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mprovement in patient safety encompasses a multitude of
solutions. Continuous patient
monitoring can make a significant
difference in improving patient outcomes by delivering continuous visibility into a patient’s health status
by translating the data into potentially actionable interventions. The
sooner a healthcare professional
can recognize clinical deterioration
or condition changes, the earlier the
intervention.
This online, CME-accredited educational series, that includes monographs and webinars, will provide
an update on the most recent research and clinical solutions in patient monitoring. With the goal of
adverting morbidity throughout different hospital settings, this series
will include perioperative, intensive
care, and general care floor monitoring modalities.
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Abstract
Postoperative residual paralysis (residual effects of a
neuromuscular blocking agent at the end of surgery)
is an under-recognized problem in perioperative
medicine. As a commonly accepted neuromuscular monitoring indicator, a train-of-four (TOF) ratio ≤
0.9 is used. Postoperative residual paralysis increases postoperative morbidity and mortality, lengthof-stay, and concomitant costs. The use of reversal
drugs for neuromuscular blocking agents guided by
neuromuscular monitoring helps avoid residual neuromuscular blockade. Clinicians do not use quantitative neuromuscular monitoring routinely, and monitors might not even be available in all operating
rooms. A clinical algorithm that can be used to restore full muscle strength within 10 minutes after the
end of surgery is included in this manuscript.
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Introduction

neuromuscular monitoring. The nerve is
transcutaneously stimulated with the train-offour (TOF) or post-tetanic count (PTC) pattern
depending on the depth of the neuromuscular
block. Clinically, stimulation of the ulnar nerve
and measurement of the elicited muscle
contraction of the thenar via the thumb is
mostly performed. TOF stimulation allows
counting of the number of elicited muscle
contractions (Train-of-count = TOFC) and the
calculation of the ratio of the fourth to the first
twitch response (TOFR).

Muscle relaxants are routinely used to improve
intubating conditions,1 to decrease the risk of
patients’ laryngeal trauma,2 and to improve
surgical conditions.3-6 Incomplete recovery from
paralysis at the time of extubation, however, is a
risk and is still widely ignored by many anesthetists. An obstruction of the upper airway7,8 and
a reduced hypoxic ventilatory response9 are the
leading clinical symptoms. Clinical studies show
that a residual neuromuscular block at the end
of anesthesia increases the incidence of critical
respiratory events in the post anesthesia care
unit.10-12 Observational trials13 as well as database
analyses14-16 reveal an association between management of neuromuscular function and the
risk of postoperative pulmonary complications,
coma, and mortality.

The basic principle for preventing
residual neuromuscular block
is quantitative neuromuscular

This manuscript covers the importance of neuromuscular blocking agents in the concept of
balanced anesthesia, incidence and complications of post-operative residual paralysis reversal
agents and appropriate dosing, and techniques
of neuromuscular monitoring. Finally, a clinical algorithm will be introduced, based on the
assumption that any concept to avoid residual
paralysis must work within the time frame in
which emergence from anesthesia normally
can be managed, i.e., 10 min. The algorithm,
suitable for every non-depolarizing neuromuscular blocking agent, is characterized by using
quantitative neuromuscular monitoring. We also
describe strategies for implementation of quality
improvement programs for better management
of neuromuscular transmission, which we believe could help improve postoperative respiratory outcomes.

monitoring.
Visual or tactile assessment of the twitch responses is encompassed as qualitative neuromuscular monitoring. The result is therefore
subjective and dependent on the anesthetist. A
residual neuromuscular block of TOFR > 0.4 cannot be reliably detected even by an experienced
anesthetist.17
Quantitative assessment of the train-of-four
fade by neuromuscular transmission monitoring
is the only suitable method to identify low but
clinically meaningful levels of residual neuromuscular block.10 Mechanical techniques such
as mechanomyography, acceleromyography
(AMG), and kinemyography (KMG) are measuring twitch responses related to the muscle contraction, such as force, acceleration, or velocity.
Electromyography (EMG) is measuring the compound muscle action potential. All techniques
must be calibrated to increase the reliability of

