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Abstract

Purpose Facial nerve electrodiagnostics is a well-established and important tool for decision making in patients with facial
nerve diseases. Nevertheless, many otorhinolaryngologist—head and neck surgeons do not routinely use facial nerve electro-
diagnostics. This may be due to a current lack of agreement on methodology, interpretation, validity, and clinical application.
Electrophysiological analyses of the facial nerve and the mimic muscles can assist in diagnosis, assess the lesion severity,
and aid in decision making. With acute facial palsy, it is a valuable tool for predicting recovery.

Methods This paper presents a guideline prepared by members of the International Head and Neck Scientific Group and
of the Multidisciplinary Salivary Gland Society for use in cases of peripheral facial nerve disorders based on a systematic
literature search.

Results Required equipment, practical implementation, and interpretation of the results of facial nerve electrodiagnostics
are presented.

Conclusion The aim of this guideline is to inform all involved parties (i.e. otorhinolaryngologist—head and neck surgeons
and other medical specialists, therapeutic professionals and the affected persons) and to provide practical recommendations
for the diagnostic use of facial nerve electrodiagnostics.

Keywords Facial nerve - Diagnostics - Facial paralysis - Bell’s palsy - Electroneurography - Electromyography -
Electrostimulation - Recommendations

Introduction

Guillaume-Benjamin Duchenne in the 1800 s was one of
the earliest practitioners of electrodiagnostic [1, 2]. Duch-
enne noted that patients with persistent facial palsy had
absent muscular contractility with nerve stimulation. He,
therefore, claimed that electrostimulation could predict
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prognosis. Blink reflex testing evoked by electrical stimu-
lation was the first neurological test used for facial nerve
diagnostics by Kugelberg, in 1952 [3]. In 1963 Laumans and
Jongkees introduced the nerve excitability test (NET) [4] for
the direct facial nerve and facial muscle testing. With this
electrostimulation test, the lowest current eliciting a twitch
in the mimetic muscles was defined as the threshold of exci-
tation and the difference in thresholds between the two hemi-
faces was calculated [5, 6]. May et al. described the maximal
stimulation test (MST) [7]. During MST, facial movement of
the paretic side was compared with the contralateral side at
the stimulation level where the greatest amplitude of facial
movement was seen on the normal side. NET and MST both
are dependent upon the cooperation of the patient and on the
examiner’s visual evaluation of the electrically elicited facial
movement. This factor limits the reliability of both tests.
These limitations were overcome by electroneurography
(ENoG; sometimes also called evoked electromyography).
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ENoG was popularized by Fisch and Esslen in 1972 [8].
ENoG objectively records the amplitude of electrically
evoked muscle action potentials. Finally, electromyography
(EMG) measures volitional responses of the facial muscles
without electrostimulation. ENoG and EMG are now the
most important facial electrodiagnostic tools. Electrostimu-
lation with a visual inspection of the face (as it was used for
the NET and MST) still are relevant for facial nerve mapping
(FNM). Electrodiagnostics remain valuable tools for patients
with facial palsy. Nevertheless, many practitioners do not
routinely use them [9]. The situation has been the same for
laryngeal electrodiagnostics until recently. To overcome this,
the European Laryngological Society published a guideline
for laryngeal EMG [10]. The idea behind was to find an
agreement on methodology, interpretation, validity, and clin-
ical application of laryngeal EMG as an important step to
promote the use of laryngeal electrodiagnostics. The present
proposal has now the same goal for facial electrodiagnostics.
An overview of the most important facial electrodiagnostic
tests is shown in Table 1.

A careful review was done of a comprehensive overview
of facial nerve electrophysiology that was published in 2016
[11]. We conducted a systematic literature search for the
most recent publications using PubMed and ScienceDirect
database, with the following MeSH terms: “facial nerve”,
“Bell palsy”, “facial nerve diseases”, “electrodiagnostics”,
and “humans” (period: 2015-2019; last search on 21-Octo-
ber 2019) in accordance with the preferred reporting items
for systematic reviews and meta-analyses (PRISMA) state-
ment. A total of 32 articles were included in the present
review based on relevance and scientific evidence. The high-
est level of evidence reached the level of retrospective obser-
vational cohort studies (Oxford Centre for Evidence-based
Medicine Level III-1V). Due to the lack of high-quality
evidence, the presented recommendations reached the level
of recommendation B, i.e. considerable benefit substanti-
ated by non-first-class evidence, according to international
standards and the Association of the Scientific Medical
Societies guidelines (Arbeitsgemeinschaft Wissenschaftlich
Medizinischer Fachgesellschaften, AWMF; https://www.
awmf.org/en/clinical-practice-guidelines/awmf-guidance.
html). The most important diagnostics tests are discussed in
depth and a consensus is introduced. Recommendations for
the use of ENoG and EMG as well as the role of less often
employed techniques like blink reflex testing or transcranial
magnetic stimulation (TMS) are also presented in detail. The
manuscript circulated among the authors in four rounds until
a consensus was reached for all recommendations. A strong
consensus (Agreement among > 95% of participants) was
reached for all recommendations.

These electrophysiological tests are mainly used to
determine the severity and prognosis of a peripheral facial
nerve lesion. Transcutaneous electrostimulation is helpful
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for preoperative FNM. EMG in the form of surface EMG
(sEMG) is an important tool for facial muscle expression
analysis. Intraoperative nerve monitoring was not part of this
study: instead, we refer to other recently published recom-
mendations [12, 13]. Facial electrodiagnostics are also used
for other diseases than facial nerve palsy i.e. for hemifacial
spasm or facial myokymia [14]. Electrodiagnostics for these
diseases were not part of this study.

