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Abstract: The administration of general anesthesia is a crucial aspect of surgery. However, it can pose significant risks to patients, 
such as respiratory depression and prolonged neuromuscular blockade. To avoid such complications, it is essential to monitor 
neuromuscular transmission during anesthesia. While clinical tests have been used for decades to evaluate muscle function, they are 
now known to be unreliable, and relying on them increases the risk of postoperative complications. Thankfully, there are now six 
methods available for neuromuscular monitoring during anesthesia: mechanomyography, acceleromyography, electromyography, 
kinemyography, phonomyography, and compressomyography. Each of these methods differs in terms of their approach and methodol-
ogy, and their importance in clinical practice varies accordingly. Mechanomyography involves measuring the mechanical response of 
a muscle to nerve stimulation, while acceleromyography measures the acceleration of muscle contraction. Electromyography records 
the electrical activity of muscles, while kinemyography tracks muscle movement. Phonomyography records the sound waves produced 
by contracting muscles, and compressomyography involves monitoring the pressure changes in a muscle during contraction. Overall, 
understanding the differences between these methods and their clinical significance is crucial for anesthesiologists. This review aims to 
provide an updated understanding of the current methods available for neuromuscular monitoring during anesthesia, so that 
anesthesiologists can make informed decisions about patient care and reduce the risk of postoperative complications. 
Keywords: neuromuscular monitoring, neuromuscular blockade, peripheral nerve stimulation, anesthesiology, review

Introduction
Neuromuscular monitoring is a relatively young branch of medicine and neurophysiology. The discovery of its basic 
functions took place in 1941, when Harvey and Masland discovered a decrease in muscle response after repetitive 
stimulation.1 14 years later Botelho made the first measurements using mechanomyography and electromyography.2 In 
1958, Christie and Churchill-Davidson constructed the first tool to monitor intraoperative neuromuscular transmission – 
St. Thomas Hospital’s Nerve Stimulator.3 The first reports of guidelines for dealing with patients treated with non- 
depolarizing muscle relaxants were published in 2009 at the initiative of the Working Party on Post Anaesthesia Care.4 In 
2018, a group of experts set basic guidelines for dealing with patients treated with muscle relaxants.5 They argue that any 
patient given a non-depolarizing relaxant should be subjected to objective neuromuscular monitoring, as neither 
subjective methods nor clinical tests are sufficiently sensitive to detect residual neuromuscular blockade and should 
not be practiced. There is an emphasis on the fact that there should be guidelines for managing patients that are 
administered muscle relaxants and to standardize the time frames measured that are associated with this procedure.4 The 
most common technique for assessing the degree of muscle relaxation and neuromuscular conduction is by train of four 
(TOF).6 This method involves sending a series of four electrical pulses every 0.5 seconds in 10 second intervals, through 
electrodes attached to an easily accessible peripheral nerve. The muscle response to the stimulation described above is 
evaluated. On this basis, the TOF ratio is calculated, ie the ratio of 4th to the 1st response (T4/T1). Based on current 
knowledge, patients can be safely extubated once the TOF ratio > 0.9 whereas a TOF ratio <0.9 is predictive of striated 

International Journal of General Medicine 2024:17 9–20                                                         9
© 2024 Radkowski et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/ 
terms.php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing 

the work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. 
For permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of General Medicine                                             Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 5 August 2023
Accepted: 8 November 2023
Published: 3 January 2024

In
te

rn
at

io
na

l J
ou

rn
al

 o
f G

en
er

al
 M

ed
ic

in
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://orcid.org/0000-0002-8753-4958
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


