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Purpose: To review established techniques and to provide an 
update on new methods for clinical monitoring of neuromuscu-
lar function relevant to anesthesia. 

Source: A PubMed search of relevant article for the period 
1985–2005 was undertaken, and bibliographies were scanned 
for additional sources. 

Principal findings: There is no substitute for objective neuro-
muscular monitoring; for research purposes, mechanomyogra-
phy (MMG) is the gold standard; however, the most versatile 
method in the clinical setting is acceleromyography since it can 
be applied at various muscles and has a long track record of clin-
ical utility. Kinemyography is valid to monitor recovery of neu-
romuscular transmission at the adductor pollicis muscle (AP), 
whereas phonomyography is easy to apply to various muscles 
and shows promising agreement with MMG. Monitoring of the 
corrugator supercilii muscle (CS) may be used to determine 
the earliest time for tracheal intubation as it reflects laryngeal 
relaxation better than monitoring at the AP. Recovery of neuro-
muscular transmission is best monitored at the AP, since it is the 
last muscle to recover from neuromuscular blockade (NMB). 
If train-of-four (TOF) stimulation is used, a TOF-ratio > 0.9 
should be the target before awakening the patient. If surgery 
or the type of anesthesia necessitates NMB of a certain degree, 
e.g., TOF-ratio = 0.25, monitoring of muscles which best 
reflect the degree of NMB at the surgical site is preferable. 

Conclusion: Objective methods should be used to monitor neu-
romuscular function in clinical anesthesia. Acceleromyography 
offers the best compromise with respect to ease of use, prac-
ticality, versatility, precision and applicability at various muscles. 

The CS is the optimal muscle to determine the earliest time for 
intubation, e.g., for rapid sequence induction. 
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Objectif : Faire le point sur les techniques établies et fournir une 
mise à jour sur les nouvelles méthodes de monitorage clinique de la 
fonction neuromusculaire pertinentes à l’anesthésie.

Source : Une recherche PubMed d’articles pertinents de la période 
1985-2005 a été effectuée, et des bibliographies ont été fouillées 
afin d’obtenir des sources supplémentaires.

Constatations principales : Il n’existe pas de substitut pour le 
monitorage neuromusculaire objectif ; à des fins de recherche, la 
méchanomyographie (MMG) est l’étalon or (« gold standard ») ; 
l’accéléromyographie est la méthode la plus polyvalente dans un 
environnement clinique, étant donné qu’elle peut être appliquée à 
divers muscles et a depuis longtemps fait ses preuves d’utilité cli-
nique. La kinémyographie est valable pour surveiller la récupération 
de la transmission neuromusculaire au niveau du muscle adducteur 
du pouce (AP), alors que la phonomyographie est facile à appliquer 
à divers muscles et démontre un accord prometteur avec la MMG. 
Le monitorage du muscle sourcilier (CS) peut être utilisé afin de 
déterminer le temps le plus court pour l’intubation trachéale, étant 
donné qu’il reflète la curarisation du larynx mieux que le monitor-
age de l’AP. La récupération de la transmission neuromusculaire 
est le mieux surveillée au niveau de l’AP, vu que ce muscle est le 
dernier à se rétablir d’un blocage neuromusculaire (BNM). Si une 
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stimulation en train-de-quatre (TOF) est utilisée, un ratio de TOF 
> 0,9 devrait être l’objectif avant de réveiller le patient. Si la 
chirurgie ou le type d’anesthésie nécessite un BNM d’un certain 
degré, par exemple, un ratio de TOF = 0,25, le monitorage des 
muscles qui reflète le mieux le degré de BNM au site chirurgical 
est préférable.

Conclusion : Des méthodes objectives devraient être utilisées 
pour le monitorage de la fonction neuromusculaire en anesthésie 
clinique. L’accéléromyographie offre le meilleur compromis si l’on 
considère la facilité d’utilisation, l’aspect pratique, la flexibilité, 
la précision ainsi que l’applicabilité à divers muscles. Le CS est 
le muscle optimal pour déterminer le temps le plus court pour 
l’intubation, par exemple lors d’une induction à séquence rapide.

THE last 20 years have been exciting in neu-
romuscular research since new technolo-
gies for monitoring neuromuscular function 
have emerged. Several of the new technolo-

gies have direct clinical applications for routine periop-
erative management. Acceleromyography (AMG) and 
kinemyography (KMG) provide increasingly objective 
measures of neuromuscular function. More recently, 
phonomyography (PMG) was introduced, and this 
technique provides the clinician with the ability 
to discern the differential effects of neuromuscular 
blocking drugs on various muscle groups. A better 
understanding of how different muscles respond to 
muscle relaxants has also increased our knowledge of 
the pharmacodynamic profiles and potency of neuro-
muscular blockade drugs (NMBDs). 

This review considers the benefits and limitations of 
currently available methods of monitoring neuromus-
cular function, and weighs the related technology 
and different stimulation possibilities. Finally, recom-
mendations for monitoring neuromuscular function 
in routine daily practice are provided. Relevant arti-
cles were searched through PubMed for the period 
1980–2005 using the following keywords and terms: 
“neuromuscular blockade”; “neuromuscular moni-
toring”; “mivacurium”, “rocuronium”, “cisatracuri-
um”, “succinylcholine”, “vecuronium”, “atracurium”; 
“neuromuscular blockade” + “larynx”, “diaphragm”, 
“adductor pollicis muscle”, “corrugator supercilii mus-
cle”, “orbicularis oculi”, “vastus medialis muscle”, 
“flexor hallucis brevis muscle”; “mechanomyography”, 
“acceleromyography”, “electromyography”, “kinemy-
ography”, “phonomyography”, “acoustic myography”; 
“staircase effect”. Screened articles which considered 
the pharmacodynamic variability of NMBDs and which 
recorded comparisons between the adductor pollicis 
muscle (AP) and the larynx, the corrugator supercilii 

muscle (CS), the orbicularis oculi muscle (OO) and/
or the diaphragm were considered, and their bibliogra-
phies were scanned for additional sources.