Facial nerve physiology, pathophysiology,
and definitions

The facial nerve can be stimulated volitionally by the first
motoneuron in the facial nerve nucleus, or artificially by
electrostimulation of the peripheral facial nerve. A sequence
of action potentials is then evoked, and the facial nerve is
depolarized between the nodes of Ranvier. The action poten-
tials are transmitted to the facial muscles via the motor end-
plates. A motor unit (MU) consists of a facial motoneuron
and its innervated muscle fibers. In small facial muscles,
the number of muscle fibers per MU is low. This is needed
for the precise motor control of the muscles. The activation
of the muscle fibers by its motor neuron results in a motor
unit action potential (MUAP). In facial electrodiagnostics,
one normally measures the muscle response visually (NET,
MST) or through the interpretation of the electrical sig-
nals derived from the muscle (ENoG, EMG). Unlike other
nerves, direct analysis of only the facial nerve is not possible
due to its early extratemporal branching. Most facial nerve
injuries take place in the temporal bone. Nerve stimulation
proximal to the pathologic lesion site is therefore often not
feasible.

Disturbances of facial muscle function can occur from
central and peripheral pathology. Peripheral lesions are more
relevant for an otorhinolaryngologist—head and neck surgeon.
Peripheral facial nerve dysfunction is classified according to
Seddon into three subtypes: neurapraxia, axonotmesis, and
neurotmesis [15]. Neurapraxia is characterized by functional
nerve deficits with no morphological nerve failure. Axonot-
mesis is defined as a lesion in the axonal nerve fibers, but the
covering myelin sheath is intact. Neurotmesis is distinguished
as a complete disconnection of the facial nerve. Facial elec-
trodiagnostic testing tries to differentiate between these three
aforementioned subtypes.

Depending on the time after a facial nerve injury, electrodi-
agnostics cannot always differentiate between the three types
of nerve injury. The significance of electrodiagnostics can be
increased by repeated testing during the time course of a facial
nerve lesion. If the lesion lies in the intratemporal segment
such as Bell’s palsy, it takes about 72 h before the Wallerian
degeneration has reached the extratemporal segment distal
to the stylomastoid foramen. Electrostimulation distal to the
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lesion site such as ENoG can show completely normal results
during this 72-h window. The segment will continue to con-
duct the stimulus as it takes 10—14 days following an intratem-
poral insult before degeneration reaches the mimetic muscles.
Signs of muscle degeneration cannot be seen by EMG before
1014 days. The final window of post-injury time is at 21 days
post-onset. After this time, nerve excitability is definitively
lost, and nerve degeneration is complete. Electrodiagnostic
studies can be further complicated by the interference of first
regenerating fibers, which is why ENoG is most valuable if
initially performed 72 h post-onset and repeated several times
until day 14-21. After neurotmesis, the degeneration of the
muscle takes much longer. EMG can record signs of degenera-
tion up to 3—6 months post-injury.

Synaptic and muscular lesions are typically related to
neurological diseases and are relevant mainly for differen-
tial diagnosis. Disturbed neuromuscular transmission can be
assessed in the facial muscles with diseases such as the ocu-
lar form of myasthenia gravis. These patients have a reduced
duration of MUAP and an increase of polyphasic potentials
in EMG. EMG amplitudes can also be reduced. Further-
more, myopathies can show pathologic spontaneous activity
and even a synchronous increase of polyphasic potentials as
a sign of simultaneous degeneration and regeneration. Find-
ings of a synaptic or muscular lesion mandate referral of the
patient to a neurologist.

Electrophysiological diagnostic evaluation

The recommended use of facial electrodiagnostics can be
found in the clinical guidelines for treating idiopathic facial
palsy (Bell’s palsy). The American Academy of Otolar-
yngology—Head and Neck Surgery Foundation guideline
recommends electrodiagnostic testing only for cases of com-
plete paralysis [16]. Patients with incomplete paresis have
good prognosis. In contrast, the German and the Spanish
guidelines recommend electrodiagnostics for all patients
with Bell’s palsy [17-19]. Some recommend electrodiag-
nostics for all patients with facial nerve disorder. In patients
with an invasive malignant parotid tumor, facial nerve infil-
tration can result in an incomplete paresis when the facial
nerve branches peripheral to the main trunk are affected. In
these patients, electrodiagnostics can show signs of nerve
degeneration. This may be the first suggestion of a malignant
lesion and may influence preoperative and surgical planning.
Electrodiagnostics can also be helpful to clearly differentiate
a central facial palsy from an incomplete peripheral facial
palsy that spares the upper face. Patients seen 2—-3 months
after onset with worsening neurologic findings often have an
incomplete facial recovery. In these cases, electrodiagnostic
tests provide a clearer picture of the severity of the lesion.

@ Springer

Recommendation: Most patients with facial nerve disor-
der should undergo facial electrodiagnostics.

Equipment

There are many licensed stationary or portable electrodi-
agnostic machines that perform all the recommended facial
electrodiagnostic tests. The machine should perform ENoG,
EMG, and blink-reflex testing. A simultaneous display of at
least two EMG channels should also be available. All data
should be storable. A bipolar nerve stimulator or adhesive
stimulation electrodes are needed for transcutaneous stimu-
lation during ENoG. This stimulator is also needed for trans-
cutaneous FNM. Surface electrodes are needed to record
the compound action potential during ENoG and as ground
(reference) electrodes. Needle EMG (nEMG) and surface
EMG (SEMG) require surface and ground electrode potential
differences (in voltage) which are measured during EMG
recording. There are monopolar, concentric, bipolar concen-
tric, and single-fiber EMG needle electrodes. The monopolar
needle electrode is a stainless-steel needle fully insulated
with a thin insulating coating, except for the tip. These solid
needles are used for diagnostic purposes. Potentials recorded
by monopolar needle electrodes tend to be larger and longer
with more phases than those recorded with concentric nee-
dle electrodes. For nEMG one uses concentric bipolar nee-
dle electrodes. Bipolar electrodes are primarily useful for
experimental studies. The same type of electrodes should
be used for every routine procedure to facilitate comparison
of results in the same patient and between different patients.
Solid needle electrodes are needed for facial electrodiagnos-
tics. If an EMG-guided injection, for instance of botulinum
toxin is planned, the needle needs to be hollow. For single-
fiber EMG (sfEMG), special fine wires are needed for spe-
cial research purposes. sSfEMG is not presented here, as it is
not employed for clinical routine facial electrodiagnostics.

