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Neuromuscular blocking agents are an essential component of contemporary anesthesiology. Adequate in-
traoperative neuromuscular monitoring is recommended to ensure sufficient depth of blockade and prevent
postoperative residual neuromuscular block. Several quantitative techniques have been developed to assess
neuromuscular transmission at the neuromuscular junction, and the number of clinically relevant monitoring
sites has expanded beyond conventional peripheral muscles. In routine practice, train-of-four (TOF) stimula-
tion combined with acceleromyography is most commonly used; the adductor pollicis serves as the standard
monitoring site. However, neuromuscular responses measured at the adductor pollicis may differ from those
observed in muscles critical for airway management, including the diaphragm and pharyngeal and laryngeal
muscles. These muscles typically demonstrate faster onset and recovery, along with earlier recovery to TOF ra-
tios of at least 0.9 by several minutes relative to the adductor pollicis; such dynamics have important clinical
implications for intubation conditions and safe extubation. This narrative review summarizes physiologic and
pharmacodynamic differences in neuromuscular block among various muscle groups and evaluates clinical ev-
idence regarding alternative monitoring sites (eg, facial, laryngeal, pharyngeal, and foot muscles). The clinical
performance and limitations of the TOF-Cuff technique applied to both the upper and lower limbs are also dis-
cussed. The review is based on clinically relevant experimental and clinical literature identified through search-
es of PubMed and Google Scholar, supplemented by reference screening of key papers.
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Introduction

Properly conducted general anesthesia, including the adminis-
tration of neuromuscular blocking agents (NMBAs), is a key de-
terminant of surgical conditions and perioperative safety. Early
anesthetic practice relied on volatile agents such as ether, ni-
trous oxide, and chloroform, which provided limited and poor-
ly controllable skeletal muscle relaxation [1]. The clinical intro-
duction of curare represented a decisive milestone, enabling
deliberate pharmacologic muscle relaxation and forming the
basis for modern non-depolarizing NMBAs [2,3].

Currently available NMBAs are classified as depolarizing and
non-depolarizing agents. Succinylcholine remains the only de-
polarizing agent in routine clinical use due to its rapid onset
and short duration of action [4]. Non-depolarizing NMBAs act
as competitive antagonists at the nicotinic acetylcholine re-
ceptor (nAChR) located at the neuromuscular junction [3,4].

In adult skeletal muscle, the nAChR is a pentameric ligand-gat-
ed ion channel composed of 2 a1 subunits, along with 1 1,
18, and 1 € subunit (a1a1p13¢); the € subunit replaces the y
subunit after the neonatal period. Channel opening requires
acetylcholine binding to both o subunits; neuromuscular trans-
mission is thus a graded, receptor-dependent process, rather
than an “all-or-none” phenomenon [5,6].

Quantitative neuromuscular monitoring is recommended by
anesthesiology societies and is most commonly performed us-
ing train-of-four (TOF) stimulation. Objective monitoring tech-
niques include acceleromyography (AMG), electromyography
(EMG), mechanomyography, kinemyography, phonomyogra-
phy, and compressomyography. Terminology has been stan-
dardized throughout the manuscript to avoid methodological
ambiguity and abbreviation drift.

In routine clinical practice, neuromuscular transmission is most
frequently assessed at the adductor pollicis muscle, innervat-
ed by the ulnar nerve, which remains the reference site due
to its accessibility and extensive validation. However, there is
increasing evidence that neuromuscular responses measured
at the adductor pollicis may not fully reflect the onset, depth,
or recovery of neuromuscular block within muscles directly in-
volved in airway patency and ventilation (eg, the diaphragm and
the laryngeal, pharyngeal, and selected facial muscles). These
muscle-specific differences are influenced by regional perfu-
sion, fiber-type composition, neuromuscular junction density,
and the pharmacodynamic properties of individual NMBAs, as
detailed in later sections of this review.

Furthermore, patient-related factors such as renal impairment
can modify the clinical profile of both NMBAs and reversal drugs,
strengthening the rationale for reliable quantitative monitoring
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across diverse perioperative populations [7]. Accordingly, this
narrative review focuses on site-specific differences in neuro-
muscular blockade and monitoring, aiming to clarify the clin-
ical implications of muscle-dependent responses during in-
duction, maintenance, and recovery from general anesthesia.

Neuromuscular Conduction

A thorough understanding of acetylcholine release and mo-
tor endplate physiology is essential for both research and clin-
ical practice in anesthesiology, particularly in the context of
NMBAs. Acetylcholine is synthesized in presynaptic nerve ter-
minals and stored in synaptic vesicles. Upon depolarization of
the motor neuron and subsequent calcium influx, acetylcholine
is released into the synaptic cleft, where it binds to nAChRs
located on the postsynaptic membrane of skeletal muscle.

Skeletal muscle nAChRs belong to the family of ligand-gat-
ed ion channels and are pentameric in structure. As noted in
the Introduction, within adult skeletal muscle, the receptor is
composed of 2 al subunits, 1 f1 subunit, 1 & subunit, and 1
€ subunit; the € subunit replaces the y subunit after the neo-
natal period. Channel opening requires simultaneous binding
of acetylcholine molecules to both o subunits, initiating de-
polarization of the postsynaptic membrane. Accordingly, neu-
romuscular transmission is a graded, receptor-dependent pro-
cess, instead of an “all-or-none” phenomenon [5,6].

Non-depolarizing NMBAs exert their effects by competitive-
ly binding to acetylcholine-binding sites on the nAChR with-
out activating the receptor. In contrast to depolarizing agents
such as succinylcholine, they do not induce sustained depo-
larization of the motor endplate [4]. The clinical effect of neu-
romuscular block depends on the proportion of postsynaptic
receptors occupied by the blocking agent.

During recovery, even when a substantial proportion of recep-
tors remains blocked, sufficient acetylcholine-mediated trans-
mission may permit muscle contraction and result in a TOF ra-
tio approaching 0.9 despite incomplete receptor occupancy [8].
Consequently, precise quantitative intraoperative neuromus-
cular monitoring is essential because inaccurate assessment
of neuromuscular transmission can lead to inappropriate dos-
ing of reversal agents and increase the risk of postoperative
residual neuromuscular block [6,9].