Rationale for routine monitoring of neuromuscu-
lar function
There are several periods during the course of general 
anesthesia when the use of NMBDs is important and 
neuromuscular monitoring is necessary. Although 
clinical experience and some studies have shown that 
endotracheal intubation without the use of NMBDs is 
possible,1–3 profound anesthesia is usually required and 
intubating conditions are less optimal as compared with 
complete neuromuscular blockade (NMB).4 Mencke et 
al.5 found in a double-blind controlled study that the 
use of atracurium during a propofol-fentanyl induction 
scheme improved the quality of intubating conditions 
and decreased postoperative hoarseness and vocal cord 
damage. The insertion of an endotracheal tube using 
NMBDs enhances its ease and safety, and reduces 
postoperative patient discomfort. Even laryngeal mask 
airway (LMA) insertion may be facilitated by using a 
submaximal dose of a NMBD.6 Furthermore, intermit-
tent positive pressure ventilation (IPPV) with an LMA 
and a sub-paralyzing dose of NMBD may facilitate 
mechanical ventilation and avoid air leakage with the 
danger of subsequent ventilation problems (decrease in 
tidal volumes, air obstruction due to vocal cord adduc-
tion).7 However, one study has shown that when using 
the LMA with IPPV, NMB does not alter the inci-
dence or severity of pharyngolaryngeal discomfort,8 
possibly because pharyngeal mucosal pressures are not 
influenced by NMB.9 

Although clinical judgment of surgical conditions 
(e.g., adequate relaxation) can be subjective, recent 
studies have shown that NMBDs can improve surgical 
conditions, most specifically in abdominal surgery.10,11 
Neuromuscular blockade can be used to maintain a 
lighter plane of anesthesia; profound NMB can be 
useful for procedures such as intracranial surgery or 
complex eye surgery where even slight movement 
could result in critical events.

Probably, the most critical time to monitor neu-
romuscular function is at the end of surgery, prior 
to emergence from anesthesia. Use of a peripheral 
nerve stimulator is common in order to document 
the extent of recovery of neuromuscular function by 
either tactile or visual evaluation – however limited 
this method might be.12,13 It has been shown that a 
train-of-four (TOF) ratio > 0.9 at the AP is neces-
sary to achieve adequate airway protection in order 
to avoid postoperative atelectasis or pneumonia.14,15 
Eriksson et al.14 found a significantly reduced upper 
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esophageal sphincter resting tone at TOF-ratios < 
0.9, reduced muscle coordination and shortened 
bolus transit times at a TOF-ratio of 0.6 in 14 awake 
volunteers. Berg et al.15 showed that TOF-ratios < 0.7 
present a significant risk for the development of post-
operative pulmonary complications following a variety 
of surgeries. To date, the absence of an ideal monitor-
ing device has been one of the main reasons why many 
anesthesiologists do not routinely use an objective 
method to monitor neuromuscular function. 

Techniques to monitor neuromuscular function
Clinical evaluation
Subjective evaluation consists of the clinical evalua-
tion of the degree of relaxation based on the patient’s 
ability to perform certain tasks or the tactile muscle 
response associated with evoked stimulation. Clinical 
evaluation is limited during general anesthesia, but 
can be used to determine the return of normal neu-
romuscular transmission following emergence from 
anesthesia. Although some tests such as sustained 
head-lift, leg-lift or hand-grip sustained for more than 
five seconds16 can be quite reliable, they depend on 
the degree of consciousness and cooperation of the 
patient after general anesthesia. With optimal patient 
cooperation, failure to adequately perform these sim-
ple tests should lead the clinician to suspect residual 
NMB and initiate more objective testing.

Subjective monitoring of NMB is still the most 
widely used method of neuromuscular monitoring. 
Subjective monitoring is mostly used at the hand to 
evaluate the response of the AP, but also at the eye-
brow to record the response of the CS or the OO. 
Although agreement between these subjective and 
objective methods depends on observer experience17–19 

(especially with AMG), at best, each method serves to 
count the number of TOF-responses. The ability to 
distinguish subjectively between TOF-ratios of 0.7, 
0.8 or 0.9 using AMG, while important clinically, is 
limited. Although double-burst stimulation (DBS) 
(see below) might improve the clinical assessment, 
DBS cannot be a substitute for other objective meth-
ods, and does not facilitate precise titration of iterative 
doses of NMBDs to maintain a specified degree of 
paralysis during surgery. 

Quantitative (objective) methods
MECHANOMYOGRAPHY (MMG)
If neuromuscular monitoring should reflect the degree 
of relaxation of a given muscle, then measuring the 
actual force is the best method to monitor NMB. 
Of all the monitoring methods, MMG requires the 
most stringent preparations and precautions: ideally, 

the muscle should be fixed in a specially moulded 
cast to prevent changes of position, and a constant 
pre-load should be applied according to the muscle 
site monitored and the size of the muscle (Figure 1). 
However, MMG is not free of limitations: drift can be 
a problem, the response does not return to the control 
amplitude; and even a slight detachment of the hand 
from the monitoring device can change the amplitude 
of the evoked signal. In general, MMG devices are 
awkward and bulky to prepare, require meticulous 
control of hand positioning, and can only be used to 
measure the response at the AP.

Other modalities exist which are MMG-alike, such 
as the balloon pressure method for monitoring either 
the larynx20 or the CS.21 These methods measure the 
actual force by indirect methods, such as the change of 
pressure exerted onto a balloon compressed by move-
ment of the thumb or contraction of the CS. Again, 
these methods are not easy to apply in the clinical set-
ting, and are reserved primarily for research purposes 
as a gold standard or reference against which other 
methods can be tested.