Recommendation: Facial electrodiagnostic equipment
should perform ENoG, and at least 2-channel EMG and
blink-reflex testing.

Electroneurography (ENoG)

Electroneurography (ENoG; also called neuronography,
electroneuronography, neuromyography, evoked electromyo-
graphy; Fig. 1) analyzes the evoked compound muscle action
potential (CMAP) of a specific facial muscle after transcu-
taneous stimulation of the main trunk of the facial nerve [8,
20, 21]. The main trunk is stimulated supramaximally at its
exit from the stylomastoid foramen with a bipolar stimula-
tor or stimulating electrodes. The CMAP is recorded using
a bipolar pair of surface electrodes placed on the target
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muscle. Typically, ENoG is recorded in the nasolabial fold,
the most reliable recording site [22].

ENoG is performed first on the healthy side of the face
and then on the affected side. Nerve damage or nerve fiber
degeneration leads to a decrease or loss of the CMAP. The
amplitude of the CMAP on the affected side is compared
to the CMAP of the healthy side and expressed as percent
(amplitude of the paralyzed side divided by the amplitude
of the normal side). ENoG has a re-test variability of about
20%, [23-25]. The high test-retest variation in ENoG results
is the most important criticism of this test [26]. Therefore,
it is important to minimize factors (cleaning of the skin,
electrode type, room temperature) that can influence results.
A side difference of 30% or bigger is considered pathologic.
For prognosis, a side difference of 70-95% is considered to
be relevant (see below). It is important to note that ENoG
alone is not a reliable tool to differentiate between neu-
rapraxia and a more severe lesion [27]. Rarely, ENoG will
not show a CMAP, but nEMG still detects voluntary mus-
cle contraction. Fisch called this phenomenon the early de-
blocking of the facial nerve fibers [28]. Actually, this finding
is still not completely understood.

The lesion site and the onset of an acute palsy are impor-
tant factors to consider when scheduling and interpreting
ENoG. For instance, if the intratemporal portion of the facial
nerve is affected (as in Bell’s palsy) it takes about 72 h for
Wallerian degeneration to reach the extratemporal nerve
distal to the stylomastoid foramen. Since the stylomastoid
foramen is the area for electrostimulation for ENoG, ENoG
can be normal in the 72 h after onset of such a lesion. Over
the next 5-6 days, the response to ENoG will be quickly lost.
21 days after onset, nerve degeneration is complete. ENoG
will not change after 21 days. ENoG is helpful for predicting
recovery within the time window of 3-21 days [6, 29-32].
The first ENoG is performed at about 3 days after the onset
of nerve injury and repeated every 3-5 days [33].

Fig. 1 Electroneurography
(ENoG) procedure. Record-
ing electrodes placed on each
side of the nose. Stimulator
placed in front of the ear.
Stepwise increased levels of
electrical current up to 50 mA.
Test results of two repeated
measurements of a patient with
complete facial paralysis on the
right side: Decreased amplitude
on the right side with 75-79%
amplitude reduction compared
to the left side

™ =
IE...
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1

Recommendation: ENoG is one of the standard facial
electrodiagnostic tests. ENoG is most valuable within the
time window of 72 h to 21 days after onset of the lesion.
ENoG should be employed and interpreted in combination
with EMG.

Electromyography (EMG)

A facial MU consists of a facial motoneuron and all muscle
fibers innervated by this motoneuron. Needle EMG (nEMG)
is the method used to analyze a facial MUAP recorded from
a needle electrode inserted in the facial muscle (Fig. 2). A
MUAP can only occur, if a motoneuron action potential acti-
vates a muscle. The amplitude and duration of facial MUAP
is related to the number of innervated muscle fibers. Ampli-
tude and duration are reduced if the number of innervated
muscle fibers are reduced. In contrast to nEMG, surface
electromyography (SEMG) is recorded on the skin surface.
SsEMG records the sum of MUAP in the area of the surface
electrode. After the onset of acute facial palsy and before a
lesion has become complete, EMG may detect the presence
of voluntary MU action potentials. In traumatic cases, this
proves that the facial nerve has not been completely tran-
sected. This finding directly impacts the decision to explore
the lesion site. In contrast to ENoG, EMG is most helpful
2-3 weeks after the onset of the palsy and loss of nerve
excitability. Pathological spontaneous activity in the form
of fibrillation potentials or positive sharp waves is a sign of
facial nerve degeneration. After 4—6 weeks, polyphasic rein-
nervation potentials are signs of reinnervation of the muscle
and can only be seen if facial nerve regeneration occurs.
Recommendation: EMG is most valuable in the time
frame of 2-3 weeks to 3 months after the onset of a facial
nerve injury. EMG is helpful in monitoring for regeneration

Point of Point of | Distance | Latency | Amp.2-4 Stim.
iminion | g |
cm ms mv %
Left N facialis
infraauricular M. orb. ocul. 12 3,60 29 100 49mA

infraauricular M. orb. ocul. 12 3,65 2,8 97,5  49mA

Right N facialis
infraauricular M. orb. ocul. 12 3,75 0,6 100  49mA

infraauricular M. orb. ocul. 12 3,85 0,7 91,6 49mA

@ Springer
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if reinnervation occurs. EMG should be used and interpreted
in combination with clinical examinations.