Measurement of Neuromuscular Transmission
Depending on Muscle Group: The TOF Method

An ongoing challenge in clinical anesthesiology is the lack of full
standardization of neuromuscular transmission measurements
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Table 1. Common monitoring sites used for train-of-four (TOF) assessment and the expected observable response with preserved
neuromuscular transmission.

Observable response with preserved

Stimulated nerve .
neuromuscular transmission

Muscle/region (method)

Corrugator supercilii muscle Facial nerve (temporal branch) Furrowing of the eyebrows

Facial nerve (temporal and zygomatic
branches)

Flexion of the great toe at the
metatarsophalangeal joint

Upper arm/forearm region (TOF-Cuff,
compressomyography)
musculocutaneous)

Peripheral nerves within cuff
region (ulnar, median, radial,

Pressure changes induced by composite
muscle contraction

TOF — train-of-four; TOF-Cuff — cuff-based compressomyography system. Facial and peripheral muscle responses and innervation
patterns are derived from classical neuromuscular monitoring studies and anatomical references. Lower-limb muscle innervation and
responses reflect electrophysiological and clinical monitoring data. Sources: Monitoring site characteristics and physiological responses
are summatrized from published neuromuscular monitoring and anatomical literature included in this review [12,40,43,45,47].

across different muscle groups. Individual non-depolarizing
NMBAs may exhibit distinct pharmacodynamic profiles depend-
ing on the monitored muscle, a phenomenon with a multifac-
torial basis. Contributing factors include patient age, coexist-
ing neurologic conditions, muscle fiber composition, regional
blood flow, body temperature, and structural characteristics
of the neuromuscular junction. These variables collectively in-
fluence the onset and recovery of neuromuscular block, rath-
er than producing uniform effects across muscle groups [10].

Muscles characterized by high perfusion and a high density
of postsynaptic nAChRs, such as the diaphragm and laryngeal
muscles, tend to exhibit faster onset and earlier recovery of
neuromuscular block, even when higher NMBA doses are re-
quired. In contrast, peripheral muscles — including the adduc-
tor pollicis muscle innervated by the deep branch of the ul-
nar nerve, as well as selected lower-limb muscles innervated
by the tibial or common fibular nerve — typically demonstrate
slower onset and more prolonged recovery of neuromuscular
transmission. These site-specific differences form the physi-
ologic rationale for muscle-dependent neuromuscular moni-
toring strategies [10]. Representative muscles used in clinical
practice, along with their innervation and functional relevance,
are summarized in Table 1.

In routine clinical practice, neuromuscular transmission is most
commonly assessed using the TOF stimulation technique. TOF
monitoring involves 4 supramaximal electrical stimuli deliv-
ered at a frequency of 2 Hz, corresponding to 0.5-second in-
tervals between successive stimuli and a total train duration
of approximately 1.5 seconds, applied to a peripheral nerve
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(eg, ulnar, facial, or tibial). Careful electrode placement with
adequate interelectrode distance is essential because direct
muscle stimulation may bypass neuromuscular transmission
and substantially distort measurement results [11].

Following nerve stimulation, the evoked response of the in-
nervated muscle group is evaluated. Typical examples include
thumb adduction after ulnar nerve stimulation, reflecting acti-
vation of the adductor pollicis muscle, or brow furrowing after
facial nerve stimulation, mediated by temporal branches inner-
vating the corrugator supercilii muscle. Muscle response quan-
tification is performed using objective monitoring techniques.
AMG remains widely used but may overestimate neuromuscu-
lar recovery, particularly in the presence of patient movement
or suboptimal sensor positioning [12,13].

EMG has therefore gained increasing clinical acceptance be-
cause it provides direct measurement of compound muscle
action potentials and is less dependent on muscle motion or
limb positioning. Although cost and device availability have
historically limited EMG use, ongoing technological develop-
ment is progressively addressing these barriers [14]. Portable
EMG devices have also been used to quantify changes in com-
pound muscle action potentials in critically ill, intubated pa-
tients, suggesting that EMG-based monitoring has applications
beyond the operating room [15].

Assessment of neuromuscular recovery using the TOF meth-
od is based on calculation of the TOF ratio (T4/T1), defined
as the amplitude of the fourth evoked response divided by
the amplitude of the first evoked response. For example, a
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TOF ratio of 0.7 indicates that the fourth response reaches an
amplitude with 70% magnitude relative to the first response.
Recommendations concerning safe extubation thresholds have
substantially evolved over time. Early studies in the 1970s sug-
gested that extubation could be safely performed at a TOF ra-
tio of 0.7, which was revised to 0.8 in the late 1980s. Since the
late 1990s, increasing evidence has consistently demonstrat-
ed that a TOF ratio of at least 0.9 is required to reliably avoid
postoperative residual neuromuscular blockade and associat-
ed respiratory complications, a recommendation that remains
central to contemporary anesthesiology guidelines [12,16].

In contemporary clinical cohorts, postoperative recovery of mus-
cular function has been shown to meaningfully differ accord-
ing to whether quantitative monitoring is used (AMG alone or
combined approaches including ultrasonography) relative to
cases without objective monitoring, reinforcing the practical
relevance of routine quantitative assessment [17].

Adductor Pollicis Muscle

For several decades, the adductor pollicis muscle has been
the most commonly used site for quantitative neuromuscular
monitoring. This preference is largely due to the easy acces-
sibility of its motor innervation via the deep branch of the ul-
nar nerve and the clearly observable mechanical response to
stimulation, namely thumb adduction. Given its widespread
use and extensive historical validation, the adductor pollicis
muscle serves as a reference site for comparison with neu-
romuscular transmission measurements obtained from oth-
er muscle groups [11].

However, neuromuscular block characteristics measured at the
adductor pollicis do not necessarily reflect those observed in
muscles involved in airway protection. Differences in onset
time, depth of block, and recovery profile have been consis-
tently reported, limiting the direct interchangeability of mea-
surements between the adductor pollicis and other monitoring
sites. To address this limitation, investigators have proposed
time-based and pharmacodynamic reference relationships,
such as predictable delays or advances in recovery relative to
the adductor pollicis for specific NMBAs; these relationships
are discussed later in this review [18].