Neuromuscular monitoring
The basic principle for preventing residual
neuromuscular block is quantitative
2
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the measurement. Calibration includes identification
of the optimal supramaximal stimulation current
and ensures optimal signal to noise ratio.18
Historically, mechanomyography was the gold
standard for measuring neuromuscular function. It is
however accident-sensitive and therefore not feasible for everyday intraoperative use. Today, no mechanomyographic device is commercially available.
In clinical settings the most common quantitative
monitoring device is AMG. It measures the acceleration of the thumb with a piezo-electric wafer
fixed on the distal phalanx. Since the acceleration
is linearly related to the contraction force due to
Newton’s second law, AMG is a mechanical method.
AMG data have an idiosyncrasy of unknown reason,
i.e. the control TOFR is commonly >1.0, sometimes
up to 1.4 and even higher.19 Therefore, AMG devices additionally require normalization of the TOFR
to overcome this issue, i.e. the TOFR has to recover to at least 90% of the baseline TOFR measured
before giving a neuromuscular blocking drug.19,20
Since normalization is not included in the software
of any acceleromyograph, anesthesiologists must
do it manually.19 Unfortunately, some AMG devices do not display raw TOFR values. Some limit the
displayed values to 1.0, others switch their TOFR
calculation at T4/T1 > 1.0 to T4/T2.21 Irrespectively,
reliance on AMG may be limited by any of these approaches. Further limitations are related to the need
for a stable preload, free mobility of the thumb, and
fixation of the hand. New triaxial or 3-dimensional
transducers may resolve some of these limitations
but have still not been validated against EMG or
mechanomyography.

electric twitch response seems to be less sensitive to
hyperthermia than muscle contraction.23

Clinical assessment of neuromuscular
function
Despite the overwhelming evidence of the benefits
of neuromuscular monitoring, many anesthesia
providers still use less reliable methods for
evaluating neuromuscular function in anesthetized
or recently extubated and uncooperative patients.
The ability to lift the head, a firm handshake or a
sufficient minute ventilation of an intubated patient
are often erroneously misinterpreted as adequate
recovery from neuromuscular block. Patients can
have normal tidal volume despite a TOFR below
0.1, even normal vital capacity despite a TOFR =
0.6,24 and can lift their heads for 5 seconds at a
TOFR = 0.3.25 Clinical tests used to detect residual
neuromuscular block should therefore not be
considered an option in patient-safety focused
anesthesia.

Despite the overwhelming
evidence of the benefits of
neuromuscular monitoring, many
anesthesia providers still use less
reliable methods for evaluating
neuromuscular function

EMG is less common although it is considered as an
alternative gold standard due to its high correlation
with mechanomyography.22 The electrical twitch response of muscle measured with EMG is not affected
by changes in muscle contractility. Therefore, the
thumb needs neither preload, nor free mobility, and
the hand needs no immobilization. Furthermore, the

Definition of residual neuromuscular block
The first threshold for acceptable recovery was set
at a TOFR > 0.7 based on a study in healthy volunteers, who had normal vital capacity, inspiratory
force, and peak expiratory flow rate at that value.24
Two decades later the level of acceptable recovery
3
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had to be increased to 0.9 based on several observations demonstrating subjective weakness,26
decreased hypoxic ventilatory response,9 impaired
protective airway reflexes,27,28 and upper airway
obstruction29 at TOFRs between 0.7 and 0.9. More
recently it was suggested that a TOFR of unity might
be even better, especially if neuromuscular function
is monitored by AMG.8

present. Increments of the acetylcholine esterase
inhibitor do not act (ceiling effect). Therefore, acetylcholine esterase inhibitors are effective to reverse
shallow or minimal residual blocks only (Table 1).39-42
Table 1: Depth of block according to the consensus statement of neuromuscular monitoring22 and
dose recommendations according to several dose
finding studies for neostigmine39-42 and sugammadex39,40,43,44. Qualitative neuromuscular monitoring
cannot determine a TOFR. In these patients the lowest dose of sugammadex is 1 mg/kg and for neostigmine 40 µg/kg.