Electromyography (EMG)
Electromyography is the oldest method of neuromus-
cular monitoring22 and is based on recording of the 
compound action potential after evoked stimulation of 
a motor nerve (Figure 2). Whether integrated or peak-
to-peak amplitude is used to determine the power of 
the potential, the ability to use this method for routine 
monitoring is not influenced.23 In general, EMG has 
been evaluated for most muscle sites of interest in 
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FIGURE 1  Setup for mechanomyographic monitoring. 
The arm should be placed in a pre-molded cast, the thumb 
attached to a force transducer with an adequate pre-load.
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research and clinical practice, such as the larynx,24–26 
the diaphragm,27–29 the AP30,31 and, with restrictions, 
the CS and the OO.32 Electromyography of smaller 
muscles, however, is difficult because of the small 
action potentials created. Agreement with MMG can 
be a problem, and there are several studies which show 
that EMG and MMG cannot be used interchange-
ably.33–37 Technical problems which arise with EMG 
include drift over time – the EMG potential does not 
return to control levels, failure to descend completely 
in fully relaxed muscles, and interference with other 
electronic devices. Despite these limitations, good 
correlation has been demonstrated in monitoring the 
effects of NMBDs at the diaphragm between mano-
metrically measuring the pressure induced within the 
esophagus38,39 (although cumbersome and invasive) 
and external EMG monitoring. Refinements of this 
monitoring technique have evolved with monitoring 
of the posterior diaphragm.28 

Acceleromyography
Acceleromyography measures acceleration of a given 
end-organ, e.g., the thumb when moved by the AP. 
It is related to the actual force by the formula: force 
= mass × acceleration. Acceleromyography is easy to 
apply, can be used with data processing devices and is 
relatively inexpensive (Figure 3). Acceleromyography 
shows good agreement with MMG or EMG when the 
set-up has been carefully established.40,41 However, 
its use at muscles other than the AP is limited: it can-
not be used at the larynx or the the diaphragm, and 
only with difficulty at muscles which do not create a 

distinctive movement. Recently, it has been shown 
that use of AMG at the eye muscles, such as the CS, 
is limited, especially in detecting the maximum degree 
of NMB.42 In general, the accuracy of AMG decreases 
when less movement, or acceleration, occurs at the 
end-organ, such as at the CS or the OO. Accuracy 
is dependent on the mass of the acceleromyographic 
probe. In a recent study, Kopman et al.43 showed 
that the addition of an elastic preload to the thumb 
decreased the TOF variability without any effect on 
the relationship between twitch height and the TOF-
ratio. At present, AMG is the most accurate and reli-
able monitoring method commercially available to 
measure NMB objectively in routine clinical settings.

Kinemyography 
Recently, a neuromuscular monitoring device entered 
the market, integrated into the Datex Ohmeda Aestiva 
anesthetic machine (Datex Ohmeda Inc, Madison, 
WI, USA). The device uses KMG, and is based on 
measuring movement of the thumb (Figure 4). 
Kinemyography employs a piezo-electric transducer 
and consists of a moulded plastic device which mir-
rors the contour of the outstretched thumb and index 
finger. One study has shown that this device agrees 
reasonably with MMG for monitoring TOF-ratios, 
but other pharmacodynamic responses do not agree 
well with the MMG.44 Although the Mechanosensor 
NMT device (Datex Ohmeda Inc, Madison, WI, 
USA) is practical in the clinical setting, its accuracy is 
not superior to that of AMG, and careful hand posi-
tioning is necessary to avoid artefacts. The response, 

FIGURE 2  Stimulation of the ulnar nerve and electromyo-
graphic recording at the thenar area for detection of an 
evoked response of the adductor pollicis muscle. A neutral 
electrode needs to be placed in the middle of the hand. 
Recordings can be influenced by skin disease, such as found 
in Dupuytren’s disease.

FIGURE 3  The piezoelectric probe of the acceleromyo-
graph is attached to the tip of the thumb; stimulation of 
the ulnar nerve in standard fashion. For optimal results, 
the hand should be placed in a cast, as with mechanomyo-
graphic recordings.
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especially during recovery of neuromuscular function, 
can be misleading.45

Phonomyography 
Phonomyography is based on the fact that contracting 
muscles evoke sounds of low frequencies which can be 
detected using special microphones. Muscle sounds 
were first described in 1665 by Grimaldi.46 Recording 
muscle sounds involves specialized equipment. The 
most frequently used transducers are microphones 
(condenser or piezoelectric) or capacitance accelerom-
eters.47 The emission of sound waves is due to a spatial 
modification of the muscle during contraction. The 
signal can be recorded at the surface of the skin (Figure 
5). It is important to have sufficient sensitivity to 
record very low frequencies; frequencies below 50 Hz 
represent approximately 90% of the signal power spec-
trum.42 The signal is biphasic, and the peak-to-peak 
amplitude is the most useful measured parameter.

Initially, air-coupled, bulky microphones were used 
for PMG and one study showed very good agreement 
between PMG and MMG48 whereas another study 
did not establish that agreement with MMG was suf-
ficient for research purposes.49 Limited ability of the 
air-coupled microphones to detect frequencies of 2–10 
Hz might have been the reason for these contradictory 
results. It has been shown that the peak frequency of 
a typical signal is at 4–5 Hz and the maximum power 
occurs over a spectrum of frequencies up to 50 Hz.42 
Good to very good agreement with MMG or MMG-

like methods has been shown for the adducting laryn-
geal muscles,50 the CS,21 and the AP.51 In fact, at the 
CS, PMG was more sensitive in detecting the peak 
effect in comparison with AMG.42 The advantage of 
PMG lies in the fact that it can be applied to every 
muscle site of interest and that it is an easy-to-apply, 
non-invasive method. A problem which needs resolu-
tion is the method of securing the microphone over 
the muscle of interest. When using tape, care needs to 
be taken to ensure that the microphone is not detached 
during the recording interval since change of contact 
surface or pressure between microphone and the skin 
or muscle changes the signal amplitude. This matter is 
of particular importance for single twitch stimulation. 
In a typical set-up, the hand is secured to an arm board 
and the microphone is taped to the thenar region for 
monitoring of the AP or first dorsal interosseus muscle. 
Phonomyography has been evaluated in several cen-
tres, but is not yet commercially available. 