From a practical perspective, monitoring at the adductor pol-
licis may be impractical or unreliable in patients with upper-
limb amputation, severe deformities, or trauma involving the
hand or forearm. In such situations, alternative monitoring
sites are needed to ensure accurate assessment of neuromus-
cular transmission during anesthesia [19].
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Diaphragm

Proper diaphragmatic function is essential for effective ventila-
tion and generation of pressure gradients between the thoracic
and abdominal cavities. The diaphragm contributes approximate-
ly 70% of tidal volume during quiet breathing, underscoring the
importance of accurate neuromuscular monitoring and preven-
tion of postoperative residual neuromuscular blockade [5,20].

Anatomically, the diaphragm is a musculotendinous partition
separating the thoracic and abdominal cavities; it is innervat-
ed by the phrenic nerve (C3-C5). Direct quantitative measure-
ment of neuromuscular transmission in the diaphragm is not
routinely performed in clinical practice. Experimental approach-
es have been described, including stimulation in the region of
the anterior scalene muscle (where the phrenic nerve cours-
es), and recording diaphragmatic responses from the seventh
or eighth intercostal space [21,22].

Given its high regional blood flow and dense population of
postsynaptic nAChRs, the diaphragm demonstrates pharma-
codynamic characteristics that substantially differ from those
of peripheral muscles [12,16,23]. Consequently, the diaphragm
typically exhibits faster onset and recovery of neuromuscular
blockade than peripheral muscles such as the adductor polli-
cis, while simultaneously demonstrating greater resistance to
non-depolarizing NMBAs. Clinically, this combination compli-
cates dosing and monitoring strategies.

Pharmacodynamic studies consistently demonstrate higher ef-
fective dose producing 50% neuromuscular block (ED50) and
effective dose producing 95% neuromuscular block (ED95) val-
ues for the diaphragm compared with the adductor pollicis.
Cantineau et al reported substantially higher ED50 and ED95
values for rocuronium at the diaphragm than at the adduc-
tor pollicis [22]. Similarly, Donati et al showed that complete
diaphragmatic paralysis with pancuronium required approxi-
mately 2-fold higher doses than those needed at the adductor
pollicis [18]. These quantitative differences explain preserved
diaphragmatic activity and abdominal wall movement despite
profound peripheral neuromuscular block, as determined by
TOF monitoring [12,22]. Selected ED50/ED95 data and onset-
recovery characteristics are summarized in Table 2.

Regarding reversal, multiple studies indicate that sugammad-
ex enables more rapid recovery of diaphragmatic function af-
ter rocuronium- or vecuronium-induced blockade compared
with neostigmine and may reduce postoperative pulmonary
complications [24,25]. This benefit is limited by drug specific-
ity, given that sugammadex has no effect on benzylisoquino-
linium NMBAs [2]. Taken together, these findings support the
need for alternative monitoring strategies or surrogate mus-
cles that better reflect diaphragmatic neuromuscular status.
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Table 2. Pharmacodynamic differences in neuromuscular blockade among muscle groups.

Neuromuscular Muscle

blocking agent group

Rocuronium Diaphragm Higher ED50 and ED95
Rocuronium Adductor Reference
pollicis
Pancuronium Diaphragm Approximately 2-fold higher
ED50/ED95
Pancuronium Adductor Reference
pollicis
Multiple NMBAs Laryngeal Higher resistance than
muscles adductor pollicis
Multiple NMBAs Diaphragm Higher resistance than

peripheral muscles

Relative ED50/ED95 compared
with adductor pollicis

Onset and recovery
characteristics

Faster onset and faster
recovery than adductor
pollicis

Slower onset and slower
recovery

CLINICAL RESEARCH

Key clinical implication

Peripheral TOF may
underestimate preserved
diaphragmatic activity

Reliable site for recovery
assessment

Increased risk of residual
diaphragmatic activity at
peripheral TOF=0

Faster recovery despite
higher dose requirement

Prolonged onset and Conventional monitoring
prolonged recovery site

Rapid onset, early
recovery

May explain movement
or coughing despite
peripheral block

Rapid onset, rapid
recovery

Requires higher NMBA
doses and careful
reversal

ED50 — effective dose producing 50% neuromuscular block; ED95 — effective dose producing 95% neuromuscular block;

NMBA — neuromuscular blocking agent; TOF — train-of-four. Relative ED50 and ED95 values indicate comparative dose requirements
between muscle groups within the same study and do not represent equipotent doses across different neuromuscular blocking agents.
“Faster” or “slower” onset and recovery describe temporal relationships relative to the adductor pollicis muscle under comparable
anesthetic and monitoring conditions. Complete suppression of peripheral TOF responses (TOF=0) may coexist with preserved
diaphragmatic or laryngeal activity. Sources: Pharmacodynamic characteristics are summarized from comparative diaphragm, laryngeal,
and peripheral muscle studies and reviews cited in the manuscript [12,16,18,22].

In this context, facial muscles such as the orbicularis oculi or
corrugator supercilii have been proposed. Additionally, dia-
phragm ultrasonography has emerged as a complementary
tool for assessing diaphragmatic motion and recovery; although
not a substitute for quantitative neuromuscular monitoring, it
can provide valuable adjunctive information when performed
by experienced clinicians [19,21].

Muscles of the Arm and Forearm

A more recent development in neuromuscular monitoring is
the combined assessment of neuromuscular transmission and
noninvasive blood pressure using the TOF-Cuff system. Unlike
conventional techniques that involve selective stimulation of a
single, superficially accessible peripheral nerve, TOF-Cuff mon-
itoring relies on electrical stimulation of nerves located with-
in the limb segment encompassed by the inflatable cuff ap-
plied to the arm [26,27].

Although the brachial plexus represents the main neural supply
of the upper limb, TOF-Cuff stimulation at the arm level does
not activate the plexus at its cervical origin but instead engag-
es peripheral nerves and muscle groups located beneath the
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cuff, depending on cuff position, tissue impedance, and indi-
vidual anatomical characteristics [28-30]. Accordingly, TOF-Cuff
measurements should be interpreted as reflecting a regional,
composite muscular response rather than uniform activation
of all brachial plexus components [31,32].

A technical advantage of the TOF-Cuff system is its high de-
gree of automation. The stimulating electrodes are integrat-
ed into a blood-pressure-like cuff rather than being directly
applied to the skin, which may be advantageous in patients
with forearm or hand deformities, extensive surgical dressings,
or burns that preclude conventional electrode placement. The
cuff is typically positioned on the upper arm, proximal to the
elbow crease. The measurement principle utilized by TOF-Cuff
is referred to as compressomyography. The device can also be
applied to the lower limb, but the present section exclusively
focuses on upper-limb applications.

