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Introduction

Abstract

Introduction: Neuromuscular blocking agents are an important component
of anesthesia. The effect of muscle relaxants is possible to evaluate by using
instrumental objective neuromuscular monitoring. It cannot be determined
by clinical tests. The procedure that allows us to measure the muscular
response to electrical stimulation of the compatible motor nerve is called
relaxometry. Despite anesthesia societies’ recommendations, objective
neuromonitoring is still not routinely used in clinical practice. Aim: The aim
of this paper is to present the basic principles of neurostimulation, patterns of
nerve stimulation and equipment used for neuromuscular monitoring.
Result: The adductor pollicis muscle is routinely used to monitor
neuromuscular transmission (gold standard), nevertheless it cannot be
regarded as representative for some muscle groups such as the larynx,
diaphragm, and eye muscles which are more resistant against no
depolarizing muscle relaxants. Discussion: The Train of Four stimulation
(TOF) predicts the optimal time for intubation, maintains the desired depth
of the intraoperative blockade and the correct estuation time. Monitoring of
deep muscular blockade is only possible with the Post Tetanic Count (PTC).
Acceleromyography is the most popular method of neuromuscular
monitoring. Conclusions: Because there is an individual variability in the
action of muscle relaxants, every surgery the requires the administration of
these drugs must be objectively monitored. Exclusion of residual
neuromuscular block is possible only when the TOF ratio > 0.9 in
electromyography, compressomyography and kinemyography or=1,0 in
acceleromyography.
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measure the muscular response to electrical stimulation of the
compatible motor nerve is called relaxometry [1]. The first

Neuromuscular blocking agents are an important component
of modern anesthesia. They facilitate tracheal intubation and
improve operative conditions in abdominal and thoracic
surgery. In emergency care, muscle relaxation is used during
mechanical ventilation in the prone position to minimize the
patient’s breathing and to improve oxygenation. The effect of
delivery of muscle relaxants is only evaluable with objective
instrumental neuromuscular monitoring. It cannot be
determined by clinical tests (muscle tone, head lift, eye-
opening, tongue protrusion, handgrip, tidal volume, peak
inspiratory pressure). Neuromuscular residual blocks are
perceived not only as uncomfortable, but also as a life-
threatening condition. Aspiration and obstruction of the upper
respiratory tract occur quite often, which can lead to serious
pulmonary complications. The procedure that allows us to

reports of guidelines for dealing with patients treated with
non-depolarizing muscle relaxants were published in 2009 at
the initiative of the working party of post anesthesia care
[2]. In 2018, a group of experts set basic guidelines for
dealing with patients after administration of muscle relaxants
[3]. They postulate that any patient after administration of a
non-depolarizing relaxant should be subjected to objective
neuromonitoring, as neither subjective methods or clinical
trials are sufficiently sensitive to the residual neuromuscular
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blockade detection and should not be practiced. Important
anesthesia societies: the European Society of Anesthesiology
(ESA) and the American Society of Anesthesiology (ASA)
still have not published guidelines, but in some countries,
Anesthesiology Associations have published detailed ones,
e.g., in the UK and Ireland (2015), the need for
neuromonitoring has been highlighted in all patients who
have been administered muscle relaxants from the time of
induction to the complete return of neuromuscular
transmission (TOF  ratio>0.9) and the patient’s
consciousness[4]. In Poland, according to the "Regulation of
the Minister of Health of December 2016 on the
organizational standards of healthcare in the field of
anesthesiology and intensive care”, there should be a device
for neuromuscular transmission monitoring designated for
each patient station [5]. Despite anesthesia societies’
recommendations, objective neuromonitoring is still not
routinely used in clinical practice.

Aim
The aim of this paper is to present the basic principles of

neurostimulation, patterns of nerve stimulation and
equipment used for neuromuscular monitoring.

Literature Review

Complete recovery of neuromuscular function (TOF grater to
0.9) should be present at the time of tracheal extubation. In
comparison to other groups of drugs, response to clinical
doses of muscle relaxants is individual for each patient and is
difficult to predict. The application of qualitative monitoring
is associated with an increased risk of a residual
neuromuscular block [6].

Neurostimulation

For the initiation of an action potential, a stimulus of
sufficient intensity (above the threshold value) is required to
depolarize the neuron. After stimulation, a single nerve fiber
will always give a maximum response and action potential of
the same amplitude. Even if the intensity of the stimulus is
increased, the peak of the action potential always remains the
same. The nerve fiber gives a maximum response or none at
all. This is called the "all or none" principle. In
neurostimulation we use a stimulus with certain parameters.
It should be a supramaximal stimulus with electric current
60-80 mA to stimulate all muscle fibers. It should also be
monophasic, rectangular; with duration of 0.2 ms. longer
duration can stimulate the muscle directly.