Needle EMG (nEMG)

All facial muscles can be studied with one needle type. Two
or more needles are needed for the synchronous analysis of
several muscles. A reference surface electrode is placed at a
myoelectric inactive location of the body such as the area of
the manubrium sterni. Bipolar concentric needle electrodes
best provide a uniform field for MUAP waveform analysis.
Which facial muscles are to be examined depends on what
clinical information is needed. If all of the facial nerve is to
be investigated, one chooses the frontalis, orbicularis oculi,
orbicularis oris, and zygomaticus muscle. These muscles are
easy to identify, with mimetic movement.

Fig.2 Needle electromyography (nEMG) procedure. a frontalis mus-
cle, b orbicularis oculi muscle, ¢ the orbicularis oris muscle, d zygo-
maticus muscle. nEMG should be performed next to the endplate area
of the muscle. nEMG is performed at rest and then during specific
tasks

@ Springer

Recommendation: A standardized scheme and sequence
should be used for recording facial muscles. An EMG of the
frontalis, orbicularis oculi, orbicularis oris, and zygomaticus
muscles on the affected side gives a good overview of facial
nerve function. If only part of the peripheral facial nerve is
affected, nEMG also is abnormal only in the affected area.

nEMG of the muscle of interest should follow a standard
recording sequence:

(a) Insertion activity
(b) Pathologic spontaneous activity at rest
(c) Activity during voluntary muscle movement
(d) Synkinetic activity (in case of chronic palsy)
After analysis of all muscles of interest, the last steps
of nEMG analysis are performed:
(e) Analysis of the waveform morphology
(f) Interpretation of the nEMG results

Insertion activity

In the normal unaffected facial muscle, an insertion activ-
ity response occurs during the insertion of the needle into
the muscle. The insertion causes bursts of electrical activity
for several hundred milliseconds. During early facial nerve
injury, the electrical charges surrounding the muscle mem-
brane are unstable. This leads to a prolonged insertion activ-
ity. In contrast, the replacement of normal muscle with scar
tissue or fat decreases insertion activity.

Pathologic spontaneous activity at rest

In the normal unaffected facial muscle, no pathologic spon-
taneous electrical activity is present at rest. If the patient has
problems relaxing the muscle, it is helpful to have the patient
tense the muscle before relaxation. When the infratempo-
ral facial nerve fibers are injured, it takes about 10—14 days
before degeneration reaches the facial muscle. If the first
nEMG is performed early, a repeat measurement should
be done at least 14 days later. If the nerve lesion is more
distal, degeneration reaches the affected muscles earlier. A
denervated facial muscle can show spontaneous activity in
the form of unstable electrical charges during the phase of
ongoing nerve injury. This pathologic spontaneous activ-
ity occurs as fibrillation potentials, complex repetitive dis-
charges, and sharp positive waves (Fig. 3). Most diagnostics
are fibrillation potentials. These potentials are characterized
as low-amplitude, short-duration units generated by a single
muscle fiber. In general, spontaneous activity indicates a
poor prognosis for nerve recovery [34]. If nerve regenera-
tion occurs, the muscle receives new electrical impulses and
pathologic spontaneous activity decreases and disappears
about 2—4 weeks after the nerve injury. When facial nerve
damage persists, such as with malignant tumor infiltration,
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a

Fig.3 Needle electromyography (nEMG) recordings at rest and dur-
ing activity: a, b Two different examples of pathological spontaneous
activity as a sign for nerve denervation in patients with facial nerve
infiltration by a malignant parotid tumor and facial nerve lesion in
temporal bone trauma, respectively, ¢ 2-Channel-recording simul-
taneously of two muscles. Recording of the orbicularis oculi muscle

pathologic spontaneous activity can be observed until the
nerve is completely destroyed.

Activity during voluntary muscle movement

This part of the nEMG examination requires the assistance
of the patient. The patient is instructed to follow a standard
task, frowning for the frontalis muscle, closing the eye for
the orbicularis oculi muscle, showing the teeth for the zygo-
matic muscle etc. The stronger the muscle contraction is, the

A

(upper channel) and zygomaticus muscle (lower channel) showing
synkinetic activity (setting shown in Fig. 5): While closing the eye
not only the orbicularis oculi muscle is activated, but also simultane-
ously the zygomaticus muscle as a sign for aberrant reinnervation in a
patient with post-paretic synkinesis

result is a greater number of activated MU and a denser MU
activation pattern (Fig. 4). Facial nerve lesion may lead to
a reduced number of normal MUAPs and reduced recruit-
ment during voluntary activity. The patient is instructed to
vary the force of activation from minimum to maximum
and back. The maximum activation pattern is evaluated. The
number of impaired facial nerve axons is directly related to
a decrease in the EMG interference pattern. The electro-
physiological configuration of MUs is normally not changed
in patients with neurapraxia. The duration of MUs and the

@ Springer



1862

European Archives of Oto-Rhino-Laryngology (2020) 277:1855-1874

number of their potential phases typically are increased in
patients with axonotmesis or neurotmesis. If the facial nerve
regenerates, spontaneously or after nerve repair, facial axons
reinnervate the target muscles. A typical sign of reinnerva-
tion is polyphasic regeneration potentials. These MUs have
greater amplitudes than normal and a prolonged duration
during the regeneration process.