Given the recognized limitations of adductor pollicis monitor-
ing, several studies have evaluated TOF-Cuff as an alternative
approach. In a prospective observational study involving 25
adult patients, Radkowski et al reported that, after adminis-
tration of mivacurium, neuromuscular block onset measured
at the arm via TOF-Cuff occurred — on average — approximately

[Chemical Abstracts/CAS]

APPROVED GALLEY PROOF

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]



CLINICAL RESEARCH

APPROVED GALLEY PROOF

30 seconds later than measurements obtained at the adduc-
tor pollicis muscle using TOF-Scan [31]. Based on these find-
ings, the authors proposed a correction coefficient to facili-
tate clinical interpretation of TOF-Cuff measurements during
induction and recovery.

Subsequent investigations have highlighted substantial inter-
individual variability, particularly in patients with obesity, in
whom increased soft-tissue thickness may impair signal trans-
mission and measurement reliability. In this subgroup, earlier
apparent onset times — by up to approximately 60 seconds —
have been reported, raising concerns about accuracy [24,32].
Conversely, in patients with a normal body mass index, TOF-
Cuff measurements were broadly comparable to convention-
al monitoring techniques, suggesting utility in selected clin-
ical settings.

Comparative studies have also assessed TOF-Cuff relative to
facial muscle monitoring. Radkowski et al demonstrated that
neuromuscular block detected at the orbicularis oculi mus-
cle using TOF-Scan occurred earlier and resolved more rapid-
ly than blockade measured at upper-limb muscles using TOF-
Cuff [26]. Additionally, the authors noted variability depending
on which upper-limb muscle groups predominantly contribut-
ed to the recorded signal, including forearm and shoulder-as-
sociated muscles, further underscoring the regional and non-
uniform nature of TOF-Cuff stimulation.

Overall, the available evidence regarding upper-limb TOF-Cuff
monitoring remains heterogeneous. Although the method may
be useful in selected patients when conventional monitoring
sites are unavailable, its performance appears limited in indi-
viduals with obesity and potentially variable across age groups,
including pediatric and older patients. Current evidence is in-
sufficient to support routine replacement of established neu-
romuscular monitoring techniques. Further large-scale, con-
trolled studies are required to better define the clinical role,
limitations, and interpretation of TOF-Cuff-derived measure-
ments in upper-limb neuromuscular monitoring [24,31,32].

Orbicularis Oculi Muscle

The orbicularis oculi muscle has been investigated for its roles
in anesthesiology and intensive care for more than 2 decades.
Although morphologically small, it plays important physiolog-
ical roles by enabling eyelid closure and protecting the ocular
surface. Anatomically, the muscle is divided into orbital and
palpebral parts, which slightly differ in their attachments and
functional characteristics [20,33]. Functionally, the orbicular-
is oculi is capable of rapid, repetitive contractions that allow
voluntary and reflex blinking.
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This behavior is closely related to its histological composition:
approximately 90% of its fibers are fast-twitch (type Il), which
generate rapid contractions with limited resistance to fatigue;
some authors distinguish 2 subtypes within this group [12,34].
The orbicularis oculi is innervated by the temporal and zygo-
matic branches of the facial nerve (cranial nerve VII). The super-
ficial course of these branches facilitates electrode placement
for neuromuscular monitoring, although particular attention is
needed concerning the proximity of adjacent facial muscles.
Inadvertent direct muscle stimulation may distort recordings
and lead to misinterpretation of neuromuscular function [20,35].

Numerous clinical studies have evaluated neuromuscular mon-
itoring at the orbicularis oculi relative to the adductor pollicis,
the conventional reference site. Whereas the adductor polli-
cis remains well validated for assessment of recovery, results
comparing blockade onset between these 2 muscles have been
heterogeneous [36,37].

In a landmark study, Ungureanu et al assessed atracurium at
doses of 0.3 mg/kg and 0.5 mg/kg using AMG at both sites.
Neuromuscular responses at the orbicularis oculi closely reflect-
ed blockade of the laryngeal and pharyngeal muscles, which
are critical for optimal intubating conditions. Importantly, af-
ter the lower atracurium dose, incomplete laryngeal relax-
ation coincided with absence of blockade at the orbicularis
oculi despite apparent block at the adductor pollicis, support-
ing its role as a surrogate for airway muscle relaxation dur-
ing induction [38,39].

Subsequent studies have confirmed that neuromuscular block-
ade onset and early recovery occur earlier at the orbicularis oc-
uli than at the adductor pollicis across agents such as atracuri-
um, mivacurium, and rocuronium, with faster achievement of
intermediate TOF values (eg, TOF~0.7) at the facial site [37,40-
42]. These characteristics support the use of orbicularis ocu-
li monitoring primarily to assess blockade onset and predict
intubation conditions.

In contrast, important limitations apply during recovery.
Measurements at the orbicularis oculi may substantially di-
verge from those at peripheral muscles, and technical chal-
lenges — such as weak signal amplitude, susceptibility to arti-
facts, and limited applicability of some quantitative techniques
- reduce reliability [42,43]. Crucially, several studies have dem-
onstrated that a TOF ratio of 1.0 measured at the orbicularis
oculi can coexist with residual neuromuscular weakness, par-
ticularly in airway and respiratory muscles, and thus does not
reliably indicate safe recovery [9,22,25,44].

The orbicularis oculi is a valuable monitoring site for assessing
neuromuscular blockade onset and predicting intubating con-
ditions, especially when upper-limb monitoring is impractical.
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Table 3. Comparison of facial and peripheral monitoring sites: relationship to laryngeal adductor behavior and clinical interpretation.