Stimulation electrodes

The negative electrode should be placed directly over the
nerve. The positive electrode should be placed proximal to
the negative electrode in order to avoid depolarizing a
different nerve. Such conditions ensure optimal nerve

stimulation. The exact location of the electrodes should be
determined to avoid direct stimulation of the muscle. This
situation will result in false measurement. There should be a
gap between the electrodes placed on a patient's skin [7].

Stimulation points

Neuromuscular block can be monitored by stimulating
different nerves and measuring the response of the muscles
innervated by the relevant nerve. The relaxometry of the
ulnar nerve at the adductor pollicis is the gold standard in
anesthesiology. There are also alternative muscles such as:
flexor hallucis brevis, orbicularis oculi or corrugator super
cilia [8].

N. ulnaris and M. adductor pollicis

The ulnar nerve is stimulated for neuromuscular monitoring
and in effect the abduction of the thumb is assessed as the
stimulatory response. The ulnar nerve is easy to locate at the
distal part of the ulna and has no risk of direct muscle
stimulation.

N. tibialis posterior and M. flexor hallucis brevis

The flexor hallucis brevis muscle can be used for
neuromuscular monitoring on the lower limb when the
adductor pollicis is not accessible. Previous studies have
compared posterior tibial nerve and ulnar nerve stimulation
and have found more rapid recovery time of the TOF
response at the posterior tibial nerve [9-12]. Monitoring of
the foot may result in an overstimulation of the
neuromuscular block. In the newest publication from 2020,
which compares the flexor hallucis brevis and adductor
pollicis using acceleromyography, authors concluded, that
flexor hallucis brevis can be a more useful alternative for
NMB monitoring in cases in which the adductor pollicis is
not accessible, but should be used only with available
pharmacological reversal [13].

N. facialis and M. orbicularis oculi/M. corrugator
supercoil

Stimulation of the facial nerve and monitoring of the
muscular response around the eye (the orbicularis oculi
muscle typical muscle response: eyelid closes and the
corrugator supercoil muscle (typical muscle response brow
wrinkles) are performed during general anesthesia. The
orbicularis oculi muscle and the corrugator supercoil muscle
react to NMBA with varying sensitivities. The
neuromuscular block at the orbicularis oculi muscle is similar
to that of the adductor pollicis; the corrugator supercilii has
similar sensitivity to that of the laryngeal adductor muscles
or diaphragm. In case of the facial nerve, we can expect
false-positive responses because the associated muscle group
may be easily stimulated directly, potentially causing an
overdose of muscle relaxants (Table 1) [14].
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Table 1: Sensitivity of different muscle groups to neuromuscular conduction blockers blocking agents.

Pharyngeal muscles

Masseter muscle

Genioglossus muscles

Adductor pollicis muscle

Abdominal muscles

Orbicularis occuli muscle

Vocal cords muscles

Corrugator supercilli muscle

Diaphragm

Anesthesia-relevant muscle groups

Different muscles have individual onset, recovery times and
sensitivities to muscle relaxants. The results obtained from
one muscle cannot be applied to other muscles. The
diaphragm and other respiratory muscles are more resistant
against non-depolarizing muscle relaxants than the adductor
pollicis muscle. The diaphragm requires about double the
amount of muscle relaxant as the adductor pollicis muscle for
the same degree of block. However, the onset and recovery
times are relatively rapid as a result of high regional blood
flow. The muscles of the larynx and face are less resistant.
Adequate intubating conditions can be well predicted if the
corrugator supercilious is monitored because this muscle
reflects the extent of NMBA of the laryngeal muscles better
than that of the adductor pollicis. The peripheral muscles of
the limb, abdominal muscles, the masseter, and the upper
airway muscles are more sensitive. However, peripheral
muscles of the limb require the longest time to recover. After
administration of NMBA the adductor pollicis muscle
recovers earlier than the throat, masseter and genioglossus
muscles, that’s why there is a danger of missing the residual
block of those muscles while the adductor pollicis is
monitored. The precise source of these differences is
unknown. Possible causes may be the difference in the
margin of safety of the neuromuscular junction of different
muscle groups, fiber composition, and innervation to blood
flow ratio and muscle temperature. It is probable that due to
higher blood flow in central muscles, faster onset and
recovery time is observed. In peripheral muscles, lower blood
flow results in shorter onset and recovery time. Whereas,
neuromuscular resistance of laryngeal muscles and
diaphragm can be the result of higher ACh vesicles release
and higher Ach receptors expression [14].

Discussion

Patterns of nerve stimulation

Single-Twitch stimulation this is the easiest way to stimulate
the nerve. It consists of applying individual stimuli with an
interval of more than 10 s (between 0,1 Hz and 1,0 Hz) and
comparing the strength of muscle contraction to the control
value before the administration of the muscle relaxant. The
amplitude of muscle contraction decreases when about

75-80% of the receptors are blocked, and it disappears when
90-95% of the receptors are blocked, so this method is not

commonly used [14].

