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Check for
Updates.

Intraoperative neuromonitor-

ing (IONM) aims to anatomically
and functionally preserve neural
structures at risk, thus avoiding
postoperative short- and long-term
paresis. Modern IONM enables not
only nerve identification but also
the avoidance of harmful prepara-
tion and gives a prognostic quality to
intraoperative information. Applica-
tions are common in otolaryngology,
neurosurgery, and general surgery.

Background

The history of IONM began in the 1898
when Dr. Fedor Krause from Berlin, Ger-
many, used monopolar faradic stimula-
tion duringanacoustic nerve neurectomy
[13]. In order to check the function of the
facial nerve after performing a cochlear
nerve section for uncontrollable tinni-
tus, Krause stimulated the facial nerve
and visually noted “... contractions of
the facial region, especially of the or-
bicularis oculi, as well as the branches
supplying the nose and the mouth” The
breakthrough years for IONM came in
the 1960s when Flisberg and Lindholm
[7] introduced it to thyroid surgery, and
Parsons and Hilger, in different studies,

The German version of this article can be
found under https://doi.org/10.1007/s00106-
020-00823-2.
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devised facial nerve stimulators for use
in parotid and ear surgery [10, 20].

In recent decades, the use of IONM
hasbecome standard in many institutions
where it is used mainly as an identify-
ing tool during careful dissection in the
proximity of the nerve. The main surgical
fields in which it is employed are surg-
erieson the thyroid gland where the vagus
nerve and recurrent laryngeal nerve are
monitored, parotidectomy, and surgery
of the posterior cranial fossa where the
facial nerve is monitored.

During the course of the operation,
the surgeon uses a stimulator probe in
order to identify the nerve and differ-
entiate it from other tissue. The probe
is placed onto the nerve, thus closing
a circuit and producing further visual or
acoustic stimuli every time the nerve is
touched. Such application can be defined
as intermittent IONM (iIONM).

» Modern IONM has prognostic
implications for intraoperative
information

In otolaryngology, ilONM is widespread
in parotid surgery. Some authors have
reported lower postoperative facial palsy
rates when using ilONM [16, 27, 35].
On the other hand, there are studies that
state that iIONM does not lead to less
paresis after surgery [4, 9, 40]. In the
United States, there is no clear recom-

mendation on whether a head and neck
surgeon should use ilONM when per-
forming surgeries on the parotid gland.
As a result, 40% of otolaryngologists in
United States do not currently routinely
use iIONM, but rely rather on their sur-
gical skills and knowledge of anatom-
ical landmarks [17]. A recent meta-
analysis comparing parotidectomies with
and without iIONM found the incidence
of immediate postoperative facial nerve
palsy following parotidectomy while us-
ing ilONM to be significantly lower when
compared with that of no intraoperative
monitoring [34].

) The aim of clONM is to
provide real-time monitoring of
the nerve status during exposure

Recently, the development of IONM
has been enhanced by the establishment
of so-called continuous intraoperative
neuromonitoring (cIONM) in clinical
practice. This aims to provide real-
time monitoring of the nerve status dur-
ing the entire course of exposure and,
perhaps more importantly, to predict
postoperative function. This is done
either actively (aclONM) or passively
(pcIONM; @ Table 1). During aclONM,
the nerve is stimulated continuously
during the whole procedure. This can
be facilitated using either an electrode
that is placed on the nerve or near the
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Table 1 Classification of continuousintra-

operative neuromonitoring (clONM) accord-
ing to the stimulation site

Active continuous intraoperative neu-
romonitoring (aclONM)
Facial nerve (N. VII)
— Direct (surgery of the posterior cranial
fossa)
- Percutaneous (surgery of facial malfor-
mation)

— Transcranial (electrical stimulation of
the corticobulbar tract in the surgery
of the posterior cranial fossa)

Vestibulocochlear nerve (N. Vill)

— Direct acoustic (surgery of the posterior

cranial fossa)
Vagus nerve (N. X)

— Direct (thyroid surgery)

Passive continuous intraoperative neuro-
monitoring (pclONM)
Facial nerve (N. VII)

— Free-running, processed discharge
electromyogram (EMG)

nerve, by transcranial nerve stimula-
tion or, in the case of vestibulocochlear
monitoring, using acoustic stimuli at
a given frequency (Hz). Active cIONM
has been developed in thyroid surgery
[5, 8, 12, 14, 21, 25, 30, 32, 33], surgery
on the posterior cranial fossa [1, 2, 37,
41], and surgery on vascular anomalies
[38] where vagus, facial, and vestibulo-
cochlear nerves are at risk.