Correlation with Onset of blockade

Muscle larvngeal adductor  vs adductor Resistance to Recovery vs Reversal Main
monitored yne . NMBAs adductor pollicis  characteristics clinical role
muscles pollicis
Corrugator Strong Later onset Higher Faster Lower dose of Best facial
supercilii resistance recovery sugammadex predictor of
sufficient (eg, intubating
~2 mg/kg) conditions
Orbicularis Moderate Earlier onset Moderate Faster TOF=1.0 may Useful for
oculi resistance recovery occur with onset only;
residual block unsafe for
extubation
Adductor Poor (airway Reference Lower Slowest Requires higher Gold standard
pollicis muscles) resistance recovery reversal doses for recovery

and extubation

NMBA — neuromuscular blocking agent; TOF — train-of-four. Correlation with laryngeal adductor muscles primarily refers to similarity
in onset and early recovery of neuromuscular blockade. Recovery at facial sites occurs earlier than recovery at peripheral muscles and
does not reliably reflect restoration of pharyngeal or airway-protective muscle function. A TOF ratio of 1.0 measured at the orbicularis
oculi does not exclude residual neuromuscular weakness. Sources: Evidence is summarized from clinical comparative studies evaluating
facial, laryngeal, and peripheral monitoring sites and reversal characteristics [38,47,48,50].

However, due to limited reliability during recovery, it should
not be used to guide extubation decisions. Confirmation of
adequate recovery should be performed at a peripheral mus-
cle, such as the adductor pollicis, using quantitative monitor-
ing and a TOF ratio of at least 0.9 [9,25].

Corrugator Supercilii Muscle

The corrugator supercilii muscle is the second major facial-
nerve-innervated site investigated for neuromuscular moni-
toring. Despite its small size, its superficial location in the me-
dial eyebrow region allows reliable detection of facial nerve
stimulation, typically expressed as vertical forehead wrinkling.
Anatomically, the muscle lies superior to the orbicularis oculi
and consists of 2 bellies (oblique and transverse) with slightly
different fiber orientation and attachments [20,34,35].

Histologically, the corrugator supercilii contains a balanced
mixture of type I and type Il muscle fibers, in contrast to the
predominantly fast-twitch profile of the orbicularis oculi. This
mixed fiber composition explains its intermediate sensitivity
to non-depolarizing NMBAs and its closer physiological resem-
blance to the laryngeal adductor muscles [12,34,45].

A substantial body of literature has compared neuromuscular
responses of the corrugator supercilii, orbicularis oculi, and ad-
ductor pollicis to identify the most reliable site for predicting
the onset and depth of neuromuscular blockade [12,45,46]. In
a pivotal 2001 study, Plaud et al showed that after rocuroni-
um 0.5 mg/kg, neuromuscular responses at the corrugator
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supercilii closely mirrored those of the laryngeal adductor mus-
cles; responses at the orbicularis oculi resembled those at the
adductor pollicis. Later onset and faster early recovery at the
corrugator supercilii reflected the known resistance of laryn-
geal musculature to NMBAs [45,47].

Subsequent studies have consistently demonstrated that,
compared with monitoring at peripheral muscles, monitor-
ing at the corrugator supercilii provides a more accurate pre-
diction of laryngeal relaxation during induction, facilitating
optimal timing of tracheal intubation. Importantly, laryngeal
relaxation — and corrugator supercilii paralysis — does not nec-
essarily coincide with relaxation of the tongue or pharyngeal
muscles, which remain critical determinants of postoperative
airway safety [44,48].

Differences between the corrugator supercilii and peripheral
muscles also extend to reversal of neuromuscular blockade.
Suzuki et al reported that maintaining a comparable depth of
block required higher rocuronium infusion rates at the corru-
gator supercilii than at the orbicularis oculi, consistent with
greater resistance to NMBAs. After neostigmine administra-
tion, recovery to a TOF ratio of 0.9 occurred substantially fast-
er at the corrugator supercilii than at the adductor pollicis, fur-
ther supporting its similarity to laryngeal adductors [38,49].

Comparable findings were reported by Yamamoto et al, who
demonstrated that after rocuronium 1 mg/kg, reversal at the
corrugator supercilii required only 2 mg/kg of sugammadex;
reversal at the adductor pollicis required nearly twice that
dose under identical conditions [50]. Radkowski et al evaluated
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upper-arm TOF-Cuff monitoring relative to conventional TOF-
Scan measurements at the adductor pollicis; in a separate study,
they performed a comparison with eyelid monitoring to reflect
facial nerve stimulation during mivacurium anesthesia [26,31].
Although these studies did not directly assess the corrugator
supercilii muscle, they underscore the composite and region-
dependent nature of cuff-based measurements, which limits
direct extrapolation to specific facial muscles.

Collectively, current evidence supports the corrugator superci-
lii as an excellent predictor of the onset and depth of neuro-
muscular blockade at the laryngeal adductor muscles, partic-
ularly when upper-limb monitoring is impractical. However, its
recovery occurs considerably earlier than that of the adductor
pollicis, and it does not reliably reflect pharyngeal or tongue
muscle function. Consequently, the corrugator supercilii should
not be used to guide extubation decisions. Technical challeng-
es related to electrode placement, small signal amplitude, and
proximity to adjacent facial muscles further limit its role dur-
ing recovery [9,12,20,25,35,44,45]. A comparative summary of
facial and peripheral monitoring sites, including onset charac-
teristics, resistance to NMBAs, recovery patterns, and clinical
implications, is presented in Table 3.

Laryngeal Muscles

The larynx is a complex structure due to its muscular or-
ganization and highly coordinated functional mechanisms.
Laryngeal muscles are classically divided into extrinsic and
intrinsic groups. From an anesthesiologist’s perspective, the
intrinsic muscles — arytenoid, thyroarytenoid, lateral cricoary-
tenoid, posterior cricoarytenoid, and cricothyroid — are of pri-
mary importance.

Innervation of the laryngeal muscles is provided by branch-
es of the vagus nerve (cranial nerve X), but the pattern is not
uniform. All intrinsic laryngeal muscles, except the cricothy-
roid muscle, are innervated by the recurrent laryngeal nerve.
The cricothyroid muscle is exclusively innervated by the ex-
ternal branch of the superior laryngeal nerve. Both the lateral
and posterior cricoarytenoid muscles, which play key roles in
vocal fold adduction and abduction, receive motor innervation
solely from the recurrent laryngeal nerve [51,52].

From a histological perspective, laryngeal muscles exhibit a
very high density of neuromuscular junctions and a substan-
tial proportion of type Il (fast-twitch) muscle fibers, particu-
larly among intrinsic muscles. These characteristics contrib-
ute to their specific pharmacodynamic profile, including a
relatively rapid onset and faster recovery from neuromuscu-
lar blockade compared with peripheral muscles [12,16]. Similar
to the diaphragm, laryngeal muscles are relatively resistant to
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non-depolarizing NMBAs and therefore often require higher
effective concentrations to achieve complete paralysis [12,21].