Stimulation patterns for monitoring neuromuscu-
lar function
All objective methods for assessment of neuromuscu-
lar function are based on the assessment of an evoked 
response to various patterns of stimulation of a motor 
nerve.

FIGURE 4  The NMT mechanosensor is a flexible plastic 
device, applied to the thumb to simulate a mechanomyog-
raphy -like pre-load and needs to be attached with a regular 
gluing-tape. Monitoring is recorded in the form of columns 
and percentages of control amplitude. FIGURE 5  A small piezoelectric microphone is attached 

with self-adhesive tape onto the skin overlying the corru-
gator supercilii muscle for phonomyographic monitoring. 
Nerve stimulation of the facial nerve is performed in rou-
tine fashion using Ag AgCl-electrodes.
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The most important and widely used stimulation 
patterns are single-twitch stimulation, TOF-stimula-
tion and post-tetanic facilitation (Figure 6).

Single-twitch stimulation 
Single-twitch stimulation consists of a square wave 
stimulus lasting at least 0.2 msec. The amplitude of 
the stimulus can be varied using routine nerve stimu-
lators; in general, the amplitude can be varied in incre-
ments up to 80 mA. Single-twitch stimulation can be 
accurately used in a research set-up so long as control 
amplitude returns to control values. However, since 
most clinicians still use tactile or visual evaluation of 
the degree of NMB, TOF-stimulation is the preferred 
pattern of stimulation.

Train-of-four stimulation
The delivery of square wave stimuli of 0.2 msec 
duration at 0.5 Hz has become the most commonly 
used stimulation mode. Typical fade of the TOF 
response defines competitive NMB by non-depolar-
izing NMBDs. Train-of-four monitoring is also very 
useful to evaluate the extent of intraoperative relax-
ation, with TOF-ratios between 0.15–0.25 usually 
indicating adequate surgical relaxation. A TOF-ratio 
> 0.9 has been shown to guarantee sufficient recovery 
of neuromuscular transmission for safe extubation of 
the trachea following surgery.14 

Double-burst stimulation
Subjective evaluation of the TOF response at the AP 
has limited sensitivity to distinguish between a TOF-
ratio of 0.7 or 0.9. To address this limitation, double-
burst stimulation was introduced.52,53 The preferred 
form of DBS (DBS 3, 3) consists of three stimuli of 
0.2 msec duration at 50 Hz (20 msec intervals fol-
lowed by three equal stimuli each lasting 750 msec). 
Although initially thought to improve the detection 
of fade, DBS might give the clinician a false sense of 
security in its ability to manually detect fade,12 and 
DBS should not be considered a substitute for an 
objective quantitative method.

Tetanus and post-tetanic count
Before complete recovery of the TOF response, 
tetanic stimulation (stimulation at 50 Hz), followed 
more than three seconds later by single twitch stimula-
tion at one second intervals, can be used to estimate 
the extent of deep NMB and time to recovery.54 
Several charts are available to correlate the numbers 
of single twitches to recovery from profound NMB.55 
Generally, a count > 10 is needed before recurrence of 
the first twitch of TOF stimulation can be assumed. 

In general, objective monitoring methods use 
single twitch stimulation to determine onset of NMB; 
TOF stimulation every 12 sec is used to monitor the 
extent of NMB during surgery and recovery from 
general anesthesia.

Influence of monitoring site on the clinical 
response 
Muscles differ in terms of onset, offset and peak 
effect of NMB. Several studies have investigated this 
phenomenon for various NMBDs. The Table groups 
several studies according to the pharmacodynamic 
variability of NMBDs. The following muscles are 
compared: AP vs larynx,24,56–59 AP vs diaphragm,38,60,61 
AP vs OO,62,63 AP vs larynx vs diaphragm,27 AP vs 
CS vs larynx64 and AP vs OO vs diaphragm32 using 
the following NMBDs: atracurium,38,59,62 rocuroni-
um,24,27,56,57,60,61,64 vecuronium,32,62 succinylcho-
line,27,38,56 mivacurium62,63,65 and cisatracurium.58,59 
Monitoring solely muscles of the hand provides only 
a partial image of neuromuscular function of other 
major muscle groups. Therefore, it is important to 
establish which muscle to monitor for what purpose 
– monitoring NMB corresponding to a specific surgi-
cal site, monitoring NMB of the larynx, diaphragm or 
several peripheral muscles. 

FIGURE 6  The most common stimulation patterns and the 
evoked responses of a partially relaxed muscle; only the first 
twitch response of train-of-four stimulation is visible; teta-
nus stimulation is performed, followed – three minutes later 
– by single-twitch stimulation to determine the post-tetanic 
count during profound relaxation.