muscle relaxation.7 In some countries, Anesthesiology Associations have already published detailed guidelines, eg in the 
UK and Ireland, it has been highlighted that the need for neuromuscular monitoring in all patients who have been 
administered muscle relaxants from the time of induction to the complete return of neuromuscular transmission (TOFR> 
0.9) and the patient’s consciousness.8 Similar standards have been issued in Australia and New Zealand.9 In Poland, 
according to the “Regulation of the Minister of Health of December 2016 on the organizational standards of healthcare in 
the field of anaesthesiology and intensive care”, there should be a device for monitoring neuromuscular transmission 
designated for each patient station.10 Despite this rather long and well-documented history of guidelines, objective 
neuromuscular monitoring is still not routinely used in clinical practice in many centers. There are many reasons for this 
fact: some physicians believe that objective neuromuscular transmission monitoring is time-consuming and unnecessary 
(and relying solely on clinical symptoms is sufficient) despite having the appropriate equipment. Other clinicians, 
however, lack adequate equipment. Clinical dose-response of muscle relaxants is individual for each patient and is 
difficult to predict.6 In clinical practice, the necessary tool to assess the degree of muscle relaxation is objective 
monitoring of neuromuscular function. Preserving muscle relaxation after surgery could be fatal for the patient. The 
phenomenon of residual neuromuscular block is more common in elderly, female, and hypothermic patients.11 

Fortunately, this can be avoided by the appropriate assessment of a patient and by carefully monitoring the degree of 
muscle relaxation.6

Assessment of muscle function on the basis of clinical tests, despite its long history of use, is today considered a very 
unreliable method and should not be applied in clinical practice. The instrumental method of objective monitoring is now 
the primary strategy used to avoid residual muscle relaxation during patient recovery from general anesthesia and 
involves electrical stimulation of the motor nerve and monitoring the response of the muscle supplied by this nerve 
(Table 1). Direct methods, which do not use any instruments, include the assessment of neuromuscular recovery and 
transmission only on the basis of clinical tests (Table 1). However, this method is unreliable even when carried out by an 
experienced anaesthesiologist which, unfortunately, is still often practiced and may lead to a situation in which the 
patient’s life will be endangered.

Instrumental methods of monitoring can be divided into subjective and objective ones. The subjective instrumental 
method is based on a visual or tactile assessment of the neuromuscular response to a given stimulus. No device for 
analyzing and recording the measurement result is required. Therefore, the quality of such assessment depends on the 
experience of the person conducting it. Unfortunately, at TOFR < 0.4, residual muscle relaxation is often ambiguously or 
incorrectly interpreted even by an experienced clinician. To minimize this problem, alternative stimulation modules such 
as DBS (double burst stimulation) have been introduced. Using this method, the detectability of the residual neuromus-
cular blockade was improved, but only to TOFR = 0.6.12 Taking into consideration the above stated and the fact that 
according to the current guidelines, the TOFR factor that is safe for extubation is when factor TOFR>0.9 (which cannot 
be determined by subjective methods), the best methods for monitoring neuromuscular transmission are currently 
considered to be the objective methods, which include: acceleromyography (AMG), mechanomyography (MMG), 

Table 1 Methods of Neuromuscular Transmission Monitoring

Non-Instrumental Clinical Tests Instrumental

Unreliable Subjective Objective

Eyes opening 

Sticking out the tongue 

Hand raising 
Normal tidal volume 

Max inspiratory pressure 

Head lift >5s 
Leg lift >5s 

Hand grip >5s 

Tongue depressor test for 5s

Visual assessment Tactile assessment Acceleromyography 

Mechanomyography 

Electromyography 
Kinemyography 

Phonomyography 

Compressomyography
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electromyography (EMG), kinemyography (KMG), phonomyography (PMG) and the newest with a non-official name 
“compressomyography”.

Currently, in clinical practice, the most common method of neuromuscular transmission objective monitoring is 
acceleromyography (eg TOF-Watch XS).13–15 PMG is a relatively new method that is still being researched and is not 
applicable in clinical practice. In addition to separate monitoring devices, modules added to dedicated monitors are also 
available on the market. The most frequently used stimulation mode by anaesthesiologists is TOF.16–21 When discussing 
the topic further, it should be noted that in order to increase the accuracy of measurements conducted with objective 
instrumental methods, each time before the first administration of the muscle relaxant, the device should be calibrated 
(which does not apply to new generation devices: TOF-Scan, Stimpod, Stimpod NMS 450X and wireless monitor- 
WiTOF) in order to determine the reference values. Calibration involves finding a supramaximal current that identifies 
the best stimulating current that minimizes background noise. Supramaximal stimulation is the electrical stimulus 15 to 
20% above that is necessary to produce contraction of all the muscle fibers supplied to a nerve. Since such calibration is 
unpleasant for the patient, it is performed after administration of the analgesic and anesthetic.22–25 The advantage of 
objective methods of assessing the degree of muscle relaxation is the lack of influence on the result of simultaneously 
administered intravenous anesthetics, opioids and inhaled anesthetics. The methods used to monitor neuromuscular 
transmission are presented in Table 1.

