthmaticus

Among patients with status asthmaticus,
those who require mechanical ventilation
may require NMBA to facilitate synchroni-
zation with the ventilator, avoid excessive
hyperinflation, increase airway pressure,
and reduce the activity of the respiratory
muscles.”” Administration of NMBA in
controlled boluses instead of continuous
infusions is recommended because intermit-
tent doses allow serial evaluation and
reduce the risk of developing myopathies
due to prolonged paralysis.”®> Additional
benefits include reducing oxygen consump-
tion and carbon dioxide production.?

4. Elevated ICP

NMBA facilitate mechanical ventilation
strategies that reduce ICP.> They promote
carbon dioxide clearance, reduce positive

Mechanically ventilated
adults with ARDS

Oplimise mechanical
ventilation

Moderate or severe ARDS

Mild ARDS

end-expiratory pressure, decrease metabolic
output, and limit ICP surges after stimuli
such as tracheal suctioning, coughing,
movement, agitation, and  postural
changes.® Despite the lack of scientific evi-
dence, the use of NMBA in these patients is
part of the routine management once the
need for surgical intervention has been
ruled out.”?

5. Elevated IAP

Intra-abdominal hypertension, defined as
sustained IAP of >12mmHg, is present in
almost one-third of ICU patients and can
result in abdominal compartment syn-
drome.?* It can develop from reduced com-
pliance of the abdominal wall due to fluid
overload/increased vascular permeability,
abdominal closure, or pain and can predis-
pose the patient to multiple organ failure
(especially kidney failure) and death.** By
reducing abdominal muscle tone, NMBA
not only reduce TAP but can also give

Recommendation
against NMBA
infusion

v

Able to achieve
lung protective
ventilation with
judicious deep
sedation and
intermittent NMBA?

Able to achieve lung
protective ventilation

with light sedation
largets?

Yes

]

Suggestion against
NMBA infusion and
deep sedation

Continuous deep
sedation and NMBA
is required to
achieve lung
protective
ventilation

- Persistent hypoxemic
- Ventilated in prone position
- Patients at risk for injurious ventilation

Suggestion for NMBA
infusion up to 48
hours

NMB: Neuromuscular blocking agent , ARDS: Acute Respiratory Distress Syndrome

Figure |. Algorithm for the use of neuromuscular blocking agents in ARDS. Source: self-made.
ARDS, acute respiratory distress syndrome; NMBA, neuromuscular blocking agent.
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clinicians time to monitor and manage
patients with positioning changes, nasogas-
tric/rectal decompression, diuresis, and
therapeutic paracentesis.’

6. Therapeutic hypothermia after cardiac
arrest

People who experience out-of-hospital car-
diac arrest attain better scores in the brain
performance category during their hospital
stay and are more likely to survive to hos-
pital discharge when their core body tem-
perature is reduced to the range of 32°C to
34°C for 12 to 24 hours.?* Shivering due to
therapeutic hypothermia leads to heat pro-
duction, an increased metabolic rate, swell-
ing, increased ICP, decreased oxygen levels
in brain tissue, and muscle pain.* NMBA
are commonly given during therapeutic
hypothermia to more quickly achieve the
target temperature and to control
shivering.?®

A  multicenter study evaluated 136
patients who, after having been successfully
resuscitated after ventricular fibrillation,
underwent therapeutic hypothermia of
32°C to 34°C for 24 hours versus normo-
thermia.>> The hypothermia group showed
more favorable neurological outcomes and
lower mortality than the normothermia
group.”® The HYPERION study, in which
584 patients who had been successfully
resuscitated after non-shockable cardiac
arrest were randomized to therapeutic
hypothermia and normothermia groups,
also showed a benefit in terms of an
improved neurological status at 90 days.*’

Less favorable evidence exists for
patients with traumatic brain injury. In
one study that examined the efficacy of
hypothermia in reducing ICP, morbidity,
and mortality at 6 months after severe
TBI, successful ICP reduction was achieved
but with a higher mortality rate and worse
functional outcome.”®

Adverse effects of muscle
relaxants in the ICU

Most of the effects of NMBA that occur
outside the neuromuscular junction are car-
diac in nature and are due to histamine
release and ganglionic or muscarinic stimu-
lation manifested by vagolytic actions,
ganglionic blockade, or sympathetic stimu-
lation.® Complications of NMBA are relat-
ed to immobility, including eschar
formation, keratitis, and corneal abrasions
secondary to loss of lid closure reflexes.'?
Paralysis is associated with pooling and
stasis of blood, which can increase the risk
of venous thromboembolism. ICU-
acquired weakness is another potential
complication of NMBA use.?