It is important, at this point, to dif-
ferentiate between ilONM and cIONM,
because many authors refer to ilONM
as continuous, thus resulting in some
confusion. During ilONM, the patient
is indeed continuously “attached” to the
monitoring device, but the information
that the surgeon receives is in fact not
continuous. In thissetting, only theiden-
tification of the nerve from the surround-
ing tissue is possible and only when the
surgeon actively makes use of the stim-
ulator probe. The nerve amplitudes and
latencies are not subject to analysis. This
means that for the majority of intraop-
erative time “what the nerve has to say is
not heard” During cIONM, on the other
hand, uninterrupted analysis of ampli-
tude and latency of the nerve is “fed”
into a monitoring device, enabling com-
puterized analysis.

The benefits of cONM

aclONM of the vagus nerve in
thyroid surgery

Five different modalities of aclONM are
described in the literature (B Table 1).
Active cIONM is facilitated by an elec-
trode placed on the vagus nerve between
the common carotid artery and inter-
nal jugular vein and is used to monitor
the functioning of the recurrent vagus
nerve. The nerve has to be dissected
from the carotid sheet and have 360° ex-
posure in order to position the electrode.
Here, a pattern of impending nerve in-
jury has been identified [32]. It has been
noted that decreases of amplitude or la-
tency alone do not have a prognostic
factor. However, a combination of a de-
terioration of amplitude by more than
50% and prolonged latency by more than
10%, namely, multiple combined events
(mCE), precedes complete loss of signal
(LOS; decline of the amplitude toless than
100 puV) and thus predicts postoperative
vocal cord palsy (VCP; @Fig. 1).

When the mCE does not evolve to an
LOS, the postoperative function of the
nerve remains normal. Therefore, when
a surgeon notes mCE during surgery and
performs an avoidance maneuver, for ex-
ample, reduced traction, postoperative
palsy can be avoided. This is a novel
method of avoiding impending nerve in-

jury.

» During ilONM, most of the
time “what the nerve has to say is
not heard”

Bearing in mind that a neurophysiolog-
ical pattern of nerve injury can be seen
during cIONM, a study was published
that compared cIONM and iIONM in
1526 consecutive patients undergoing
thyroid surgery, split into groups of
a similar size [33]. Continuous IONM
demonstrated a statistically significant
difference with regard to permanent
VCP: There were no cases of permanent
VCP in the cIONM group whereas four
cases of permanent VCP were noted in
the iIONM group. This study showed
an important benefit of cCONM: In the

cIONM patients observed, 77 mCEs
were noted, 63 of which (82%) could be
actively reversed by the surgeon by stop-
ping the suspected causative maneuver
[33].

Furthermore, Schneider etal. demon-
strated in their prospective, multicentric
study an excellent prognosis for post-
operative vocal fold function relative to
vagus amplitude recovery of 250% after
LOS [31]. In bilateral thyroid resection,
this information helps decision-making
regarding whether the other side should
be resected or not when LOS is encoun-
tered on the first side. If the LOS recovers
to 250% of the baseline amplitude, the
resection on the contralateral side can be
performed safely.

Direct aclONM in posterior cranial
fossa surgery

Direct stimulation of the facial nerve dur-
ingposterior cranial fossa surgery was de-
scribed by Amano [1]. The author used
aball-type electrode to directly stimulate
the root exit zone of the nerve and se-
cured it with cotton pads. Significant dif-
ferences according to the House-Brack-
mann (HB) grade regarding the last max-
imal amplitude as well as the amplitude
preservation ratio (last amplitude at the
end of resection compared with the base-
line amplitude) were noted between the
groups of different facial nerve palsy. Fur-
thermore, it was reported that patients
with good postoperative functional re-
sults according to the HB grade, along
with patients having long-term postoper-
ative improvement in HB grade, showed
statistically higher amplitude preserva-
tion rates [1]. Therefore, aclONM was
demonstrated to be potentially useful in
surgery of the posterior cranial fossa with
regard to the facial nerve.

aclONM in vascular malformation
surgery

Another extracranial method of facial
nerve neuromonitoring is percutaneous
stimulation. ~ Ulkatan and colleagues
used two monopolar EMG needles dur-
ing surgery on facial vascular malforma-
tions, introducing them percutaneously
toward the stylomastoid foramen [38].
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The electrodes were used as stimulator
probes for preoperative percutaneous
mapping of the facial nerve, aclONM,
and intraoperative mapping of the facial
In 161 mostly young patients
(mean age: 14+14 vyears), aclONM
enabled preoperative nerve mapping,
mainly in patients where face edema due
to preoperative sclerotherapy masked
muscle twitches; needle placement in
all surgeries was achieved without com-
plications [38]. A baseline value of
the compound muscle action potential
(CMAP) was set at the beginning of
the surgery and values of <50% CMAP
alerted the surgeon to stop the manip-
ulation until the amplitude normalized.
Intraoperative nerve injury was cor-
rectly recognized in all three cases and
a direct end-to-end neurorrhaphy was
performed, enabling a long-term recov-
ery that reached HB grade I/II in these
patients.