The use of objective neuromuscular monitoring is of great clinical importance. It provides guidance on when it is 
necessary to administer a maintenance dose of the muscle relaxant when to start pharmacological termination of 
neuromuscular blockade, and helps determine the optimal time for intubation and, most importantly, extubation. It 
allows to adjust the degree of muscle relaxation to the needs of surgery that allows safe recovery of the patient from 
general anesthesia and to avoid postoperative respiratory failure. Monitoring of muscle relaxation is of particular 
importance for trainees, because it allows them to learn about the pharmacodynamics of drugs through clinical practice. 
It is not without significance that it allows the hospital to reduce costs incurred in the event of unjustified administration 
of excessive doses of muscle relaxants or the incidence of wrong-time errors such as administration of drugs that reverse 
the neuromuscular blockade. Therefore, this review aims to present an update on current methods for clinical neuro-
muscular monitoring in anesthesiology.

Literature Review
The following keywords were used: Neuromuscular monitoring, Neuromuscular blockade, Peripheral nerve stimulation, 
Anesthesiology, Review. This research analyzed themes emerging from 50 articles about neuromuscular monitoring. For 
the article, the most up-to- date manuscripts at the moment were used, from recognized journals. The analysis was 
performed using the search engines Pub med and Google Scholar.

Main Sections
Objective Instrumental Methods Used for Monitoring Neuromuscular Transmission
Mechanomyography
Mechanomyography (MMG) is a method considered to be the “gold standard”, it is a direct measurement of muscle 
contraction strength after its stimulation.26 In other words, it is a measure of the mechanical response to a given electrical 
stimulus. The most common technique used in this method is stimulating the ulnar nerve. The measuring device is placed 
on the thumb positioned in abduction with a load of 2–3N so that the direction of the measured force of the contracting 
muscle is consistent with the axis of the transducer. It should be noted that the key to this method is the preload and the 
position of the thumb in abduction. It is also necessary to calibrate the device and determine the contraction control value 
before administering the muscle relaxant and after administering the hypnotics (because calibration is painful). Only after 
the reference value has been determined, the muscle relaxants can be administered and the appropriate measurements 
started. Then, by means of a transducer, the contraction force value is converted into an electrical signal and displayed on 
the monitor as a numerical value or in an analog manner. Assessment of the depth of the neuromuscular blockade by 
MMG depends on many factors and is too time-consuming to be performed in everyday clinical practice. For this reason, 
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it is not recommended for use in clinical settings, but is used in research on muscle relaxants, where it is considered the 
gold standard. Another limitation of MMG is that it can only be used to monitor certain muscles (including the adductor 
pollicis muscle and the flexor digitorum brevis muscle). However, it does not enable monitoring of the muscles of the 
larynx or the diaphragm which is most important for anesthesiologists. In addition, the company producing the 
“Myograph 2000” apparatus has suspended its production, which is why the importance of MMG is decreasing even 
in the context of scientific research.23