Figure 1: Single-Twitch stimulation.

SINGLE-TWITCH
STIMULATION

MUSCLE RESPONSE

Train of four stimulation this is the most widely used mode of
nerve stimulation. Four supramaximal stimuli of 2 Hz
(four stimuli every 0.5 s) are applied over 2 second intervals,

which are repeated every 10 s. The response is observed as

TOF count (0,1,2,3 or 4) or TOF ratio (from 0 to 1.0 or

100%). TOF ratio (TOF %) is the ratio of the fourth muscle

response to the first one. TOF% indicates a fade in the non-

depolarizing block. Clinically, the rule is: if only 1-2

contractions are obtained, this corresponds to a blockage of
90-95%. This method is only useful for the no depolarizing

blockade because after administration of a depolarizing drug,

the amplitude of all 4 contractions decreases equally and the

4 to 1 contraction ratio is always 1.0, no fade occurs. During

a partial non-depolarizing block, the ratio decreases and is

inversely proportional to the degree of blockade [14].

stirmulus.
0.2 s

TRAIMN OF FOUR fmel
STIMULATION Azoome

MUSCLE RESPONSE

non-depolarizing black I
T Tz w3 T4 T Tz 13 T4
FADE

depolarizing block I I l I
T 1z 13 T4 ™ T2 T3 T4
NO-FADE OCCURS

Figure 2: Train of four stimulation.

Tetanic stimulation delivering high-frequency stimulation 50
Hz for 5s; the induced muscle contractions merge. During
normal neuromuscular transmission and depolarizing block,
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the muscle response is sustained. In case of no depolarizing
block, a fade occurs (the response is not sustained). This
method is used in practice only with post-tetanic count [14].

5 s of tetanic
stimulation

TETANIC
STIMULATION

MUSCLE RESPONSE

Figure 3: Tetanic stimulation.

Post Tetanic Count stimulation (PTC) when no responses are
detected to TOF stimulation (in deep neuromuscular block),
the PTC is the only way to measure the neuromuscular block.
The tetanic stimulation (50 Hz) is generated for 5 s. After
that, the single-twitch stimulation is given (1 Hz, starting 3
seconds after the end of tetanic stimulation) and the post
tetanic response is observed. As the deep block weakens,
more and more responses to post-tetanic twitch stimulation
appear. The number of detected responses using the PTC
module returns sooner than normal TOF responses.

5 s of tetanic

i 20single stimuli(1 Hz)

POST TETANIC
COUNT

contraction

MUSCLE RESPONSE

Figure 4: Post tetanic count stimulation.

Double Burst Stimulation (DBS) it consists of two short
bursts of 50 Hz tetanic stimulation within 750 msec. Most
commonly, there are 3 impulses in each of the tetanic bursts.
This pattern of stimulation was developed to allow manual
detection of small amounts of residual blockade in clinical
practice. In the partly paralyzed muscle, the second response
is weaker than the first one. After stimulation, the ratio
between the second and first contraction is assessed.
However, it allows to detect the difference between two
muscle contractions only to TOFR=0.6. Due to this fact it is
not possible to detect residual neuromuscular blockade using

only DBS [14].
0,2ms

750 ms

20 ms

MUSCLE RESPONSE Ll LL

FADE

DOUBLE BURST
STIMULATION

Figure 5: Double burst stimulation.

Methods of neuromuscular monitoring

Clinical tests of the muscle function and of the evaluation of
respiratory parameters. For decades, the degree of the
neuromuscular blockade has been assessed on the basis of
clinical tests. Unfortunately, this is still the case today, even
though this procedure is unreliable and can cause life-
threatening conditions. There are several different clinical
tests (Table 2) that can be used to assess the degree of muscle
relaxation of a patient.

Table 2: Clinical tests for assessing neuromuscular recovery.

Non-Instrumental (subjective) clinical tests

Unreliable
Hand raising
Eyes opening
Sticking out the tongue
Normal tidal volume

Maximal inspiratory pressure<40-50 cm H,O

Less unreliable
Hand grip>5 s
Head lift>5 s
Leg lift>5 s
Tongue depressor test for 5s

Maximal inspiratory pressure>40-50 cm H,O

The 5-s head lift is not a reliable test, because it can be
performed at TOFR 0.5 in more than 70% of patients [15].

Extubating patients in this stage of neuromuscular recovery
may result with difficulties breathing and other
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complications. In Camu publication from 2006 it is stated
that that none of the clinical tests have a sensitivity of >0.35
or a positive value of >0.52 [16]. One of the difficulties in
conducting clinical tests is that they require good patient
cooperation and patient responsiveness, which is often
difficult to achieve.