Fig.4 Needle electromyogra-
phy (nEMG) recordings during
voluntary muscle movement
showing examples of differ-
ent activation patterns in the
frontalis muscle recorded with
a concentric needle electrode
0.45 %38 mm during contrac-
tion: a no activity in a patient
with acute complete facial
paralysis, b single-fiber pattern
in a patient with acute incom-
plete facial palsy, ¢ decreased
recruitment pattern with some
polyphasic reinnervation poten-
tials in the phase of regenera-
tion two months after the onset
of acute palsy, d normal/dense
recruitment pattern with some
polyphasic reinnervation four
months after the onset of acute

palsy

@ Springer

Synkinetic activity

The regenerating axons branch randomly and reach separate
facial muscles. This can finally result in synkinetic activ-
ity or post-paretic synkinesis, the involuntary movement of
one facial muscle during voluntary movement of another
facial muscle. Abnormal nerve regeneration can also lead
to more nerve fibers than normal, called hyperinnervation.
Clinically, this can cause a strong resting tone and move-
ments, hyperkinesis. During nEMG, the synkinetic activity
can be shown by placing the needle electrode in one muscle
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and having the patient move another facial muscle (Fig. 5).
Alternatively, a 2-channel or multiple channel recording is
used. Two or more needle electrodes are placed in different
muscles. A firing of one MUAP in two or more different
muscles is recorded during voluntary contraction and proves
synkinetic activity.

Analysis of the waveform morphology

Facial muscles are smaller than skeletal muscles and there-
fore, their MUAPS are also smaller. The shape, amplitude,
and duration of the MU are the important parts of wave-
form analysis. A normal facial MU is bi- or triphasic, with
a downward positive spike and an upward negative spike.
The amplitude is dependent on the needle used. Generally,
there is an amplitude of 200500 mV that lasts about 5-7 ms
with muscle-specific normal values. For example, a normal
MUAP of the zygomaticus muscle can have 1000-2000 mV.
The MUAP amplitude is the result of the number and the
strength of the muscle fibers innervated by one axon in a
normal facial nerve. In contrast, the duration of the MUAP
is determined by the velocity and synchrony of the neural
input. MUAPs recorded close to motor end plates can show
more than three phases, i.e. polyphasic. There are physi-
ological and normal polyphasic MUAPs that have to be
differentiated from polyphasic potentials occurring during
regeneration. Normal polyphasic MUAPs will disappear
when the needle is shifted away from the endplate region.
Due to the high variability of the location of the endplate
regions in facial muscles, the interpretation can be more
difficult than in big skeletal muscles.

Fig.5. 2-channel nEMG setting in patients with post-paretic synki-
nesis: a The simultaneous eye closure is seen during nEMG record-
ing of the zygomatic muscle. b To prove the synkinetic activity, it is
necessary to perform a simultaneous nEMG of the orbicularis oculi
muscle (recording example in Fig. 3)

Interpretation of the nEMG results

The investigator should classify the electrophysiological
findings according to neurapraxia, axonotmesis, or neurot-
mesis [15]. If nEMG results do not show signs of dener-
vation, ENoG, especially when repeated during the facial
palsy time course, can be helpful. If the patient with an
acute lesion beyond 10-14 days shows normal insertion
activity, no pathological spontaneous activity, and a rari-
fied recruitment pattern or single action potentials during
voluntary contraction, this is compatible with neurapraxia.
If pathological spontaneous activity occurs, axonotmesis
should be suspected. A differentiation between axonotme-
sis and neurotmesis based only on the nEMG is not pos-
sible. If the examination detects polyphasic regeneration
potentials this indicates reinnervation. If the lesion site is
located in the temporal bone or at the main trunk of the
peripheral facial nerve, it can take 3—6 months to see the
first regeneration potentials [35]. That means that the elec-
trophysiological signs of regeneration precede the clinical
signs of recovery. Muscular movement in these situations
will not occur until 5-9 months after injury or nerve repair.
With recovery there is a continuous increase in the recruit-
ment pattern during voluntary motion. With axonotmesis
or neurotmesis, synkinetic activity increases during regen-
eration and reaches its maximum about 15 months after
injury or nerve repair. A specific type of synkinesis is seen
in the frontalis muscle. Due to synkinetic reinnervation of
antagonistic muscles, the frontalis muscle may not show
movement during active frowning; although the nEMG
shows muscle activity. This synkinetic phenomenon is
called autoparalytic syndrome. One hypothesis for this
phenomenon is the simultaneous pathological activation
of the frontalis muscle and its antagonist, the orbicularis
oculi muscle. In cases of neurotmesis with regeneration,
no sign of muscle reinnervation can be detected.

Recommendation: nEMG is a helpful tool for monitor-
ing spontaneous facial nerve regeneration or regeneration
after facial nerve repair. nNEMG can predict future recov-
ery, as reinnervation can be detected about 2—3 months
before clinical movements.

Blink reflex

The physiological involuntary eyelid blink reflex occurs in
response to a corneal contact or stimulation by objects that
appear rapidly in front of the eye [36-38]. The blink reflex
occurs in 0.1 s. The reflex starts via the trigeminal nerve
to the trigeminal nucleus, then it descends to the trigemi-
nal spinal nucleus and facial nerve nucleus, from here to
the facial nerve’ triggering eyelid closure via the facial
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nerve. Blink reflex testing takes advantage of the fact that
the blink reflex can also be elicited from tactile, electric,
optical and auditory stimuli. Since the reflex occurs via the
trigeminal nerve (afferent part) to the facial nerve (efferent
part), the blink reflex delivers information on facial nerve
function with normal trigeminal function. The test can
also be used for trigeminal nerve and brainstem testing.
The blink reflex is the only clinical test that measures the
facial nerve along its entire course. Normally, the ampli-
tude of the repeated stimuli leads to a lower amplitude
of the response measured in the orbicularis oculi muscle.
Blepharospasm is characterized by involuntary closure of
the eyelids and shows a lack of habituation of the blink
reflex [39].