Incidence of residual neuromuscular block
In one of the first published reports on post-operative residual paralysis, Viby-Mogensen and colleagues found an incidence of 42% of patients with
TOFR < 0.7.30 When some years later the level of
sufficient recovery was set to TOFR ≥ 0.9, the incidence was up to 83%,31 but varies greatly amongst
studies depending on the choice of muscle relaxant,12,31,32 the technique of neuromuscular monitoring,33 the use of reversal drugs,32,34 the duration
of surgery,34,35 and the amount of incremental
doses.36,37 Older age appears to be a risk factor of
residual NMBA; a recent study conducted in the USA
reported an incidence of residual NMBA in the PACU
even after administration of intermediate acting
NMBA of 57.7% in elderly patients.38

Quantitative neuromuscular
monitoring is the only way to
detect and quantify residual
neuromuscular blocks.
*These doses have been determined in dose-finding
studies, were however not tested in comparative
clinical trials. They are not recommended by the
manufacturer. Please note that the use of low-dose
sugammadex has been questioned, since elderly
patients are at greater risk for recurarization and
residual muscle paralysis when low-dose sugammadex is administered.

Reversal of neuromuscular block
There are two options to reach a sufficient TOFR >
0.9: wait for spontaneous recovery or pharmacological reversal. Waiting until the patients’ neuromuscular function has recovered spontaneously is a
safe but seldom used option. Reversal can be done
either by acetylcholine esterase inhibitors, such as
pyridostigmine or neostigmine or by sugammadex. Acetylcholine esterase inhibitors increase the
amount of acetylcholine in the synaptic cleft by
inhibition of its hydrolysis. Complete inhibition of
the acetylcholine esterase results in a maximally
increased acetylcholine concentration in the synaptic cleft. If this concentration is not sufficient to
counteract the competitive inhibition by the muscle relaxant, a residual neuromuscular block is still

Sugammadex, a modified cyclodextrine, encapsulates steroidal muscle relaxants in a 1:1 relation. The
complex is renally excreted. Sugammadex is, therefore, able to reverse any depth of neuromuscular
block.39,40,43,44,46,47 Sugammadex is dosed according
to the degree of residual neuromuscular block (see
Table 1).

How to avoid residual neuromuscular block
Every drug should only be given if necessary. Ac4
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current workflow in the operating room.48
The clinical algorithm makes the following assumptions:
• Muscle relaxants are a component of a modern
balanced anesthesia.
• Every depth of neuromuscular block by every
neuromuscular blocking agent is included.
• Undetected and untreated residual neuromuscular blocks are unpleasant and potentially
harmful for the patient.
• Reversal drugs have side effects. Therefore, there
is the need for a clear indication and appropriate
dosing.
• The effects of reversal drugs must be controlled.
• Since emergence from anesthesia takes roughly
10 minutes, the algorithm to avoid residual neuromuscular block has to work within this time
frame.

cordingly, the easiest strategy to avoid residual
neuromuscular blocks, therefore, is to avoid using
muscle relaxants. If ventilation of the patient can be
achieved with a supraglottic airway device, which
does not require a muscle relaxant for placement,
this technique should be preferred.13 Furthermore,
not every operation necessitates a neuromuscular
block.
If omission of muscle relaxants is not a solution for
a particular patient or surgery, anesthetists need a
method to avoid residual neuromuscular blockade.
Therefore, titrating the depth of the neuromuscular
block based on surgical needs is increasingly recognized as an appropriate methodology in these patients. By doing so, however, we recommend a strategy to avoid a residual neuromuscular block based
on quantitative neuromuscular monitoring during
the complete course of anesthesia - from induction
to emergence - and reversal of a residual neuromuscular block if necessary. Based on published data we
developed a feasible clinical algorithm to minimize
residual neuromuscular block while maintaining the