64 CANADIAN JOURNAL OF ANESTHESIA

CAN J ANESTH 54: 1    www.cja-jca.org    January, 2007

The staircase phenomenon and its importance for phar-
macodynamic studies 
The staircase phenomenon (or effect) describes the 
fact that repetitive stimulation of a motor nerve under 
anesthesia evokes muscle contractions of increasing 
amplitude of the corresponding muscle.66,67 During 
repetitive stimulation, there is a significant increase 
in phosphorylation of the regulatory light chains of 
myosin which is proportional to the degree of the stair-
case phenomenon.68,69 This increases calcium sensitivity 
and the force of the muscle contraction.70 The staircase 
effect is an important issue for pharmacodynamic stud-
ies since it defines the duration of control stimulation 
before a stable response is established. Most human 
studies have investigated the staircase effect for hand 
muscles, especially the AP.71–73 However, some animal 
studies have shown that the staircase effect is not uni-
form at all muscles. Van Lunteren and Vafaie74 found 
that force potentiation in rats is more pronounced at 
the sternohyoid muscles than at the diaphragm. It is 
additionally known that the method of monitoring has 
an influence on the degree or duration of the staircase 
effect. Whereas the staircase phenomenon is positive for 
MMG75 and AMG,71 repetitive stimuli do not increase 
the size of the compound action potential and therefore 
do not change the signal height in EMG.75 The stair-
case effect is equally found with one of the more novel 
methods, PMG.76 However, Deschamps et al.76 showed 
that the staircase effect is not uniform for all muscles: 
whereas hand muscles show the characteristic increase-
plateau form of the staircase effect, this cannot be deter-
mined at the CS. The clinical impact of this finding is 
rather limited, but does stimulate discussion about the 
exact physiological basis of the staircase phenomenon. 

Monitoring at sites other than the hand muscles
Several studies show that muscles around the eye, 
the CS and the OO, reflect accurately the response 
of laryngeal muscles or the diaphragm and recover 
faster from NMB than the AP.77 Monitoring at the 
CS is especially helpful in types of surgery where 
relaxation of the diaphragm and more central muscles 
(e.g., abdominal muscles) are necessary. Nonetheless, 
more peripheral muscles (e.g., AP) need to be moni-
tored in order to determine timely recovery of NMB. 
Alternatives to hand muscles include monitoring of 
the great toe or the vastus medialis muscle. However, 
there are limitations of these sites as described in the 
following sections.

Neuromuscular monitoring at the larynx
A monitoring method based on either MMG, EMG 
or PMG has been applied to the larynx. A mecha-

nomyography-like method for the larynx consists of 
placing the cuff of the endotracheal tube between the 
vocal cords and measuring the force of the adduct-
ing laryngeal muscles via the degree of the pressure 
changes within the cuff.20 A recent study has pointed 
out the importance of maintaining resting cuff pres-
sure within the cuff in order to truly reflect the force of 
the adduction throughout NMB.78 Electromyography 
of the larynx consists of using either a specialized 
endotracheal tube with incorporated wire electrodes 
27 or a superficial electrode26 attached circumferen-
tially around the tube and placed between the vocal 
cords. Electromyography records the evoked com-
pound action potential of several intrinsic laryngeal 
muscles, reflecting the neuromuscular action potential 
of adductors and the abductor of the larynx. A phar-
macodynamic comparison of laryngeal EMG and the 
cuff pressure technique has not been done as yet.

Phonomyography shows good agreement with 
the standard cuff pressure method for monitoring 
NMB at the larynx.50 By placing microphones on the 
laryngeal muscles, this technique is more convenient 
because of a more stable baseline, ease of signal analy-
sis, absence of respiratory artefacts and little risk of 
accidental extubation or cuff displacement. 

There are basically two sites for transcutaneous 
stimulation of the recurrent laryngeal nerve. The 
nerve can be stimulated either medially, between the 
jugular notch and the thyroid cartilage or, especially 
with use of a bipolar stimulation probe, just lateral to 
the sternocleidomastoid muscle in the tracheoesopha-
geal groove.61 In comparison to stimulation of the 
phrenic nerve, concomitant stimulation of the brachial 
plexus or the vagus nerve is rare.

In comparison to NMB at the AP, most studies 
confirm that onset and recovery of NMB at the larynx 
is faster. It seems that when sub-paralyzing doses of 
NMBDs are used, the peak effect at the larynx is less 
than at the AP. However, in doses which are generally 
used for endotracheal intubation (> 2 × ED95), there 
is no significant difference between the peak effects 
observed at the larynx and at the AP. Whereas faster 
onset of NMBDs at the larynx is most probably due 
to a more rapid “central” distribution of the drug, the 
reason for more rapid recovery is related primarily to 
morphological differences between the larynx and the 
AP (Table).

Neuromuscular monitoring of the diaphragm
Some studies have used EMG and MMG for monitor-
ing the diaphragm. Electromyography using transcu-
taneous needles or superficial skin electrodes 27,29 has 
been applied to recording of NMB at the diaphragm 
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TABLE  Pharmacodynamic variability of NMBDs according to monitoring site and method

Studies Method NMBDs Dosage Muscles Onset and recovery parameters
   (mg·kg–1)  Onset  T25%  T75% T90% TOF 0.7 
     (sec) (min) (min) (min) (min)

Pansard et al., 198738 EMG Atracurium 0.6 AP 181 ± 45 63 ± 13 78 ± 17  
    Diaphragm 137 ± 31 38 ± 7 49 ± 11  
        NA NA
  Succinylcholine 0.8 AP 80 ± 24 7 ± 3 9 ± 4
    Diaphragm 50 ± 11 5 ± 2 7 ± 3

Donati et al., 199032 EMG Vecuronium 0.04 AP 408 ± 30 NA 24.5 ± 5.0
    Diaphragm 174 ± 36 NA 14.8 ± 3.0
    OO 228 ± 36 NA 17.6 ± 8.0
        NA NA
   0.07 AP 378 ± 36 20.6 ± 2.6 35.0 ± 4.0
    Diaphragm 132 ± 18 15.6 ± 2.5 26.0 ± 4.0
    OO 204 ± 30 18.0 ± 2.7 28.7 ± 4.1

Cantineau et al., 199460 EMG Rocuronium 0.6 AP 80 ± 20 40 ± 13 56 ± 20 64 ± 21
    Diaphragm 120 ± 62 23 ± 9 33 ± 13 35 ± 10 NA