Standard blink testing involves electrical stimulation of
the supraorbital nerve on the affected side combined with a
2-channel simultaneous SEMG recording from both orbicu-
laris oculi muscles. The exit of the supraorbital nerve in
the supraorbital foramen is palpated on the rim of the orbit.
Stimulation with 10-20 mA and 0.2 ms duration is used to
produce a constant reflex. In routine clinical testing, two
responses, R1 and R2, are analyzed. R1 is the fast ipsilateral
response of the orbicularis oculi muscle with a latency of
about 10-12 ms. The second bilateral response R2 has a
latency of about 30—41 ms. R1 has a fixed latency and little
variability. R2 is more variable and dependent on arousal
and attention. The R2 latency differences between both sides
should be less than 5-8 ms [40, 41].

Recommendation: If ENoG and nEMG are both per-
formed, the additional benefit of blink reflex testing is low.
Blink-reflex testing is a test that allows stimulation of the
facial nerve proximal to the lesion site. It may be most help-
ful if facial nerve damage is suspected to occur within the
brainstem.

Transcranial magnetic stimulation (TMS)
and magnetic evoked potentials

Transcranial magnetic stimulation (TMS) uses a magnetic
field to stimulate the facial nerve [42]. The responses are
recorded from the facial muscles with surface electrodes.
Typically, a paranasal recording is used (as for ENoG,
cf. Fig. 1). In contrast to ENoG that requires the facial
nerve in proximity to a simulated electric field, a magnetic
field can pass through the temporal bone and stimulate
the facial nerve. TMS of the motor cortex via the cranial
bone, is used to elicit a response in the contralateral hemi-
face. Stimulation in the parieto-occipital region is used to
trigger a response in the ipsilateral hemiface. The exact
location of the facial nerve stimulation, when stimulating
the parieto-occipital region, is unknown.

@ Springer

The ENoG setting with recording and ground electrodes
can be used. First, unaffected facial muscles are recorded.
Then, the affected side is measured. Like for ENoG, the
stimulation intensity is slowly increased. When the ampli-
tude CAMP is not increasing anymore, the intensity is
slightly increased for the last time to measure the CAMP
with supramaximal stimulation. Typically, a magnetic field
of up to 2 T (with a short duration of only 2-3 ms) is gener-
ated. The intensity is indicated on the TMS machine in the
percentage of the maximal magnetic field output. Normally,
about 30-40% of the maximal output is sufficient to obtain
supramaximal responses. In contrast to ENoG, one has not
to wait 2-5 days before Wallerian degeneration reaches the
stimulation site at the stylomastoid foramen because TMS
allows a stimulation proximal to the lesion site. Theoreti-
cally, TMS should provide information on facial nerve func-
tion immediately after the onset of an injury. Unfortunately,
TMS did not meet these expectations. Patients with minimally
affected nerves also had a complete loss of excitability during
TMS [43]. In contrast to ENoG, TMS does not provide the
examiner a reliable scalable answer. Consequently, TMS is
currently not recommended as a useful electrophysiological
test for facial nerve injury. It may be an option for selected
cases e.g. unconscious patients to help localize a suspected
lesion site in the temporal bone [42, 44].

Recommendation: TMS is currently not recommended
for routine facial electrodiagnostics. It may prove helpful
for highly selected cases of intratemporal pathology.

Surface electromyography (sEMG)

The coordinated movement of facial muscles is impor-
tant for facial eye mimic and emotional expression. Facial
palsy and other diseases with impaired motor function can
lead to impaired mimic and emotional expression. nEMG
is used to characterize the degree of and prognostication
of nerve damage and is restricted to small muscle areas
near the insertion site. Due to its invasiveness, the num-
ber of synchronous recordings is limited. nEMG is not
an optimal method to monitor muscle function over time.
SEMG is the best test to characterize a whole facial muscle
and to evaluate inter-muscular coordination. SEMG is not
used for prognostication. SEMG is non- invasive, painless,
and the number of surface electrodes used and therefore
the number of facial muscles analyzed simultaneously, is
unlimited. SEMG allows a detailed analysis of the coor-
dinated muscle activation needed for specific tasks and
emotional expressions [45, 46]. If several surface elec-
trodes are placed on the same facial muscle, the intramus-
cular pattern of muscle recruitment can be analyzed. The
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disadvantage of surface electrodes is that they are not as
spatially highly selective as needle electrodes.

SEMG can be recorded with monopolar or bipolar elec-
trodes. The bipolar electrodes are less prone to artificial
interference than monopolar recordings. The disadvantage
of bipolar electrodes is that they record from superficial
portions of the facial muscles. Monopolar electrodes allow
reliable whole muscle recording if the positions and inter-
electrode distance is held constant to the parallel axis of the
muscle fibers. Like nEMG, an indifferent common reference
electrode is placed in a muscle-free area. Superficial facial
muscles the frontalis, orbicularis oculi, zygomatic, levator
labii superioris, levator labii superioris alaeque nasi, orbicu-
laris oris, depressor anguli oris, depressor labii, mentalis
muscles are more easily detected with SEMG. If the muscles
overlap, such as the depressor anguli oris, depressor labii
and mentalis muscles, the sSEMG recording will overlap, too.

It is recommended to use small electrodes (for instance,
with a diameter of 4 mm). Low-weight cables between elec-
trodes and amplifiers are recommended not to disturb nor-
mal muscle movements. Standard movements for grading
of facial palsy are used during the SEMG recordings. Each
standard movement shows a typical SEMG activity profile.
The typical pattern of electrode placement for the recording
of specific muscle function are presented in detail elsewhere
[47]. The recordings are evaluated offline. Typical param-
eters for evaluation are mean EMG activity, e.g. the mean
rectified EMG amplitude, root mean square, square root of
the spectral EMG power, and the analysis for synchronous
and sequential activation of certain mimic muscles during
the task. Moreover, facial muscle can show different SEMG
amplitudes during different tasks. It is also important to
notice that an intra-individual side difference of up to 30%
is normal. Patients with unilateral facial palsy have SEMG
side differences of > 30% between the two sides of the face.