Algorithm to avoid residual neuromuscular blocks
based on quantitative neuromuscular monitoring
(Figure 1)
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Figure 1: Algorithm to help avoid residual neuromuscular block
Await spontaneous recovery. At a TOFR < 0.5, the goal to reverse a residual block within 10 minutes will most probably not met.
Depending on local and organizational circumstances spontaneous recovery can be awaited in the OR, induction room, PACU, or
intensive care unit.
check indication for sugammadex. Aside from proof of neuromuscular block consider:
•
contraindications for sugammadex
•
sugammadex is only suitable for reversing steroidal muscle relaxants
Sugammadex doses for quantitative neuromuscular monitoring (see Table 1)
check indication for neostigmine. Aside from proof of neuromuscular block consider:
•
contraindications for neostigmine
•
maximum dose for neostigmine is 70 µg/kg
•
little effect in reversing mivacurium

has to be treated. This can be done either by simply
waiting or giving the patient a reversal drug. At a
TOFR < 0.5 spontaneous recovery will delay extubation for at least 10 minutes.40 Drug and dose when
opting for pharmacological reversal is dependent
on the measured TOFR and the used neuromuscular

Quantitative neuromuscular monitoring is the only
way to detect and quantify residual neuromuscular
blocks. At a TOFR above 0.9 the patient has sufficiently recovered from his neuromuscular block and
in most cases can be safely extubated. At TOFR ≤
0.9, residual neuromuscular blockade is present and
6
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blocking agent. Because of the ceiling effect, reversal with neostigmine is recommended at a TOFR >
0.2 (Table 1). If neuromuscular recovery is too slow
within the first 5 minutes, an additional dose of
neostigmine up to the maximum dose of 70 µg/kg
can be considered to achieve maximum inhibition
of cholinesterase.49

ment of the degree of residual block. Taken together
it allows the anesthetist to adapt the reversal drugs
to the respective residual block, using neostigmine
as well as Sugammadex (Table 1). Furthermore,
quantitative neuromuscular monitoring indicates
when neostigmine does not have a realistic chance
to provide neuromuscular recovery within 10 min,
i.e. at TOFR < 0.2 even at a dose of 70 µg/kg.52 It
also allows significantly smaller doses of neostigmine of 10-20 µg/kg at residual blocks with TOFR >
0.5,41,42 as the success of this measure can be controlled and corrected if necessary.

If the TOFR is below 0.2 at the time of reversal or if
contraindications against neostigmine are present,
sugammadex can reverse any rocuronium or vecuronium induced neuromuscular block (Table 1).
Reversal with sugammadex is also possible in case
of incomplete recovery after neostigmine.50 Importantly, complete recovery has to be controlled for at
least 5 min.

The goal of the proposed
algorithm is to avoid any residual

Comparative assessment of the algorithm

neuromuscular block with

The goal of the proposed algorithm is to avoid any
residual neuromuscular block with therapeutic
concepts based on neuromuscular monitoring and
a rational use of muscle relaxant reversers. Neuromuscular monitoring by itself, however, does not
reduce the complications of residual neuromuscular
block.13,15 On the other hand, without neuromuscular monitoring, anesthetists do not have a rational
base to decide which reversal agent and which dose
is appropriate. Furthermore, without neuromuscular monitoring an area of uncertainty remains after
administration of reversal agents, which cannot
be solved with routine or liberal administration of
reversal agents.51

therapeutic concepts based on
neuromuscular monitoring and
a rational use of muscle relaxant
reversers.
The final remaining question is which neuromuscular monitoring technique should be preferred,
especially since AMG seems to overestimate the
degree of neuromuscular recovery.53 It has therefore
been suggested to increase the acceleromyographic
level of full recovery to a TOFR = 1.0.20 Efficient use
of EMG, correctly placed, may greatly enhance the
ability to guarantee complete recovery from neuromuscular block, to estimate the optimal dose of
reversal agents, and to enhance patient throughput
in a cost-effective manner.