Wright et al., 199456 EMG Rocuronium 0.4 AP 155 ± 40 24 ± 7
 `   Larynx 92 ± 29 NA
   0.8 AP 74 ± 36 44 ± 10
    Larynx 96 ± 45 25 ± 15 NA NA NA
   1.2 AP 65 ± 21 67 ± 25
    Larynx 54 ± 30 43 ± 13
  Succinylcholine 1.0 AP 56 ± 15 8 ± 2
    Larynx 34 ± 12 4.3 ± 1.6

Plaud et al., 199665 EMG Mivacurium 0.07 AP 241 ± 79 13.2 ± 6.6 19.9 ± 6.8 23.3 ± 7.6
    Larynx 151 ± 40 4.8 ± 1.7 8.7 ± 2.7 16.4 ± 4.9
         NA
   0.14 AP 201 ± 59 16.2 ± 4.6 23.4 ± 6.2 27.4 ± 7.8
    Larynx 137 ± 20 5.7 ± 2.1 12.8 ± 3.9 16.4 ± 4.9

Rimaniol et al., 199662 AMG Atracurium 0.3 AP 390 ± 150 32 ± 4 52 ± 13 60 ± 10 59 ± 13
    OO 385 ± 150 29 ± 11 44 ± 8 49 ± 10 43 ± 12
   0.5 AP 211 ± 270 53 ± 17 69 ± 22 77 ± 23 71 ± 17
    OO 170 ± 87 37 ± 18 58 ± 19 65 ± 21 56 ± 13
  Mivacurium 0.15 AP 232 ± 67 16 ± 6 27 ± 8 33 ± 9 28 ± 7
    OO 235 ±76 9 ± 5 17 ± 6 21 ± 4 15 ± 6
   0.25 AP 160 ± 30 22 ± 8 32 ± 10 37 ± 8 34 ± 9
    OO 90 ± 25 15 ± 7 25 ± 10 32 ± 8 19 ± 7
  Vecuronium 0.06 AP 269 ± 65 25 ± 6 41 ± 9 55 ± 10 52 ± 15
    OO 261 ± 88 20 ± 6 42 ± 15 49 ± 17 35 ± 8
   0.1 AP 174 ± 32 38 ± 7 67 ± 20 82 ± 23 78 ± 23
    OO 148 ± 38 43 ± 12 73 ± 22 82 ± 21 67 ± 18

Abdulatif et al., 199763 AMG Mivacurium 0.2 AP 202.7 ± 37.2 12.9 ± 3.9 21.1± 5.1
        NA NA
    OO 130.4 ± 28.5 9.1 ± 3.2 16.2 ± 3.9

Debaene et al., 199757 EMG Rocuronium 0.75 AP 126 ± 33 5.6 ± 0.9 11.3 ± 1.8  17.9 ± 2.9
    Larynx 62 ± 16 2.4 ± 0.5 5.5 ± 2.0  NA
   1.5 AP 96 ± 20 10.2 ± 2.5 18.3 ± 5.2  30.4 ± 10.1
    Larynx 62 ± 13 3.7 ± 2.2 9.7 ± 3.7 NA NA
   2.0 AP 82 ± 21 13.9 ± 2.6 25.0 ± 4.3  40.5 ± 5.1
    Larynx 52 ± 14 7.4 ± 3.6 16.7 ± 4.3  NA
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after phrenic nerve stimulation.61 The conventional 
site to record the electromyographic signals has been 
the seventh or eighth intercostal space, between the 
anterior axillary and the mid-clavicular line. A novel 
site at the patient’s back has recently been used to 
monitor NMB 28,61 and has shown good agreement 
with im needle EMG of the diaphragm. Measurement 
of evoked transdiaphragmatic pressure as a form of 
indirect MMG of the diaphragm has also been used 
to evaluate NMB.79 Two balloons are inserted into 
the esophagus to record pleural pressure and into 
the stomach to record intra-abdominal pressure. The 
balloons are connected with air-filled catheters to 
identical transducers. The transdiaphragmatic pres-

sure (Pdi) is then obtained by electronic subtraction 
of gastric (alias intra-abdominal) and esophageal (alias 
pleural) pressure. This technique, however, is more 
invasive, more difficult to apply (it has to be recorded 
during resting end-expiration) and it requires bilateral 
phrenic nerve stimulation. Another disadvantage is 
that it cannot be used with an open abdominal cav-
ity. Its advantage is the more MMG-alike approach, 
the transdiaphragmatic pressure being measured in 
the lower esophagus as a function of the force of 
diaphragmatic, yet non-isometric contraction. Two 
studies have shown good correlation between the 
transdiaphragmatic pressure method and EMG at the 
diaphragm.80,81 

TABLE  continued

Studies Method NMBDs Dosage Muscles Onset and recovery parameters
   (mg·kg–1)  Onset  T25%  T75% T90% TOF 0.7 
     (sec) (min) (min) (min) (min)

Dhonneur et al., 199927 EMG Rocuronium 0.6 AP 115 ± 21 29.5 ± 8.2 43.6 ± 9.4 49.1 ± 11.4
    Larynx 124 ± 39 21.2 ± 5 31.0 ± 6.3 34.9 ± 7.6
    Diaphragm 130 ± 44 17.9 ± 2.1 27.3 ± 3.8 30.4 ± 4.2
         NA
  Succinylcholine 1.0 AP 54 ± 13 6.9 ± 2.6 8.3 ± 2.9 9.1 ± 3.0
    Larynx 58 ± 10 4.3 ± 1.6 7.3 ± 3.1 8.3 ± 3.2
    Diaphragm 57 ± 8 3.7 ± 1.5 6.2 ± 3.0 7.2 ± 3.5

Kim et al., 1999*58 EMG Cisatracurium 0.1 AP 234 25.9 37.3
     (180-288) (19.8-32.1) (32.1-42.5) NA NA
    Larynx 162 10.7 20.8
     (132-192) (7.6-13.8) (15.6-26.1)