nerve.

aclONM in transcranial stimulation
during posterior fossa surgery

Multipulse transcranial electric stimula-
tion (TES) of the corticobulbar pathway
during posterior cranial fossa surgery is
amethod of continuous monitoring of the
functioning of the facial nerve through
analysis of the muscle motor evoked po-
tential (FNMEP). The stimulator, in the
form of a cup electrode, is placed above
the skull. This method uses clusters of
three to four pulses of current, producing
asupramaximal stimulation (100-400 V)
with an interpulse interval of 1-2 ms and
a cluster frequency of 5.6-3.3x 10 Hz
[6]. In a study by Dong et al., no patient
with a final amplitude of 50% or greater
than the baseline amplitude had more
than a mild deterioration in facial nerve
function when compared with their pre-
operative facial nerve function [6].

aclONM of the vestibulocochlear
nerve during posterior fossa
surgery

Neuromonitoring of the vestibulo-
cochlear nerve using brain stem auditory
evoked potentials (BAEP) during cere-
bellopontine angle surgery can also be
described as aclONM. During the prepa-
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ration, acoustic clicks of 100-110dB are
continuously delivered to the ear in the
proximity of the eighth cranial nerve by
means of ear pods. JEWETT waves I
and V deliver the most useful informa-
tion owing to their constancy. To some
extent, wave III can also be used for in-
terpretation. The other ear receives white
noise of 60-70dB in order to mask the
contralateral clicks. A similar method
used in the same type of surgery is elec-
trocochleography (ECochG) acIONM,
which obtains a waveform equivalent
to JEWETT wave I of the BAEP, how-
ever with significantly higher amplitude.
Here, compound action potential (CAP)
should also be noted. This method takes
advantage of an electrode placed either
between the tumor and the root entry
of the nerve into the brain stem [41]
or distal to the tumor [11]. The BAEP,
ECochG, and CAP are complementary
methods that do not exclude one another
but, on the contrary, are commonly used
simultaneously.

The BAEP acIONM has shown reli-
able results in predicting postoperative
hearing function. For example, Neu [19]
stratified patients monitored by aclONM
using BAEP into four groups. All patients
with stable wave V (pattern 1) showed
definite hearing preservation while all
patients with irreversible abrupt loss of
BAEP (pattern 2) lost their hearing, de-
spite early hearing preservation in two
cases. All patients with irreversible pro-
gressive loss of either wave I or wave V
(pattern 3) eventually suffered from def-
inite postoperative hearing loss, despite
early hearing preservation in two cases.
Those cases with intraoperative reversible
loss of BAEP (pattern 4) showed variable
short- and long-term hearing outcomes
[19]. In a study by Yamakami, BAEP and
CAP were used concomitantly [41]. Re-
liable BAEP values referring to wave V
could be obtained only in 41% of patients,
whereas reproducible CAP without arti-
facts were noted in 91% of patients. All
patients who preserved CAP on comple-
tion of a microsurgical tumor removal
preserved serviceable hearing postoper-
atively, showing a 100% specificity and
sensitivity [41].

HNO 2020 - 68 (Suppl 2):586-592
https://doi.org/10.1007/s00106-020-00824-1
© The Author(s) 2020

P. Stankovic - J. Wittlinger - R. Georgiew -
N. Dominas - S. Hoch - T. Wilhelm

Continuous intraoperative
neuromonitoring (clONM) in
head and neck

surgery—a review

Abstract

Although the history of intraoperative
neuromonitoring (IONM) dates back to the
19th century, the method did not evolve
further than the mere differentiation of
nerves until recently. Only the development
of continuous IONM (clONM) has allowed for
non-stop analysis of excitation amplitude
and latency during surgical procedures,
which is nowadays integrated into the
software of almost all commercially
available neuromonitoring devices. The
objective of clONM is real-time monitoring
of nerve status in order to recognize and
prevent impending nerve injury and predict
postoperative nerve function. Despite some
drawbacks such as false-positive/negative
alarms, technical artefacts, and rare adverse
effects, lONM remains a good instrument
which is still under development. Active
(aclONM) and passive (pclONM) methods
of clONM are described in literature. The
main fields of clONM implementation are
currently thyroid surgery (in which the
vagal nerve is continuously stimulated) and
surgery to the cerebellopontine angle (in
which the facial nerve is either continuously
stimulated or the discharge signal of the
nerve is analyzed via pclONM). In the latter
surgery, continuous monitoring of the
cochlear nerve is also established.