Compressomyography (non-official name of the method, suggested by the manufacturer), a new monitoring device 
has appeared in 2014 in Europe, in 2019 in the USA (approved by the Food and Drug Administration), and in 2017 on 
the Polish market. It is the TOF-Cuff Monitor, which is essentially a modified cuff for the non-invasive measurement of 
blood pressure. It has built-in electrodes that stimulate the peripheral nerves located on the arm (most often the ulnar or 
median nerves), it is also possible to make measurements on the lower limb.27,28 This monitoring system has been 
validated with mechanomyography, and the detected reaction is a change in cuff pressure generated by muscle 
contraction in response to a given stimulus. The great advantage of this device is the ability to make measurements at 
any patient position and the fact it has an autopilot mode, which detects changes in the patient’s position and 
automatically starts measuring vital functions. It can be used during surgical procedures where the arms are tucked as 
the measurements do not require a free-moving thumb.29 As it is a combination of a non-invasive blood pressure monitor 
with a neuromuscular blockade detecting monitor, it saves time spent on putting on the equipment in cases such as an 
urgent caesarean section under general anesthesia. TOF-Cuff offers the possibility of measuring neuromuscular transmis-
sion in adults, while developing a pediatric cuff is still in progress. However, due to the high price of the device, it is not 
a popular device on the market. In a recent study published in 2020 comparing TOF-Cuff with TOF-Scan during 
induction of anesthesia, a significant systematic difference in time achieved with a factor of TOFR=0 was found when 
using both devices in obese patients. There were large intra- individual variations and clinically significant differences in 
non-obese and obese patients. It was concluded that the two devices were not interchangeable.30 A 2018 study comparing 
TOF-Cuff with AMG showed that upper extremity neuromuscular transmission measurement with the TOF-Cuff should 
not be used interchangeably with EMG or AMG measurements on the adductor pollicis muscle. Recovery to TOFR> 0.9 
took an average of 25 minutes longer with EMG or AMG compared to the TOF-Cuff. According to the authors of the 
above-mentioned work, EMG and AMG are more appropriate for excluding residual muscle relaxation.31 A 2020 study 
of the use of TOF-Cuff on the lower limb during upper limb procedures showed high compliance with TOF-Scan results 
after ulnar nerve stimulation in the time ranging from the administration of a standard dose of atracurium to TOFR=0. 
However, this study found a high failure rate for TOF-Cuff measurements on the lower limb.27 In contrast, another 2020 
study comparing TOF-Cuff and TOF-Scan found that the cuff recorded endpoints earlier than TOF-Scan. The authors of 
the study stated that, despite these differences, the results obtained with these methods may be important in clinical 
settings.32 In another study comparing TOF-Cuff and TOF-Scan over the rapid intubation sequence, no statistically 
significant difference was found between these devices. However, due to high variability and wide compliance limits 
found, the authors concluded that these devices cannot be used interchangeably.33 In a 2017 study comparing TOF-Cuff 
with MMG and with invasive blood pressure measurement, TOF-Cuff was shown to be effective and safe in monitoring 
neuromuscular blockade and NIBP (Non-Invasive Blood Pressure), but it cannot be used interchangeably with MMG.34 

In a study by Markle et al from 2017, technical problems were highlighted. Among the 56 patients participating in the 
study, technical problems occurred at least once in 14 patients in the TOF-Cuff measurements and in 7 patients in the 
TOF-Scan measurements. The need to test more patients in different groups and clinical situations with TOF-Cuff was 
also emphasized.35

Acceleromyography
Acceleromyography (AMG) is the most commonly used technique. Its operating principle is based on the piezoelectric 
effect and involves the registration of the contracting muscle acceleration after its stimulation.36 The piezoelectric effect 
is the appearance of electric charges on the surface of a material under the influence of mechanical stress. Due to the fact 
that the measured value is acceleration, in practice AMG is used in areas of the body where the effect of nerve 
stimulation is easy to measure. Most commonly, the ulnar nerve is used for this purpose and measures the acceleration 
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of the adductor pollicis muscle. The electrodes are placed superiorly to where the ulnar nerve runs on the ventral side of 
the wrist, while the acceleration sensor is attached to the thumb. The movement of the finger (as a result of nerve 
stimulation) generates an electric current, the intensity depends on the acceleration of the moving finger. In summary, if 
the thumb is a solid, freely moving mass, the measured acceleration according to Newton’s Second Law of Motion 
(Force = Mass x Acceleration) is used to determine the force developed by the stimulated muscle. Moreover, it is also 
possible to measure the acceleration after stimulation of the posterior tibial nerve and the facial nerve (flexor digitorum 
brevis muscle, orbicularis oculi muscle, corrugator supercilii muscle).37,38 While the neuromuscular blockade at the 
orbicularis oculi muscle is similar to that of the adductor pollicis muscle, the corrugator supercilii muscle is much more 
resistant to NMBAs (Neuro-muscular Blocking Agents) and hence its blockade is more consistent with that observed on 
the laryngeal adductor muscles or the diaphragm. (Figure 1) 7 What is also important, AMG-based monitors are used in 
pediatric anesthesia.39 The first AMG-based device was invented in 1987.23 As early as 1994, the first battery-powered 
accelerometer was developed - the TOF-Guard, which is rarely used today. In clinical practice, AMG is easy to measure, 
but its use requires an appropriate position (allowing the limb to return to its initial position) and direction of movement, 
which will eliminate the influence of gravity (hand in supination, movement in the horizontal direction). The introduction 
of devices worn on the thumb has largely eliminated erroneous measurements that occur after changing the patient’s 
position or after the thumb has not fully returned to its original position. The value obtained is converted to TOFR and 
displayed on the monitor of the device.