Recommendation: Multichannel sSEMG is not used for
routine facial electrodiagnostics in patients with an acute
facial nerve disorder. Multichannel SEMG is recommended
only if detailed information on muscle activation with mimic
expression is needed or if compensatory movement patterns
in patients with chronic facial nerve disorder or post-para-
lytic synkinesis must be analyzed. This information may be
helpful for surgical or medical treatment planning.

Transcutaneous facial nerve mapping (FNM)

Intraoperative direct facial nerve electrostimulation is widely
used to prevent facial nerve damage during surgery. Less
often used, although highly reliable, is transcutaneous FNM
(Supplement Fig. 1). Park already developed the concept of
FNM using transcutaneous electrostimulation in 1998 [48].
Nevertheless, as part of preoperative work-up FNM has so

far mainly been established before surgery of vascular mal-
formations [49]. FNM helps to map the course of the periph-
eral facial nerve and its fine peripheral branches in patients
with tumor or scar around the facial nerve [50].

Before surgery, FNM is performed by percutaneous stimu-
lation of the facial nerve and its branches. The resulting facial
muscle activations are followed visually. The procedure takes
about 25 min. Alternatively, the mapping can also be fol-
lowed by sSEMG and by the recording of the CMAPs. This is
much more time-consuming and mainly needed for research
questions but not for routine use. A monopolar electrode (for
instance, in the form of a ball electrode, 8 mm) is used. A
ground electrode is placed. Transcutaneous stimulation with
a monopolar ball electrode at the stylomastoid foramen is
done at the main trunk of the facial nerve. Electrostimula-
tion is performed with monophasic, rectangular single pulses
with a duration of 250 ps. The stimulation at each point starts
with 0.1 mA and is increased in 0.1 mA steps. The increased
stimulation intensity is stopped when a muscle contraction
is seen. When the stimulation at one point is finished, the
stimulation electrode is moved forward and the stimulation
procedure is repeated. Each point triggering a motor response
is marked with a pen on the skin. Ideally, the complete course
of the facial nerve and its peripheral branches is marked on
the skin at the end of FNM and prior to surgery.

Recommendation: FNM can be another tool for surgical
planning in complex cases to obtain more information on the
general course of peripheral facial nerve branches.

Documentation of results

Facial electrodiagnostics should be performed and docu-
mented in a standardized manner. A recommendation for the
testing sequence is shown in Table 2. Standard examinations
are ENoG and nEMG. Blink-reflex testing, sSEMG, TMS and
FNM are reserved for select cases. A data documentation
sheet is shown in Table 3.

Recommendation: Documentation and evaluation of
results should be recorded on a standardized form.

Conclusion

Otorhinolaryngologists and head and neck surgeons should
have basic knowledge of facial electrodiagnostics. ENoG
and nEMG are facial electrodiagnostic tests most help-
ful for investigating patients with acute peripheral facial
palsy. Validity is increased when the studies are repeated
during the acute phase of the disease. nNEMG is an impor-
tant electrodiagnostic tool to monitor spontaneous regen-
eration in these patients or regeneration after facial nerve
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Table 2 Proposal for a routine examination for facial electrodiagnostics
Step Test Comment
1. Prearrangements Constant conditions are important to reduce re-test variability. Constant room temperature,
optimal electrical shielding, regular control of equipment. Abrasive cleaning of the skin
areas where the electrodes are to be placed and alcohol cleaning is needed where the stimu-
lator is placed. An adjustable chair/examination couch for the patient is recommended
2. Electroneurography (ENoG) Setting example: Sensitivity 10,000 mV; amplifier filtering 1-10 kHz; time frame 10 ms;
stimulus duration 200 ps; Maximal stimulus limited to 20 mA; Stimulus rate 1.9 s; Data
recorded and averaged using a stimulus rate of 1 Hz with sensitivity adjusted to 2 uV/divi-
sion and filters set at 30 Hz to 3 kHz
a) Ground electrode: Arm or neck;
b) Stimulation first on the healthy, then on the paralyzed side;
¢) Recording electrodes: nasal alae next to each other;
d) Stimulator placed on stylomastoid groove;
e) Stimulation starts with 0.1 mA and is increased until the maximal CMAP occurs. Stimula-
tion is then once more slightly increased (supramaximal stimulation);
f) Storing of the CMAP and measurement of the other side
g) Ratio of the peak-to-peak amplitude of the paralyzed side in relation to healthy in percent
is calculated
3. Needle EMG (nREMG) nEMG of frontalis, orbicularis oculi, oris and zygomaticus muscle on the affected side gives
an overview of the facial nerve function. Of course, the selection depends on the facial nerve
lesion and the diagnostic questions. The sequence of evaluation is always the same for each
muscle:
1. Insertion activity
2. Spontaneous activity at rest
3. Activity during voluntary muscle movement
4. In case of chronic palsy: Synkinetic activity
1. The needle electrode is softly inserted in an oblique angle into the first facial muscle of
interest. Normally, the needle is moved during the evaluation to see and hear the optimal
placement and recording
The muscle activity is graded as follows:
a) No activity
b) Normal activity (<300 ms)
¢) Increased activity
d) Highly increased activity
2. The patient is instructed to relax the muscle. The observer should wait a while until the
spontaneous activity occurs. Spontaneous activity should be recorded and classified as:
a) No reproducible pathologic spontaneous activity
b) Little pathologic spontaneous activity
¢) Moderate pathologic spontaneous activity
d) Dense pathologic spontaneous activity
3 The patient is instructed to perform a standard talk for the specific muscle (For instance,
frowning for the frontalis muscle, closing the eye for the orbicularis oculi muscle, show-
ing the teeth for the zygomatic muscle). The maximal possible activation of the muscle is
documented as follows:
a. No activity
b. Single fiber pattern
c. Severe decreased recruitment pattern
d. Mildly decreased recruitment pattern
e. Normal/dense recruitment pattern
The waveform of the MUAPs is also classified as:
a. Normal biphasic motor unit potential
b. Early (sometimes polyphasic) reinnervation potentials with low amplitude and long dura-
tion
c. Giant polyphasic reinnervation potentials with high amplitude and long duration
d. Myogenic polyphasic potentials with low amplitude but in many cases normal duration
4. If the patient should be examined for synkinetic activity, step 3 is repeated but the task for
another muscle is used, for instance closing the eye while recording from the orbicularis oris
muscle. Alternatively, and more precise is to record synchronously an nEMG from different
muscles and varying the tasks. Synkinesis is documented as follows:
f. Investigated muscles
g. Used task
h. Few/moderate/strong/very strong synkinesis
reconstruction surgery. Blink-reflex testing is only of addi-  define preoperatively the topographic cutaneous course of