Keywords

Cerebellopontine angle - Thyroidectomy -
Intraoperative neurophysiological
monitoring - Facial nerve - Vagal nerve

pclONM of the facial nerve during
posterior fossa surgery

In contrast to aclONM, methods of con-
tinuous monitoring that can be described
as passive cIONM have evolved. These
rely purely on analyzing the discharge
patterns that occur during the operation.
Such “free-running EMG” is used in neu-
rosurgery in the monitoring of the facial
nerve. In 1986, Prass and Liiders de-
scribed spikes, bursts, and three types of
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trains in the EMG signal during posterior
fossa surgery on 30 patients [22]. Trains
represented sustained periodic EMG ac-
tivity that lasted for seconds. The pres-
ence of A-trains [22], roughly referring
to high-frequency and low-amplitude si-
nusoidal EMG patterns, were later cor-
related with a lower postoperative HB
score [26]. Prell processed the train time
in the signal obtained on a computer in
an automated fashion offline [24]. This
evolved into software that was used in an
online fashion in the operating theater
[23]. The software enabled a real-time
quantification of train time, informing
the surgeon on the “cumulative damage”
to the nerve [23]. By having real-time in-
formation on theimpending nerve injury,
the surgeon could estimate the probable
postoperative nerve function and actively
change the operative strategy in order to

amplitude --

15 20 25

>10%

latency

amplitude

avoid further deterioration of the nerve
function.

» Signal recovery of >50%
after LOS correlates with normal
postoperative nerve function

The information the surgeon obtained
was represented in analogy to a traf-
fic light. The status of the nerve re-
mained in the “green area” when the
train time remained under 0.125 s, which
meant the dissection could be continued
safely. When the train time exceeded
0.125s but remained under 2.5s the light
was changed to “orange;” which indicated
the need for increased care because this
amount of train time accounted for a de-
terioration in the HB scale to the third
grade in 25% of patients with normal pre-

min 30

Fig. 1 < aComplete loss of
signal during active contin-
uous intraoperative neu-
romonitoring of the va-
gus in thyroid surgery re-
sulting in postoperative
recurrent laryngeal nerve
palsy. b Schematic cut-offs
for postoperative impaired
nerve function. (From [32].
Reprinted with permission
© John Wiley and Sons)

operative facialnerve function. Anexcess
of train time beyond 2.5 s resulted in the
light changing to “red” and was clearly
associated with a significant increase in
paresis, which prompted the surgeon to
abort the manipulation and re-evaluate
the surgical plan. For example, the an-
gle and site of further preparation was
changed, nimodipine was applied intra-
operatively, resection was stopped in se-
lected patients, and a revision procedure
was scheduled.

Safety of ccONM

The safety of cIONM is of paramount
importance. Passive cIONM can be ex-
cluded from precaution for obvious rea-
sons: This method relies on the pure
analysis of the signal that is noted and
no active stimulation takes place, thus
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no nerve damage could possibly be done.
This is not the case with aclONM where
active stimulation is applied. The fact
that one involves a novel method using
active stimulation to the nerve makes the
issue of safety of outmost importance.

Active cIONM has generally been de-
scribed as a safe procedure in thyroid
surgery throughout high-volume studies
[8, 32, 33]. The safety of aclONM was
demonstrated in a prospective study in
which no heart rate variability and im-
munomodulatory effects were noted in
spite of continuous stimulation of the va-
gus [8]. This was also observed in an ear-
lier study by the same group of authors,
where once again the distinct influence
of acIONM on the autonomous nervous
system balance was applied without al-
terations to heart rate, rhythm, or hemo-
dynamic parameters [39]. In a study in-
volving 102 patients, Phelan noted nei-
ther cases of adverse amplitude or latency
changes, nor cases of adverse gastric, car-
diac, pulmonary, or gastrointestinal side
effects [21]. Active cIONM has been
carried out safely also in patients with
advanced atrioventricular block [28].

In an experimental study of 13 pigs
by Lee, acIONM was applied using auto-
mated period stimulation in order to ex-
amine the force needed for a traction in-
jury of the recurrent laryngeal nerve [15].
The nerves were deliberately stretched
until loss of signal occurred. Seven days
after the experiment, all nerves displayed
EMG signal recovery, thus showing that
aclONM alone does not induce struc-
tural damage to the nerve [15] and that
recovery will take place.