Another concern surrounding the
administration of NMBA is the potential
for patient awareness if not adequately
sedated. Because NMBA do not have
amnesic or analgesic properties, it is imper-
ative that patients receive adequate seda-
tion and analgesia before receiving them.
Without sedoanalgesia, significant distress
and increases in the blood pressure and
heart rate can result."”

Adverse events of NMBA are multifac-
torial in nature and include muscle atrophy,
inflammation, and immobility as well as
drug interactions with corticosteroids and
aminoglycosides.'> Absence of deep
tendon reflexes, loss of distal sensory mech-
anisms, and inability to wean from the ven-
tilator result in a prolonged hospital stay
and increased mortality.'**’

Monitoring and level of NMB

A continuous infusion of NMBA secems to
be more effective that intermittent boluses
in terms of recovery.30 However, titration
of the level of NMB is essential to achieve
the therapeutic goal and prevent complica-
tions.”” Physicians who prescribe NMBA
should closely monitor the degree of
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relaxation and ensure adequate sedation.
The use of deep sedation is recommended in
critically ill patients receiving therapy with
neuromuscular relaxants, which cannot be
monitored with routine clinical parameters
such as the Richmond Agitation Sedation
Scale.”!

The use of NMT monitoring is based on
an understanding of the different muscle
sensitivities to NMB.? Several techniques
can be used to monitor neuromuscular
function: clinical evaluation, objective
quantitative methods, or stimulation pat-
terns.>*> Monitoring facial muscles can
prove challenging because direct muscle
stimulation easily occurs; however, the cor-
rugator  supercilii  muscle reportedly
responds to NMBA similarly to the dia-
phragm and laryngeal muscles, while the
orbicularis oculi can respond similarly to
the extremities.>® Experts’ consensuses dis-
courage monitoring facial muscles because
there is a more than five-fold higher risk of
residual paralysis when monitoring is per-
formed at the eye muscles than at the hand
muscles.>

Quantitative monitoring methods use
devices that stimulate the peripheral nerve
while also recording, quantifying, and
numerically  displaying  the  evoked
responses patterns.”*> Many monitoring
techniques have been described.
Acceleromyography is the most widely
used technique; it measures the acceleration
of a muscle, usually the adductor pollicis, in
response to neurostimulation.®”? Similarly,
kinemyography measures the electrical
signal generated by the bending of a piezo-
electric sensor placed between the thumb
and index after  neurostimulation.’
Electromyography does not rely on an
unrestricted freely moving thumb because
it measures muscle action potentials across
the neuromuscular unit and has the advan-
tage of working in ICU patients who may
have wrist cuffs to prevent accidental
removal of invasive catheters.>** All these

devices allow automated measurements at a
user-defined time interval and can perform
various patterns of neurostimulation; they
include TOF, single contraction, double
burst, and post-tetanic  potentiation
catheters.>**

The most commonly used method of
NMT monitoring is evaluation of NMT
through peripheral nerve stimulation by
TOF.** This method ensures an appropriate
level of blockade and decreases the total
dose of NMBA administered.>* However,
because it is a qualitative type of monitor-
ing, it still has several limitations and
should be complemented with clinical eval-
uation.'” TOF consists of the administra-
tion of four supramaximal stimuli for 0.5s
(2Hz), and each set (train) of four is repeat-
ed each time the evaluation of neuromuscu-
lar relaxation is needed.”? The repetitive
stimulus produced by the four contractions
in a row produces a decrease in the muscu-
lar response and constitutes the basis of the
evaluation in such a way that the ratio of
the amplitude of the fourth contraction to
the first provides the TOF value. When
there is no effect of any neuromuscular
relaxant, the TOF wvalue is equal to 1
(100%), and in conditions of partial
NDNMBD, the TOF wvalue is inversely
proportional to the level of blockade®
(Figure 2).

Although TOF is the most widely used
method for evaluating blockade, it is impos-
sible to adequately classify the level of
blockade under conditions of deep and
intense NMB. In such patients, we can use
the post-tetanic count (PTC); this is
obtained by evaluating the neuromuscular
contraction at 1 Hz beginning 3 s after a
tetanic stimulation (stimulus at 50-200 Hz
for 5s), which will appear before the first
TOF stimulus.* A patient is considered fit
for extubation when they have a TOF value
of >90%.%°

It is important to clarify that in the pres-
ence of intense NMB, there is no TOF
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TOF (Train of four). ]

Electrical stimulation TOF

(M.