The most popular accelerometric device in clinical practice is the TOF-Watch SX, which enables an accurate 
assessment of the neuromuscular function during the intraoperative period. One of the latest devices is the TOF-Scan, 
which is also based on the AMG. The thumb movement is measured in three-dimensional (as opposed to TOF-Watch 
measurements only in one dimension), which gives high measurement accuracy in various clinical conditions. The device 
has a built-in battery, which after charging, has a limited battery-life, without being connected to a power source. The use 
of additional equipment makes it possible to measure not only on the adductor pollicis muscle, but also the alternative 
muscles: the flexor digitorum and the orbicularis oculi muscles, although the latter methods are not routinely used.38 

Recent studies have shown a high correlation between the measurements obtained with the calibrated TOF-Watch and 
with TOF-Scan without calibration. However, this applies to the data collected at TOFR 0.9, and not in the initial phases 
of the recovery of muscle function.40 WiTOF - is a novel device, the first wireless NMT monitor, which is available from 
March 2021. It simplifies accessibility to the hand or the foot of the patient and allows for optimal positioning of the 
monitor in the operating theatre. A set of algorithms and protocols guarantee a secure wireless communication.41

A characteristic phenomenon for devices using AMG eq. TOF-Watch and TOF-Watch SX (the reverse fade 
phenomenon), which is not a measurement error, and which is not observed in the case of MMG and EMG, is marking 
TOFR> 1.0 in the period between the calibration and the administration of the muscle relaxant.23 Acceleromyography 
frequently produces slightly higher recovery values than mechanomyography and electromyography measurements, 
therefore, AMG values cannot be directly equated with the comparators’ measurements. For this reason, some authors 
have proposed to »normalize- the neuromuscular recovery values measured by acceleromyography, ie by first comparing 

Figure 1 Neuro-muscular Blocking Agents (NMBA) - specific sensitivity of various muscle groups. The diaphragm exhibits the lowest and the pharyngeal muscles the highest 
sensitivity.
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them with the baseline value, and not to assume adequate neuromuscular recovery until this normalized value equals 
a TOF ratio of at least 0.9. 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. Such accuracy is sufficient for clinical evaluation, but insufficient for use in research.42