However, some adverse effects have
been reported [3, 18, 36]. In one patient,
reversible vagal neuropraxia with visible
perineural ecchymosis was caused by the
APS® stimulating electrode (Automatic
Periodic Stimulation, Medtronic, Jack-
sonville, FL, USA), as well as a subsequent
inability to stimulate the nerve after the
event. A short-term postoperative palsy
was noted with reversal after 1 month. In
the same publication, an allegedly seri-
ous hemodynamic instability (bradycar-
dia and hypotension) was noted after the
onset of aclONM in a young healthy pa-
tient with no history of cardiac events.
The effect could be promptly reversed by
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removing the electrode. Upon replace-
ment of the electrode, the exact same
effect was again noted, and again was
rapidly reversed by removing the elec-
trode once more. Patient recruitment in
the study was abandoned after these two
adverse events [36].

Two studies together comprising ap-
proximately 250 nerves at risk reported
an identical risk of 2% for vagus nerve
injury due to the placement of the APS®
electrode [3, 18]. The events were not
associated with permanent postoperative
nerve palsy.

Safe application of aclONM
in children

There are also studies regarding the safety
of aclONM in children. For example,
Bozinov used transcranial electric stim-
ulation to continuously monitor FNMEP
in 21 patients (median age: 5.5 years;
range: 5 months to 15 years). The
FNMEDP was also feasible and safe in the
young population, with similar values
achieved in the prediction of postoper-
ative facial nerve function to those of
adults reported in other studies. The
HB grade remained the same pre- and
postoperatively in 23 of 24 surgeries.
The presence of FNMEP influenced the
surgical strategy and contributed to tu-
mor resection in those cases where direct
nerve stimulation gave no muscle re-
sponse [2]. A second example ofaclONM
in children is the previously mentioned
study by Ulkatan where percutaneous
stimulation was applied in 201 surgeries
on 161 patients aged 14+ 14 years [38].
Safe application of aclONM in thyroid
surgery was demonstrated in a large-
scale study including 105 children [29].

Limitations of ccONM

Aside from the aforementioned rare
adverse effects reported due to elec-
trode placement, some other limitations
come to mind. In reference to our own
experience with neuromonitoring, one
must note the problem of technical arti-
facts and false-positive or false-negative
alarms that often occur. The field of
cIONM, with real-time nerve surveil-
lance, emphasizes the burden of such

false alarms. All the aforementioned
studies share the same problem of a low
positive predictive value. In this context,
for example, in thyroid surgery, a false-
positive alarm can be responsible for
unnecessarily delaying the procedure of
the contralateral side.

» To date, no studies have
applied clONM in parotid surgery

Apart from rare retrospective stud-
ies comparing cIONM with i[ONM in
thyroid surgery, there are no studies
comparing this novel method with the
conventional iIONM in the other fields of
application mentioned earlier. Prospec-
tive randomized studies are urgently
needed in order to prove the claimed
benefits.

Some of the methods described re-
main “single-study reports,” meaning
that the method failed to become estab-
lish in clinical practice(see Sects. “Di-
rect aclONM in posterior cranial fossa
surgery” and “aclONM in vascular mal-
formation surgery”). In some studies,
only the last acquired amplitude and the
baseline amplitude were used for statisti-
cal evaluation (see Sect. “Direct aclONM
in posterior cranial fossa surgery”), in
others the frequency of continuous stim-
ulation was only one in 3-5min (see
Sect. “aclONM in transcranial stimu-
lation during posterior fossa surgery”),
questioning the need for continuous
stimulation.

Practical conclusion

== The novel methods of continuous
intraoperative neuromonitoring
(clONM) have made the recognition
of impending nerve injury and the
consequent change of operative
strategy possible.

== Furthermore, the prediction of post-
operative nerve function based on
clONM has been refined in compari-
son to that of intermittent intraoper-
ative neuromonitoring (ilONM).

== Continuous IONM brings a new
dimension to the field of neuromoni-
toring.



== |t is a new evolving instrument des-
tined to help surgeons in performing
surgical maneuvers in close proximity
to neural structures.

== |t cannot and does not replace good
operative technique and patency;
however, it does provide reliable and
safe assistance.

== The safety of active clONM (aclONM)
has been demonstrated in animal
and human studies.

== The field appears to be open for
future studies, especially in surgery
of the parotid gland where to date
neither aclONM nor pclONM have
been applied.
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