Subjectively (Qualitative) evaluation

Qualitative monitoring uses peripheral nerve stimulators and
are able to assess visual or tactile response of the stimulated
muscle. A standard peripheral nerve stimulator can measure
several patterns of nerve stimulation such as TOF, DBS,
tetanic and PTC. Quantitative monitoring is more reliable
than clinical tests, but does not eliminate the risk of PORC.
Direct evaluation allows for a subjective diagnosis of PORC
when TOF ratio=0.6 and can be assessed by an experienced
clinician. Using DBS technique, the detectability of the
residual neuromuscular blockade was improved, but only to
TOFR=0.6.-0.7.[17] Using post tetanic stimulation, fade can
be detected subjectively only when TOF ratio < 0.3 and fade
after TOF stimulation can be detected when TOFR<0.4 by an
experienced clinician [17, 19, 20].

Objectively (Quantitative) monitoring

Quantitative nerve stimulators can be used to objectively
measure the stimulatory response and improve the reliability
of TOF stimulation for assessing neuromuscular recovery.
Mechanomyography is the "gold standard" among objective
neuromuscular monitoring methods used in scientific
research; although it is rarely used for these purposes (the
device is no longer produced). It consisted of measurement of
the mechanical response to a given electrical stimulus [21].
Compressomyography it is the newest method of monitoring
neuromuscular transmission, and the term is not official yet
(but suggested by the manufacturer). TOF-Cuff® monitor is
essentially a modified cuff for Non-Invasive Blood Pressure
measurement (NIBP) and neuromuscular transmission
measurement. A big advantage of the device is its
permanently built-in electrodes. In this method, the detected
reaction is a change in cuff pressure generated by muscle
contraction in response to a given stimulus [22-24]. It is
possible to monitor the NM transmission in the lower limb
[25]. In 1988, acceleromyography was introduced into
clinical practice. Its basic principle is based on the
piezoelectric effect and involves the registration of the
contracting muscle acceleration after its stimulation [26]. It is
a simple method to use and provides precise information
about the depth of muscle relaxation. The arrival of the TOF
scan monitor on the market was a great asset for
anesthesiologists to work, as the device does not require
calibration before the administration of non-depolarized
muscle relaxants. It also measures muscle contraction in all
three planes [27]. There is also an available foot and eyebrow
sensor for NM transmission measurement at the tibialis
posterior and facial nerves. According to Liang's 2013 study,
the measurement of neuromuscular transmission using AMG
is less precise than the EMG measurement, for which the

TOFR measurement is often overestimated by a minimum of
0.15 [28]. In conclusion, AMG TOF>90% does not guarantee
a safe extubation. An ACG TOF ratio of at least 1.00 with an
additional waiting period may be necessary to exclude
residual NMB [28,29]. Electromyography is another method
frequently used not only in clinical trials, but also in clinical
practice. This is a very simple method based on measuring
the electrical response of a muscle (action potential) to a
given electrical stimulus. It only requires the electrodes to be
attached without fixing the accelerometer. With EMG,
muscles not available for AMG, MMG or KMG, i.e. larynx
and diaphragm can be monitored. EMG is more accurate than
AMG [30,31]. Kinemyography, like AMG, is based on
piezoelectric effect, measuring the mechanical force of
muscle contraction; this method has undergone a limited
number of tests and is currently rarely used in clinical
practice. TOFR of 0.9 measured with KMG is comparable to
a TOF ratio of 0.80 measured with EMG at the adductor
pollicis muscle, but it may be as low as 0.65 or as high as
1.00. In conclusion, TOFR measured by KMG and EMG
cannot be used interchangeably. Phonomyography is based on
the recording of sounds emitted by contracting muscles. This
is a method that allows monitoring the neuromuscular
transmission in central and peripheral nerves, but is not
currently applicable in clinical practice and requires further
research.

Conclusion

In conclusion, neuromuscular monitoring should be applied
to all patients receiving muscle relaxants because of variation
in the patient's sensitivity to neuromuscular blockade.
Monitoring neuromuscular function during anesthesia
reduces the incidence of postoperative residual paralysis.
Onset and recovery times of the vocal cord muscles and
diaphragm are more resistant to the effect of non-
depolarizing muscle relaxants than the adductor pollicis
muscle. Depending on the degree of neuromuscular block,
we have a few methods of nerve-muscle stimulation that
allows observing the muscle response, but only using the
TOF it is possible to assess the degree of muscle relaxation
during the operation. There is no monitoring able to confirm
full neuromuscular recovery, that is why when using EMG,
KMG, compresomyography we need the TOF ratio >0,9 and
when using AMG even 1.0 to be sure that is full
neuromuscular recovery.
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