Electromyography
Electromyography (EMG) is the oldest method of monitoring neuromuscular transmission. It involves measuring the 
electrical response of a muscle (action potential) to a given electrical stimulus. This method is based on the principle of 
proportionality of the muscle’s electrical activity to the force of its contraction, therefore it is called the indirect method 
of measuring neuromuscular transmission. The most common measurement is the EMG of the adductor pollicis muscle 
after stimulation of the ulnar nerve, although it is possible to record the electrical response of other muscles, eg in the 
lower limb. In addition to the two stimulation electrodes, this method requires another three electrodes which increase the 
cost of using the EMG. Most often, the measurement is given as a percentage of the control value (100%) or as TOFR. 
This measurement method is very accurate, but there is a possibility of signal interference by direct muscle stimulation, 
diathermy, incorrect connection of the device (electrodes with the GE EMG-based monitors require appropriate place-
ment; however, most of the other EMG devices (Stimpod, Stimpod450X, TetraGraph, TwitchView) use proprietary 
electrodes and pathologies in neuromuscular transmission.24 Cooling down the muscles leads to an increase in the 
nervous response and false high results of the EMG measurements. Two new electromyography devices TwichView 
(Blink Device Co, Seattle, United States) and TetraGraph (Senzime, Uppsala, Sweden) are recently accepted by the FDA. 
In the pilot study, which compares TetraGraph with TwichView authors find that the TetraGraph underestimated the post- 
tetanic-count, train-of-four count and train-of-four.43 The advantage of EMG in comparison with MMG is the freedom of 
positioning the limb to perform the measurement, with no need for preload and stabilization. This results in the 
possibility of measurements on various muscles, such as the diaphragm and laryngeal muscles. In a 2019 study on 
101 people, it was shown that the placement of electrodes and neuromuscular transmission measurement within the 
posterior tibial nerve was not a problem compared to the examination in the upper limb.44 A different study suggests that 
there is no statistically significant difference between the onset and recovery of neuromuscular block using electromyo-
graphy for the ulnar and posterior tibial nerves.45 The order of the electrodes marked with a color code from the distal to 
the proximal area of the body is important, according to the manufacturer’s recommendations.46 When measuring the 
diaphragm action potential, recording electrodes are placed on the right side of the spine (Th12 / L1 or L1 / L2) and the 
right phrenic nerve is stimulated transcutaneously in the cervical segment. Neuromuscular monitoring sites are included 
in Table 2. and Figure 2–4.

Table 2 Neuromuscular Monitoring Sites

Method Recording Sites

Electromyography (EMG) Upper Limb Hand Abductor Digiti Minimi, Adductor Pollicis

Distal Arm Extensor Carpi Radialis Longus and Brevis Flexor Carpi Radialis

Proximal 

Arm and 

Shoulder

Biceps Brachii Deltoid Triceps Brachii

Lower Limb Foot Abductor Digiti Minimi Abductor Hallucis First Dorsal Interosseus

Face Frontalis Corrugator Supercilii Orbicularis Oculi Levator Labii Superiori 

Alaeque Nasi Zygomaticus Major Orbicularis Oris Depressoe Anguli 

Oris Mentalis

(Continued)
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Kinemyography
Kinemyography (KMG) is the second method of monitoring neuromuscular transmission based on the piezoelectric 
phenomenon, but in this case, the electric current is generated not by acceleration (as in the case of AMG), but by 

Table 2 (Continued). 

Method Recording Sites

Acceleromyography (AMG) The same place of muscle response as EMG, preferred to use in cranial muscle response.

Kinemyography (KMG) Upper Limb Hand Adductor Pollicis and FDI muscles

Compressomyography (CMG) Upper Limb Proximal 
Arm

Biceps Brachii

Mechanomyography (MMG) Upper Limb Proximal 
Arm

Biceps Brachii

Lower Limb Thigh and 
Pelvis

Quadriceps Femoris

Face Masseter

Figure 2 Facial EMG and AMG muscle list.
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Figure 3 Upper Limb EMG and AMG muscle list.

Figure 4 Lower Limb EMG and AMG muscle list.
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Table 3 Advantages and Disadvantages of Particular Methods of Neuromuscular Transmission Monitoring

Mechanomyography Compressomyography Acceleromyography Electromyography Kinemyography Phonomyography

Advantages ● Precise recordings ● Has permanently built 
in electrodes,

● allows patients to 
move freely,

● obtains two measure-
ments using one 
device,

● has a large monitor 
screen

● Easier to use in clin-
ical settings

● Quick calibration
● Allows patients to 

move freely
● Available for use in 

neonatology

● Good correlation with 
MMG

● Does not require pre-
load and patient 
immobility

● Allows patients to 
move freely

● Can measure different 
muscle groups

● Simple to use

● Allows patient to move upper 
limb as long as thumb is 
immobile

● Available in clinical practice
● Available for use in pediatric 

patients
● Contains alarm mode settings

● Clear and simple 
reading

● Non-invasive
● Can monitor different 

muscle groups 
simultaneously

● Good correlation 
between MMG, EMG 
and AMG

Disadvantages ● Slow performance, limited to adductor pollicis mm, 
lack of precision, device production has been 
discontinued