Multiple studies have demonstrated that the neuromuscular
blockade characteristics of the laryngeal muscles closely re-
semble characteristics observed at the corrugator supercilii
muscle, although they substantially differ from measurements
obtained at the adductor pollicis muscle [12,45,47]. This ob-
servation underlies the clinical rationale for using facial-nerve-
innervated muscles as indirect indicators of laryngeal muscle
relaxation during anesthesia.

Direct monitoring of laryngeal muscles remains challenging
due to their deep anatomical location and the course of the re-
current laryngeal nerve. Nevertheless, direct approaches have
been explored. One study utilized laryngeal EMG involving elec-
trodes integrated into the endotracheal tube, combined with
transcutaneous stimulation of the recurrent laryngeal nerve.
After administration of mivacurium or rocuronium, the dura-
tion of neuromuscular blockade was consistently shorter at
the laryngeal muscles than at the adductor pollicis, support-
ing previously reported muscle-specific differences [53]. The
authors emphasized, however, that inadvertent direct muscle
stimulation may generate falsely reassuring measurements.

Earlier invasive techniques, including needle electrode insertion
into vocal cord muscles or recordings obtained through laryn-
geal cartilages, were investigated in the past but did not gain
widespread acceptance due to limited feasibility and safety con-
cerns; they are no longer used in routine clinical practice [52].

Differences between laryngeal and peripheral muscles are
also evident during pharmacological reversal of neuromuscu-
lar blockade. Pavoni et al demonstrated earlier recovery of la-
ryngeal muscle function compared with the adductor pollicis;
however, their approach utilized sugammadex 16 mg/kg to re-
verse profound neuromuscular block, defined as deep suppres-
sion of neuromuscular transmission [54]. This method differs
from that of studies addressing moderate block. For example,
Yamamoto et al showed that sugammadex 2 mg/kg was suf-
ficient to reverse moderate neuromuscular blockade, assessed
at the corrugator supercilii muscle, which exhibits pharmaco-
dynamic behavior similar to that of the laryngeal muscles [50].
These findings indicate that apparent discrepancies in sugam-
madex dosing reflect differences in the depth of neuromuscu-
lar block and predefined reversal endpoints, rather than true
physiological inconsistencies.

Overall, peripheral muscles such as the adductor pollicis or low-
er-limb muscles do not reliably reflect neuromuscular trans-
mission at the laryngeal level. Accurate assessment of laryn-
geal muscle relaxation is crucial to minimize airway-related
complications, including aspiration. Thus, further development
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of validated indirect monitoring strategies or direct measure-
ment techniques remains an important objective in contem-
porary anesthesiology [9,12,25,45,54].

Pharyngeal Muscles

Proper pharyngeal muscle function is essential for effective
swallowing and airway protection, thereby reducing the risk
of postoperative complications such as aspiration pneumo-
nia [9]. This function relies on highly coordinated neuromus-
cular control with complexity comparable to that of the laryn-
geal muscles, underscoring its vulnerability during and after
general anesthesia.

The pharyngeal musculature comprises elevator muscles (sty-
lopharyngeus and palatopharyngeus) as well as the superi-
or, middle, and inferior pharyngeal constrictors, which act as
sphincters. Motor innervation of the pharyngeal muscles is
complex but follows well-defined anatomical principles. The
majority of pharyngeal muscles receive motor fibers via the
pharyngeal plexus, primarily formed by branches of the glos-
sopharyngeal nerve (cranial nerve IX) and the vagus nerve (cra-
nial nerve X). The stylopharyngeus muscle is exclusively inner-
vated by the glossopharyngeal nerve (IX), whereas most other
pharyngeal muscles are supplied through vagal fibers within
the pharyngeal plexus. The accessory nerve (cranial nerve XI)
does not provide direct motor innervation to the pharyngeal
muscles but contributes indirectly via its association with the
vagus nerve [51,55].

From a pharmacodynamic perspective, pharyngeal muscles
exhibit neuromuscular block characteristics similar to those
of the laryngeal muscles, including relatively rapid neuromus-
cular blockade onset and earlier recovery compared with pe-
ripheral muscles such as the adductor pollicis [12,16]. Despite
this tendency for earlier recovery, clinically relevant pharynge-
al dysfunction may persist even when peripheral monitoring
suggests adequate neuromuscular recovery.

Fuchs-Buder et al demonstrated that at TOF ratios of approx-
imately 0.8, substantial impairment of pharyngeal muscle
function may persist, compromising swallowing and airway
protection [48,56]. This phenomenon is particularly relevant
for muscles such as the geniohyoid, whose relaxation can re-
sult in posterior displacement of the tongue and subsequent
airway obstruction. Although the geniohyoid muscle demon-
strates rapid neuromuscular blockade onset similar to that of
central muscle groups, its recovery may be unexpectedly pro-
longed, in some cases approaching recovery times observed
at the adductor pollicis [48,57].
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Pharyngeal muscle function is especially critical in older pa-
tients, among whom age-related decline in muscle strength
and coordination further increases susceptibility to postoper-
ative aspiration [58]. Overall, pharyngeal muscles demonstrate
neuromuscular block behavior that substantially differs from
the behavior of peripheral muscles and closely resembles that
of the laryngeal muscles or diaphragm [12,16,48]. These differ-
ences highlight the limitations of solely relying on peripheral
neuromuscular monitoring to assess recovery of airway-pro-
tective function and emphasize the need for cautious inter-
pretation of TOF values during emergence from anesthesia.

TOF-Cuff Measurements on the Lower Leg

The TOF-Cuff technique, originally introduced for use on the
arm and forearm muscles, has also been evaluated for neuro-
muscular transmission monitoring in the lower limb. The fun-
damental principle of the method remains unchanged, en-
abling simultaneous assessment of neuromuscular block and
noninvasive blood pressure.

Lower-limb TOF-Cuff measurements primarily involve mus-
cles innervated by the tibial nerve, which is stimulated with-
in the region enclosed by the cuff. The tibial nerve is a termi-
nal branch of the sciatic nerve and separates in the popliteal
fossa, accompanying the popliteal vessels. Distally, it passes
through the tarsal tunnel and divides into the medial and lat-
eral plantar nerves. Muscles supplied by the tibial nerve in-
clude the tibialis posterior, flexor digitorum longus, soleus, and
flexor hallucis longus [20,59].