tive value in selected cases. Multi-channel SEMG is a good  the peripheral facial nerve and its branches in complex sur-
tool to analyze mimic and emotional expressions in patients ~ gical cases.
with post-paretic synkinesis. Transcutaneous FNM can
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Table 2 (continued)

Step Test

Comment

Additional test for selected cases

4. Blink reflex

5. Surface EMG (sEMG)

6 Transcranial magnetic stimulation (TMS)
7 Facial nerve mapping (FNM)

Baseline setting like for ENoG or nEMG. Band pass of 20—1000 Hz, pulse duration of 100 ps,
repetition rate of 1 Hz, sensitivity of 500 uV/division, and sweep speed of 5 ms/division

a) Ground electrode: arm or neck;

b) Stimulation normally only the paralyzed side;

¢) Recording surface electrodes: lateral part of orbicularis oculi muscle on both sides;

d) Stimulator placed on supraorbital nerve;

e) Stimulation starts with 0.1 mA and is increased until the maximal CMAP occurs. Stimula-
tion is slightly increased (supramaximal stimulation);

f) Storing of the CMAP and measurement of the ipsilateral R1 component and of the bilat-
eral R2 component; measurement of the latency of R1 and R2 and of the side difference of
the latency of R2. Documentation of the absolute values and interpretation of the results:

1. R1 latency normal (<12 ms) or prolonged (> 12 ms)
2. R2 latency normal (<40 ms) or prolonged (>40 ms)
3. R2 latency side difference normal (<5 ms) or larger (> 5 ms)

Baseline setting like for ENoG or nNEMG

a) Ground electrode: arm or neck;

b) Selection of facial muscles and placement of the surface electrodes depends much on the
question of the observer;

¢) Typically, bilateral recordings are performed, but for analysis of synkinetic activity, also
unilateral recording may be the best option

d) sEMG is recorded while subjects perform facial movements for test purposes, including:
pressing the lips together, pulling the corners of the mouth downwards, smiling—pulling the
corners of the mouth upwards and backwards, depressing the lower lip, protruding the lower
lip, pulling the upper lip upwards, pulling the upper lip upwards and depressing the lower
lip simultaneously, pursing lips, blowing out the cheeks, whistling with a similar tone pitch,
exhaling forcefully with moderate closed lips (a more diffuse whistling), opening the lips
as wide as possible while the jaw is closed, wrinkling the nose, raising the eyebrows up and
wrinkling the forehead, contracting the eyebrows, closing the eyelids forcefully, squinting
the eyes, closing the right eyelid, closing the left eyelid

e) For documentation are important:
1. Analyzed muscles
2. Analyzed tasks
3. Observation of maximal SEMG activity
4. Sequence of recruitment if several facial muscles are involved in the specific task
5. Observation of synchronous and asynchronous activity

Basis setting like for ENoG or nNEMG

a) Ground electrode: arm or neck;

b) Stimulation first on the healthy, then on the paralyzed side;

¢) Recording electrodes: nasal alae next to each other;

d) Magnetic stimulator placed on ipsilateral parieto-occiptal region (in special cases on
contralateral motor cortex);

e) Typically, a magnetic field of up to 2 T (with short duration of only 2-3 ms) is generated.
The intensity is indicated on the TMS machine in percentage of the maximal magnetic
field output Stimulation starts with 5% and is increased until the maximal CMAP occurs.
Stimulation is slightly increased (supramaximal stimulation); Normally, about 30-40% of
the maximal output are sufficient to obtain supramaximal response;

f) Storing of the CMAP and measurement of the other side

2) Ratio of the peak-to-peak amplitude of the paralyzed side in relation to healthy in percent
is calculated

FNM is not part of classical facial electrodiagnostics. FNM might be helpful as anpreopera-
tive tool to foresee the course of the peripheral facial nerve and its main branches in the
individual patients

Baseline setting like for ENoG or nNEMG

a) Ground electrode: arm or neck;

b) Transcutaneous stimulation normally only the paralyzed side;

¢) Stimulation with monopolar electrode (for instance, all ball electrode, 8 mm);

d) Electrostimulation with monophasic, rectangular single pulses with duration of 250 ps.
The stimulation at each stimulation point started with 0.1 mA; increase in 0.1 mA steps.
Increase of the stimulation intensity is stopped when a muscle contraction is seen;

e) Stimulation site is marked with a muscular response is seen at the stimulation place;

f) When stimulation at one point is finished, stimulation electrode is moved forward, stimula-
tion procedure is repeated

2) Finally, each point triggering a motor response is marked on the skin

@ Springer
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