Hemmerling et al., 200024 EMG Rocuronium 0.6 AP 145 ± 48
    Larynx 106 ± 38
      NA NA NA NA
   0.9 AP 99 ± 31
    Larynx 64 ± 30

Plaud et al., 200164 AMG Rocuronium 0.6 AP 90 ± 35 33 ± 12  47 ± 15
    CS 206 ± 72 17 ± 7 NA 34 ± 7 NA
    Larynx 181 ± 70 17 ± 10  33 ± 10

Hemmerling et al., 200261 EMG Rocuronium 0.6 AP 90 ± 17 25 ± 2
    Diaphragm
    Anterior 91 ± 15 14 ± 2 NA NA NA
    Posterior 93 ± 19 15 ± 3.5

Kirov et al., 200459 EMG Atracurium 0.5 AP 178 ± 47 45 ± 7 57 ± 6 61 ± 7
    Larynx 140 ± 14 36 ± 7 46 ± 6 51 ± 4
  Cisatracurium       NA
   0.1 AP 325 ± 88 38 ± 6 47 ± 5 53 ± 6
    Larynx 196 ± 28 24 ± 6 38 ± 10 34 ± 9
NMBDs = neuromuscular blockade drugs; NA = not available; AP = adductor pollicis muscle; CS = corrugator supercillii muscle; OO = 
orbicularis oculi muscle; AMG = acceleromyography; EMG = electromyography. All values are presented as mean ± SD. *For this article, 
values are presented as mean (95% confidence intervals).
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In general, most studies evaluating pharmacody-
namic responses of NMBDs at the diaphragm have 
shown a similar time course and degree of NMB as 
responses at the larynx. The most difficult aspect of 
neuromuscular monitoring at the diaphragm is stimu-
lation of the phrenic nerve. Stimulation must be done 
using either needles or a hand-held stimulator since 
the branches of the vagus nerve are deep; stabilization 
of the position of the stimulator is the main problem 
during continuous measurement evaluating onset or 
offset of NMB.

Neuromuscular monitoring of the CS
The CS is a small muscle around the eyebrow, 
responsible for vertical frowning. Recent studies have 
used AMG,64,82 and PMG21,42 to record the muscle 
response. Acceleromyography, although well estab-
lished for the AP, might be problematic at this muscle 
because of the limited capability of the conventional 
acceleromyographic probe to detect acceleration cre-
ated by this small muscle. The original accelero-
myographic probe used with commercially available 
devices was originally designed for detecting accelera-
tion created by the much larger AP. The TOF-watch 
SX (now distributed by Philips company, New York, 
NY, USA) has been designed with a different sensitiv-
ity set-up; the sensitivity can now be increased to 500 
µC. A recent comparison of AMG and PMG to detect 
NMB at the CS has raised questions as to whether the 
TOF- watch SX is suitable to properly detect the neu-
romuscular response at this muscle.42 Another recent 
study has tried to measure the actual force created by 
the CS using an air-filled balloon as a pressure trans-
ducer, and found good agreement between PMG and 
this MMG-like method.21

Monitoring NMB at the flexor hallucis brevis muscle 
(great toe)
Several studies have investigated the pharmacodynam-
ic behaviour of the flexor hallucis brevis muscle.83–87 
with inconsistent results. The best agreement with 
the AP was observed in a study in infants85 where 
there was no significant difference in onset time, 
peak effect or recovery from NMB of vecuronium 
0.1 mg·kg–1 comparing the AP and the flexor hallucis 
brevis muscle. Both muscles were monitored using 
AMG. Most studies in adults have found similar peak 
effects but significantly longer onset times and shorter 
recovery of NMB at the great toe in comparison to 
the hand muscles.83,84,86,87 Whereas higher blood flow 
to the hand88 may possibly explain a faster onset at 
the hand muscles, morphological differences between 
the AP and the flexor hallucis brevis muscle might 

be responsible for the difference in recovery time. 
The AP consists of a higher content of type I (slow 
twitch) fibres than the flexor hallucis brevis muscle, 
which are known to be more sensitive to non-depo-
larizing NMBDs.89 The pharmacodynamic differences 
between the great toe and the hand muscles limit the 
usefulness of the great toe as a replacement for moni-
toring NMB of the hand muscles in surgeries where 
access to the hand is impossible or movement of the 
hand is impaired.

The vastus medialis muscle 
The vastus medialis muscle has been presented as an 
alternative monitoring site to the muscles of hand 
or foot. Saitoh et al.90 showed that neuromuscular 
monitoring is possible at the vastus medialis muscle 
by stimulating the muscular branches of the femoral 
nerve, and quantifying the response of this muscle. 
In this study, the vastus medialis muscle, monitored 
by AMG, showed a faster onset of NMB than the 
AP. A possible explanation for these observations is a 
greater proportion of type II muscle fibres within the 
vastus medialis compared with the AP. A more recent 
study,91 using PMG, confirmed the shorter onset 
time, a less pronounced maximum effect, and a more 
rapid recovery of NMB after mivacurium 0.2 mg·kg–1 
at the vastus medialis muscle than at the AP. However, 
the vastus medialis muscle should be considered an 
alternative monitoring site for those surgeries where 
there is no access to hand or foot muscles, taking into 
account the considerable pharmacodynamic differ-
ences compared with the AP. 

Recommendations for optimal monitoring of 
neuromuscular function
The concept of ‘site-related’ neuromuscular monitoring
The contribution of the anesthesiologist to achieve 
optimal surgical conditions is related to several factors, 
including sufficiently deep anesthesia, sufficient anal-
gesia, as well as adequate NMB. “Adequate” NMB 
does not necessarily imply complete NMB, although 
successful outcomes of some surgeries may be related 
to profound NMB at the surgical site, e.g., retinal eye 
surgery, neurosurgery.