(M1

Muscle response

-+

fo . %T?+Tml

TOF Ratio (Percentage) |—m 0
TOF Count o 0
Complete -
Type - Level of blockade Deep

0 1-90% >90%
2 4 4
Moderate Shallow - Acceptable
Minimal recovery

Figure 2. TOF response patterns according to the level of neuromuscular blockade. In complete or deep
blockade, there is an absence of TOF In moderate blockade, there is a TOF count of | to 3 but there is no
TOF ratio percentage. In the shallow or minimal (recovery) phase, there is a TOF count of 4 and a TOF ratio

of at least |1%. Source: self-made.
TOF, train of four.

response or PTC response; in deep block-
ade, however, although there is no response
to TOF, there is at least one response to
PTC. During moderate NMB, there is no
TOF ratio; however, there is a response
from train 1 to 3 and there is a response
to PTC. In the recovery phase, there is a
TOF ratio that varies from 1% to 100%.
The monitoring of neuromuscular relaxa-
tion through peripheral nerve stimulation
is performing using various patterns such
as single contraction, tetanic and post-
tetanic contraction, and TOF, of which
the last two are the most commonly used
to determine the level of NMB in patients?
(Figure 3).

The ACURACYS study showed that a
protocol based on TOF allowed for a
reduction in the consumption of cisatracu-
rium without affecting the quality of
NMB."” The study used a protocol that

began with a conventional starting dose
and then increased the cisatracurium infu-
sion when at least one muscular TOF
response was obtained.'” Another publica-
tion compared the effect of fixed doses of
cisatracurium versus a titrated infusion
strategy based on TOF monitoring to eval-
uate the ventilatory and clinical outcomes
in 167 patients with ARDS. The authors
reported that fixed doses were associated
with similar ventilatory and clinical out-
comes compared with the TOF titration
strategy. Nevertheless, fixed doses were
associated with a three-fold increase in the
administered dose.?’

By contrast, a study of 38 patients with
ARDS showed that the addition of TOF to
NMT monitoring did not change mortality
in the ICU or the days with mechanical ven-
tilation, but it did increase the consumption
of atracurium compared with clinical
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CPT* =+ =) TT? + {
TOF** + + ? T? TT?+ TT i
Type -
Level of Lo Intense Deep Moderate Recovery
Blockade
Post-tetanic 0 51 - 51
count
G’ rain of lou)—» 0 0 1-3 2 1%

*CPT ( Post-tetanic count ), **TOF (train of four).

Figure 3. Different degrees of non-depolarizing neuromuscular blockade according to the type of stimulus.
When there is complete blockade, there is absolutely no response. When the degree of blockade is deep,
there is at least one PTC response but no TOF response. In moderate neuromuscular blockade, there is a
response in the PTC, and the first responses of the TOF appear (from | to 3) but the TOF percentage (T1/
T4) does not yet appear. In the shallow or minimal (recovery) phase, the four TOF responses appear and a
percentage of the relationship between the first stimulus and the fourth (T1/T4) appears. Source: self-made.

TOF, train of four; CPT, post-tetanic count.

evaluation. Additionally, a small retro-
spective study provided information on
the doses of cisatracurium needed in
patients with ARDS to reduce the time
needed to reach target TOF.*> However,
the methodology of the study limited the
extrapolation of its conclusions, and further
research is required.

Although NMT monitoring is not free of
biases and inaccuracies, and although well-
designed prospective trials on such moni-
toring are lacking, its use is an element
that we believe should be essential to effec-
tively titrate the dose of neuromuscular
relaxants to reduce the risk of myopathy

or alterations of the myoneural endplate
associated with these drugs, especially in
the context of the ICU."?

We therefore consider it fundamental to
use NMT monitoring not only to titrate
doses but also as part of the checklist
prior to scheduled extubation to limit the
possibility of failed extubation associated
with neuromuscular weakness.'?

Conclusion

NMBA are not routinely used in the ICU;
they are mainly used in well-documented
precise scenarios. However, the current
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pandemic and the tsunami of ARDS cases
has forced the massive use of mechanical
ventilation and the use of neuromuscular
relaxants for several days. This has generat-
ed, among other things, a concern about the
doses used, adverse effects, and ability to
adequately evaluate the effect of these
drugs with a monitoring tool. For this
reason, interest has reappeared in the use
of TOF and PTC to evaluate and quantify
peripheral stimuli to establish and quantify
the goals, dose, and duration of use of these
drugs. Given the limited literature in this
regard, clinical trials are needed to evaluate
this type of regimen to reduce unwanted
effects of NMBA.
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