The algorithm allows the perception of any residual
neuromuscular block, especially those with TOFR
between 0.4 and 0.9. Additionally, quantitative monitoring allows dose adaptions of the reversal agents
to the actual depth of block. Importantly, quantitative neuromuscular monitoring can indicate complete neuromuscular recovery with a TOFR > 0.9.
The strength of quantitative neuromuscular monitoring is the proof of full recovery and the measure7
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Implementation of a new algorithm into
clinical practice

However, neither neuromuscular monitoring nor
reversal agents by themselves can prevent residual
neuromuscular block. A combination of both neuromuscular monitoring and reversal agents, in terms
of an algorithm can reduce incidence and severity of
this unwanted anesthetic complication. We provided an algorithm using quantitative neuromuscular
monitoring, to help reliably detect and reverse a
possible residual neuromuscular block depending
on the clinical situation.

Healthcare administrators and hospital systems often implement new guidelines to improve physician
practices and patient outcomes. However, the efficacies of these initiatives is often poor, since a cultural
change needs to be achieved. Todd and colleagues
reported the outcomes of a sustained educational
effort, which included a series of surveys of residual
neuromuscular block, case discussions and literature review over the course of two years following
the introduction of quantitative TOF monitors to
the operating room.54 Studies have shown that
multifaceted approaches are superior to single
interventions.55,56 We have recently demonstrated
at the Massachusetts General Hospital in Boston
that a bundled intervention to optimize the use of
reversal agents improved relevant postoperative
respiratory outcomes.57 The clinical setting in which
anesthesia is administered offers the opportunity to
use changes in the practice environment as a strategy to influence clinician behavior. Thus, we suggest
based on our observations made in the USA, that
any quality improvement such as the one discussed
in this article needs to be locally discussed, probably
somewhat modified, and rigorously implemented.58

In clinical settings, the most
common quantitative monitoring
device is AMG, however while EMG
is less common, it is considered
as an alternative gold standard
due to its high agreement with
mechanomyography.

Conclusion
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Learning Objectives

clinically meaningful endpoint of interest. Dr. Eikermann’s team has shown various anesthesia- related
factors to be associated with adverse respiratory
outcomes, such as the intraoperative use of intermediate acting neuromuscular blocking agents.

Upon completion of this activity, the participant
should be able to:
1. Discuss the use of neuromuscular monitoring
for the prevention residual neuromuscular block
during anesthesia.
2. Describe the three (3) technologies of neuromuscular monitoring.
Discuss the use of both neuromuscular monitoring
and reversal agents in combination with an
algorithm to reduce anesthetic complications.

Dr. Eikermann is serves as the Associate Editor of the
British Journal of Anesthesiology as well as having
published over 200 papers in many peer-reviewed
journals. Dr Eikermann is highly-sought after speaker and has presented at over 100 medical conferences throughout the world.

To Obtain your CEs

Manfred Blobner, MD
Professor Blobner is Senior Consultant and Vice
Director of the Department of Anesthesiology and
Intensive Care Medicine, School of Medicine, Technical University of Munich. During the last 26 years
at the department, he inaugurated and chaired
seven clinical and experimental research groups.
He currently leads a research group on neuromuscular physiology and pharmacology and is chief
investigator of ESA CTN’s POPULAR study. Professor
Blobner is the author of 148 manuscripts published
in several international peer-reviewed journals and
has been an invited speaker to many international
medical conferences.

Go to www.saxetesting.com/ge. You will need to
register on the test site. Complete the evaluation
form and the post-test. Upon successful submission,
you will be able to print your certificate of completion.
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consult additional sources prior to forming a clinical
decision.
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Matthias Eikermann, MD, PhD
Dr. Matthias Eikermann is a Professor of Anesthesia
at Harvard Medical School, attending anesthesiologist and Vice Chair of Faculty Affairs in the Department of Anesthesia, Critical Care and Pain Medicine
at BIDMC. A current major focus of Dr. Eikermann
lies in the identification of surgical patients at increased risk of ischemic stroke after surgery. Postoperative respiratory complications represent a further
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