Compared with upper-limb applications, substantially less data
are available regarding TOF-Cuff use on the lower limb, a situ-
ation that reflects both the limited routine use of lower-limb
muscles for neuromuscular monitoring and the relative nov-
elty of this approach [59-62]. Consequently, lower-limb TOF-
Cuff measurements should be interpreted in relation to estab-
lished reference techniques, particularly ulnar nerve monitoring
with TOF-Scan, which remains the most extensively validated
method [9,25,27,63].

A prospective observational study by Radkowski et al compared
neuromuscular blockade measurements at the adductor polli-
cis muscle using TOF-Scan with measurements obtained from
lower-limb muscles using TOF-Cuff during mivacurium anes-
thesia [60]. Contrary to initial expectations, the timing of neu-
romuscular blockade onset was nearly identical at both sites,
confirming prior observations [26,61,62]. In contrast, recovery
of neuromuscular transmission occurred substantially faster
in muscles innervated by the tibial nerve than at the adductor
pollicis [59,60]. The mechanisms underlying these differenc-
es remain uncertain and may include small sample size and
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interindividual variability related to age or obesity. In addition
to neuromuscular transmission, Radkowski et al reported dis-
crepancies in diastolic blood pressure measurements, which
are clinically relevant given the known hemodynamic effects
of NMBAs [60].

A comparable observational study was published by Dullenkopf
et al in 2020, evaluating TOF-Cuff placement on the lower leg
during anesthetic induction [61]. In that study, atracurium was
used after induction with propofol and fentanyl, and blood pres-
sure was reported as mean arterial pressure. Complete neu-
romuscular blockade (TOF=0) occurred earlier at the adductor
pollicis, although delays exceeding 60 seconds were observed
in some patients. Neuromuscular measurements could not be
obtained in approximately 20% of patients, highlighting tech-
nical limitations of the method.

Also in 2020, Chau et al compared TOF-Scan measurements
on the upper limb with TOF-Cuff measurements on the low-
er limb during modified rapid-sequence induction using atra-
curium [62]. Although mean onset times did not significantly
differ, large interindividual variability was observed; differenc-
es exceeded 100 seconds in some cases and no consistent di-
rection favored either technique.

Taken together, current evidence does not support routine use
of TOF-Cuff on lower limbs [60-62]. Although average values
may approximate those obtained using TOF-Scan, substantial
variability related to patient-specific factors — including obe-
sity, calf circumference, age, and soft-tissue coverage of the
tibial nerve — might result in clinically relevant discrepancies
[59-61]. Thus, lower-limb TOF-Cuff monitoring should be re-
garded as an adjunct technique, useful in selected clinical sce-
narios rather than as a standard method [10,27]. Further vali-
dation in larger and more heterogeneous patient populations
is required before routine clinical implementation can be rec-
ommended [9,25,60-63].

Foot Muscles

Foot muscles have been explored as alternative sites for quan-
titative neuromuscular monitoring, mainly via stimulation of
the posterior tibial nerve and recording responses from intrin-
sic foot muscles. This approach may be useful when upper-
limb access is limited; however, site-specific pharmacodynamic
differences mean that measurements at the foot can diverge
from those obtained at the adductor pollicis and must be in-
terpreted cautiously [12,16].

One clinically studied pathway is the posterior tibial nerve-
flexor hallucis brevis configuration. In a multicenter prospec-
tive trial, Chen et al evaluated the feasibility and agreement
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of this foot-site approach against standard adductor pollicis
monitoring using TOF stimulation; their results demonstrated
that reliable measurements are possible in selected patients
but that onset and recovery characteristics may differ between
sites [59]. Differences between hand and foot TOF respons-
es have also been reported in intraoperative neurophysiologic
monitoring contexts, supporting the hypothesis that limb lo-
cation and local tissue conditions can influence the observed
neuromuscular response [64].

Importantly, earlier apparent recovery at the foot does not guar-
antee adequate restoration of upper-airway protective muscle
function. Current consensus documents and reviews empha-
size that extubation safety should be based on quantitative
confirmation of recovery at a validated peripheral site, most
commonly the adductor pollicis, with a TOF ratio of at least
0.9 [9,25,63,65]. Because postoperative residual neuromuscu-
lar blockade remains clinically relevant and is associated with
adverse respiratory outcomes, foot monitoring should be re-
garded as an adjunct, rather than a replacement for standard
monitoring strategies [25,66,67].

Discussion

Physicians and researchers currently have access to a broad
spectrum of tools for quantitative neuromuscular transmission
monitoring, reflecting decades of progress in anesthesiology.
Historically, assessment of neuromuscular block evolved in par-
allel with general anesthesia, from early inhalational agents
to the introduction of curare and modern non-depolarizing
NMBAs [1-3,68]. Despite technological advances, TOF stimu-
lation remains the most widely used and guideline-endorsed
method for assessing neuromuscular block [9,25].

TOF can be combined with objective techniques such as AMG,
EMG, mechanomyography, kinemyography, phonomyogra-
phy, and compressomyography, the latter additionally allow-
ing noninvasive blood pressure measurement [8,10,43,65]. As
noted in the Introduction, terminology has been standardized
throughout this manuscript to avoid methodological ambigu-
ity. Although quantitative techniques have improved preci-
sion, full standardization across monitoring sites has not been
achieved [63,65].

A consistent finding across experimental and clinical studies
is that the onset, depth, and recovery of neuromuscular block
are muscle-specific and influenced by perfusion, fiber compo-
sition, neuromuscular junction density, and NMBA pharmaco-
dynamics [12,16,58]. In routine practice, the adductor pollicis
muscle, innervated by the deep branch of the ulnar nerve, re-
mains the reference site because of its accessibility and ex-
tensive validation. A TOF ratio of at least 0.9 at the adductor
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pollicis is accepted as the benchmark for recovery prior to ex-
tubation [9,25,63,65].

However, increasing evidence indicates that responses at the
adductor pollicis do not reliably reflect neuromuscular function
of airway and respiratory muscles, including the diaphragm
and the laryngeal and pharyngeal muscles [12,16,25,44,67].
In the diaphragm, studies consistently show higher ED50 and
ED95 values, in some cases approaching 2-fold higher doses
than at the adductor pollicis, along with faster onset and ear-
lier recovery [12,16,18,22]. These findings highlight the phys-
iological limitations of peripheral monitoring when extrapo-
lated to respiratory muscles [12,16,25,67].