Since muscles react differently with respect to 
onset, recovery, and the degree of NMB, an important 
means of providing ‘optimal’ relaxation for the surgi-
cal site should consider monitoring muscles of the 
surgical site, or alternatively, muscles which adequately 
reflect NMB at the surgical site. There are few studies 
which have investigated this concept in practice. One 
might consider for example, monitoring the eye mus-
cles of the opposite eye, or at least the facial muscle of 
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the contralateral site, to ensure profound NMB dur-
ing retino-vitreal surgery. Monitoring of the AP does 
not reflect NMB at the eye muscles. Monitoring the 
AP as an indicator for relaxation of the thorax is also 
an inadequate. As described above, complete NMB 
at the AP does not necessarily mean complete NMB 
at the diaphragm. Monitoring NMB at the CS better 
reflects the degree of NMB at the surgical site during 
thoracic surgery.

The following concept is proposed: if surgery 
necessitates NMB of a certain degree, e.g., TOF 
0.25, monitoring the muscle (or muscles) which best 
reflects the degree of NMB at the surgical site should 
be used. In general, for surgery of the upper or lower 
extremities, monitoring of the AP – or any other hand 
muscle - should be preferable. For surgery within the 
chest or abdomen where relaxation of the diaphragm 
is necessary, monitoring of the CS could be used.

Monitoring CS for intubation time
Current best evidence suggests that monitoring of the 
CS should be used to establish the earliest time for 
optimal conditions for tracheal intubation (e.g., for 
rapid sequence induction) as the CS reflects laryngeal 
relaxation better than monitoring of the AP.

Monitoring recovery from NMB
Recovery of neuromuscular transmission is best moni-
tored at the AP since, in general, this is the last muscle 
group to recover from NMB. Train-of-four stimula-
tion with a TOF-ratio > 0.9 indicates sufficient recov-
ery of neuromuscular transmission for awakening the 
patient and ensuring safe tracheal extubation. 

Subjective evaluation of NMB 
Evaluation of clinical signs of recovered neuromuscu-
lar transmission after general anesthesia can be helpful, 
but requires that the patient is well awake, and should 
not replace objective neuromuscular monitoring.

Conclusion
There is no substitute for objective neuromuscular 
monitoring when muscle relaxants have been admin-
istered. At present, the most versatile technique to 
monitor neuromuscular function is AMG, since it 
can be applied at different muscles. Clinicians should 
be mindful of the pharmacodynamic studies which 
demonstrate the extent of inter-patient variability with 
respect to onset, peak effect and recovery from the 
effects of NMB. Because of this variability, and drug 
interactions, extensive clinical experience is not a sub-
stitute for objective assessment of NMB. The concept 
of “site-related” NMB may be useful to ensure more 

accurate monitoring of neuromuscular function, more 
accurate drug titration, and possibly, more optimal 
NMB at the surgical site. 
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APPENDIX – List of definitions:
 1. Neuromuscular blockade: Neuromuscular blockade is 

one of the three essential parts of general anesthesia. 
Monitoring of neuromuscular blockade consists either 
in having the patient perform contractions of certain 
muscles or muscle groups, such as hand squeezing or 
head lifting, or stimulation of a motor nerve and deter-
mining the evoked muscle response. 

 2. Mechanomyography: A quantitative method of assessing 
neuromuscular function which measures the force of a 
specific muscle using a force transducer. 

 3. Electromyography: A quantitative method of assessing 
neuromuscular function which records the compound 
action potential of a given muscle after evoked stimula-
tion of a motor nerve. 

 4. Acceleromyography (also known as accelerometry): 
A quantitative method of assessing neuromuscular 
function which measures the acceleration of a given 
end-organ after contraction of the equivalent muscle, 
e.g., thumb after contraction of the adductor pollicis 
muscle. It is related to the actual force by the formula: 
force = mass × acceleration. 

 5. Kinemyography: A quantitative non-invasive method of 
assessing neuromuscular function using a piezoelectric 
transducer. A moulded plastic device fits between the 
thumb and index finger and measures deflection of the 
transducer in response to end-organ muscle contrac-
tion.

 6. Phonomyography: A quantitative method of assessing 
neuromuscular function which measures low frequency 
acoustic waves created by muscle contraction. The 
acoustic amplitude is proportional to the amplitude of 
the contraction force (not yet commercially available).

 7. Single twitch stimulation: A single, 0.2 msec square 
wave stimulus applied to a motor nerve.

 8. Train-of-four stimulation: Stimulation consisting of 4 
square wave stimuli of 0.2 msec duration at 0.5 Hz, 
applied to a motor nerve on an iterative basis or at 
regular intervals of 12 sec. 

 9. Train-of-four ratio: The ratio of the peak-to-peak 
amplitude of the fourth twitch in comparison to the 
first twitch response. This ratio permits calculation of 
the duration of action or the recovery from non-depo-
larizing blocking drugs

 10. Double-burst stimulation: A method to evaluate recov-

ery from the effects of neuromuscular blockade drugs 
consisting of three stimuli of 0.2 msec duration at 50 
Hz, with an interval of 20 msec, followed by three 
equal stimuli of 750 msec. 

 11. Tetanus and post-tetanic count: Tetanic stimulation is 
stimulation of a peripheral motor nerve at high fre-
quencies, most commonly at 50 Hz. Tetanic stimu-
lation for five seconds, followed (3–5 sec later) by 
single-twitch stimulation at 1 Hz is used to determine 
recovery of neuromuscular transmission after profound 
non-depolarizing neuromuscular block (an absent 
response to train-of-four stimulation).

 12. Staircase phenomenon: A phenomenon which describes 
the fact that repetitive stimulation of a motor nerve 
evokes muscle contractions of increasing amplitude in 
the corresponding muscle.