● Price,
● small prevalence,
● limited research

● The need to elimi-
nate the gravity 
force

● After calibration, the 
TOF can reach 
>100%

● Susceptible to 
interference

● Can be altered due to 
temperature

● Cost of 5 electrodes

● Few studies have been carried 
out

● Suspected to have good corre-
lation between KMG and 
MMG

● Only adductor pollicis muscle 
can be monitored

● Still under research
● No clinical use
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deformation of the sensor (mechanosensor) containing piezoelectric material. A mechanical sensor is placed in the space 
between the thumb and forefinger. After stimulation of the ulnar nerve and contraction of the adductor pollicis muscle 
(causing deformation of the sensor), the neuromuscular transmission module (GE Datex-Ohmeda M- NMT Module - the 
most commonly known device) measures the electrical current generated during this process. Despite being based on the 
same phenomenon, the results collected from the KMG and AMG measurements are not completely consistent. In the study 
by Salminen et al from 2016 comparing the measurements of neuromuscular transmission obtained with KMG (M-NMT 
Mechanosensor) and EMG (ElectroSensor), it was shown that KMG gives overestimated results compared to EMG.47

Phonomyography
Phonomyography (PMG), the first studies with the use of PMG were carried out in 2004. In turn, work on an animal 
model appeared in 2006, which makes it a relatively new method that allows the monitoring of neuromuscular 
transmission, which, however, has not yet been used in clinical practice.13,48,49 During muscle contraction, a low- 
frequency sound is generated, which is picked up by a special microphone placed on the surface of the skin. The basis of 
this measurement method is the phenomenon in which the sound intensity is proportional to the contraction force 
generated by the muscle. This phenomenon was already described in the Baroque era by the Italian mathematician and 
physicist Francesco Grimaldi and published a year after his death in 1665.50 After the signal is processed - the result is 
displayed on the monitor in a graphic form. This method is mainly used for research purposes. PMG correlates well with 
MMG, EMG and AMG measurements,51,52 but is not available for clinical use. It is possible to monitor neuromuscular 
transmission using a variety of muscles, not just the adductor pollicis muscle.

Conclusions
According to current knowledge, return of neuromuscular transmission, defined as a factor of recovery from four 
consecutive stimulations (Train of Four Ratio, TOF R)> 0.9, is required for the safe extubation of the patient. The 
evaluation of this parameter is possible only when using objective instrumental methods of monitoring muscle strength. 
Subjective instrumental methods should not play a role in modern anaesthesiology because they can only detect residual 
neuromuscular blockade up to TOFR = 0.6. Objective instrumental methods are used to assess neuromuscular blockade 
by measuring the strength of muscle contraction (mechanomyography, MMG), acceleration (acceleromyography, AMG), 
action potential (electromyography, EMG), sensor deformation (kinemyography, KMG), sound wave (phonomyography, 
respectively, PMG) or pressure inside the pneumatic system (compressomyography - non-official name of the method, 
suggested by the manufacturer) that appear after the motor nerve that supplies the relevant muscles is stimulated.

The advantages and disadvantages of these subjective instrumental methods are set out in Table 3. The stages of 
operation of neuromuscular technology are included in Table 4.

Future Directions
Despite the adoption of several standards and opinions concerning the need for objective neuromuscular monitoring 
during general anaesthesia with the use of muscle relaxants, the prevalence of this practice remains insufficient and, in 
view of the review of the following literature - mandatory. It seems necessary to provide training to raise clinicians’ 

Table 4 Stages of Operation of Neuromuscular Technology

Method Depolarization of the Muscle 
Membrane

Level of Muscle 
Contraction

Electromyography (EMG) + –

Acceleromyography (AMG) – +

Kinemyography (KMG) – +

Compressomyography (CMG) – +

Mechanomyography (MMG) – +
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awareness of the importance of objectification of the muscle relaxation degree that allows the patient to be safely carried 
through the process of anesthesia and recovery.

Disclosure
The authors declare that they have no competing interests.
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