Facial muscles, particularly the orbicularis oculi, have been
proposed as alternative sites for assessing intubating condi-
tions. Several studies demonstrated closer correlations with
laryngeal muscle relaxation than with measurements at the
adductor pollicis, especially during neuromuscular block onset
[37,39,40,46]. This behavior is likely related to fiber compo-
sition and perfusion, rather than anatomical proximity alone
[12,16]. Important limitations must be emphasized because
reliable AMG measurements at the orbicularis oculi heavily
depend on electrode placement, avoidance of direct muscle
stimulation, and operator experience [42,43,63].

Facial nerve stimulation may also activate adjacent muscles, in-
cluding the corrugator supercilii, which — although technically
more challenging — has been shown to track laryngeal adduc-
tor behavior more closely, particularly during neuromuscular
block onset and early recovery [38,45,50]. Pharyngeal and la-
ryngeal muscles, essential for airway protection and swallow-
ing, exhibit neuromuscular characteristics most closely resem-
bling those of the diaphragm. Multiple studies have indicated
that recovery considered adequate at the adductor pollicis can
coexist with clinically relevant pharyngeal dysfunction. In this
context, a TOF ratio of 0.8 may be insufficient because pharyn-
geal weakness and impaired swallowing can persist, increas-
ing the risk of aspiration [48,56,67].

The TOF-Cuff system represents a recent approach enabling
neuromuscular monitoring in the upper and lower limbs with
simultaneous blood pressure measurement. However, stim-
ulation through a cuff activates regional nerves within the
cuffed segment; published data reveal substantial interindi-
vidual variability, particularly in patients with obesity or atypi-
cal limb morphology [24,26,27,31,32,60-62]. Furthermore, TOF-
Cuff measurements are not consistently correlated with facial
muscle responses, limiting their role as a replacement for es-
tablished standards [26,31].

Foot muscles, innervated by the tibial nerve and its branches,
have also been investigated. Although they may show earlier
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recovery than the adductor pollicis, this recovery must not be
used to guide extubation because it may underestimate residual
weakness of airway-protective muscles [9,64,67]. Accordingly,
foot muscle monitoring should be regarded only as an adjunct
when conventional sites are unavailable [9,14,59,64].

In our view, integration of the available evidence indicates
that quantitative monitoring at the adductor pollicis — prefer-
ably using EMG — remains the most reliable method for con-
firming recovery and ensuring extubation safety. Facial muscle
monitoring may provide valuable information regarding neu-
romuscular block onset and intubation conditions, particular-
ly when upper-limb monitoring is impractical. Other monitor-
ing sites should currently be considered supportive rather than
substitutive, pending further high-quality comparative stud-
ies. Continued research will likely refine future recommenda-
tions and promote more individualized neuromuscular moni-
toring strategies [15].

Future Directions

Future research should focus on refining site-specific neuro-
muscular monitoring strategies, rather than seeking a single
universal measurement location. Facial muscles such as the
corrugator supercilii and orbicularis oculi appear to reflect la-
ryngeal muscle behavior during neuromuscular block onset
more accurately than peripheral muscles, supporting their fur-
ther evaluation as predictive sites for intubation conditions.
Additional standardized studies are required to define their
optimal role within induction-phase monitoring algorithms.

Direct monitoring of muscles critical for airway protection re-
mains technically challenging but represents an important re-
search direction. Advances in stimulation and signal acquisition
technologies may enable more reliable assessment of neuro-
muscular transmission in respiratory and airway-related mus-
cles, thus improving intraoperative decision-making without
reliance on indirect indicators alone.

Cuff-based monitoring systems such as TOF-Cuff show potential
as adjunctive tools, particularly when access to conventional
monitoring sites is limited. However, their clinical applicability
remains restricted by interindividual variability, reduced reli-
ability in patients with obesity, and inconsistent correlations
with facial and respiratory muscle responses. Large-scale, mul-
ticenter studies are necessary to determine their true clinical
value and assess whether site- or patient-specific correction
factors can be developed. Investigations should also address
quantitative conversion models between monitoring sites.
Establishment of validated relationships between peripher-
al measurements and neuromuscular function of airway-pro-
tective muscles could support more individualized monitoring
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strategies while preserving patient safety. Finally, diaphrag-
matic ultrasonography represents a promising complementa-
ry modality for intraoperative assessment of respiratory mus-
cle function. Although ultrasound-based evaluation might
enhance understanding of diaphragmatic mechanics during
neuromuscular block and recovery, its role remains investiga-
tional. Prospective validation in diverse patient populations is
needed before integration into routine monitoring standards.

Conclusions

Quantitative neuromuscular monitoring remains a cornerstone
of safe anesthetic practice and effective prevention of postop-
erative residual neuromuscular blockade. This narrative review
demonstrates that neuromuscular block is inherently muscle-
specific, with substantial differences in onset, depth, and re-
covery between peripheral muscles and those critical for air-
way patency and ventilation, such as the diaphragm and the
laryngeal and pharyngeal muscles.

Despite these physiological differences, monitoring at the ad-
ductor pollicis muscle remains the most reliable and best-val-
idated method for confirming adequate recovery before ex-
tubation. A TOF ratio of at least 0.9 measured at this site,
preferably using EMG, should continue to be regarded as the
clinical standard for extubation safety.
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Facial muscles, particularly the orbicularis oculi and corrugator
supercilii, provide valuable information regarding neuromus-
cular block onset and intubation conditions; they may better
reflect laryngeal muscle behavior during induction. However,
these muscles should not be used alone to assess recovery.
Alternative monitoring sites such as lower-limb and foot mus-
cles, as well as cuff-based technologies, may serve as adjuncts
in selected clinical situations but currently lack sufficient con-
sistency to replace established reference methods. Earlier re-
covery at peripheral or distal sites must not be used to guide
extubation decisions because it may underestimate residual
weakness in airway-protective muscles. In summary, optimal
neuromuscular monitoring requires a site- and phase-specif-
ic approach: facial muscles for prediction of intubating condi-
tions and quantitative monitoring at the adductor pollicis for
confirmation of recovery. Until further high-quality compara-
tive studies are available, these principles should guide clin-
ical practice to minimize respiratory complications and en-
hance perioperative safety.
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