
© 2013 The Korean Academy of Medical Sciences.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0) 
which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

pISSN 1011-8934
eISSN 1598-6357

Intraoperative Neurophysiologic Monitoring: Basic Principles 
and Recent Update

The recent developments of new devices and advances in anesthesiology have greatly 
improved the utility and accuracy of intraoperative neurophysiological monitoring (IOM). 
Herein, we review the basic principles of the electrophysiological methods employed under 
IOM in the operating room. These include motor evoked potentials, somatosensory evoked 
potentials, electroencephalography, electromyography, brainstem auditory evoked 
potentials, and visual evoked potentials. Most of these techniques have certain limitations 
and their utility is still being debated. In this review, we also discuss the optimal 
stimulation/recording method for each of these modalities during individual surgeries as 
well as the diverse criteria for alarm signs.
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INTRODUCTION

Intraoperative neurophysiological monitoring (IOM) is now an 
integral part of many surgical procedures. The first use of intra-
operative neurophysiological testing dates back to the 1930s, 
when direct cortical stimulation was performed in order to iden-
tify the motor cortex of patients with epilepsy (1); however, it 
was only with the development of the commercial IOM machine 
in the early 1980s that the technique became widely used. (2) 
The 1990s saw transcranial motor evoked potentials (Tc-MEPs) 
popularized as a method for monitoring corticospinal tract ac-
tivity (3) as well as for predicting postoperative motor deficits 
(4). Technological advances in the last 15 yr have allowed mon-
itoring techniques to greatly evolve. The widespread availability 
of computer networks and integrated communication systems 
have allowed IOM to be performed from a remote site; this evo-
lution has increased the potential application of the technique 
and contributed further to the popularity of IOM (5).

BASIC CONCEPT OF IOM

IOM has been utilized in an attempt to minimize neurological 
damage during surgery, to identify important neural structures 
in the operative field, and thus to avoid and/or limit significant 
postoperative impairments. IOM employs a wide variety of mo-
dalities, each with a very specific application, with several mo-
dalities often being used together in the same surgery. These 
modalities include motor evoked potentials (MEPs), somato-

sensory evoked potentials (SSEPs), electroencephalography 
(EEG), electromyography, brainstem auditory evoked poten-
tials (BAEPs), and visual evoked potentials (VEPs); these are 
discussed in detail below.

MODALITIES IN IOM

Motor evoked potentials 
Transcranial electrical stimulation (TES), rather than the closely 
related technique of transcranial magnetic stimulation (TMS), 
is usually employed for the generation of MEPs (and hence sti-
mulation of the corticospinal tract) in the context of IOM, pri-
marily because TES is more resistant to anesthesia than TMS 
(6). A short train of 5-7 electrical pulse stimuli with high frequen-
cy of > 200 Hz are usually used for TES (7). In anesthetized pa-
tients, this stimulation technique is advantageous than the sin-
gle-pulse stimulation technique, because it can generate action 
potential more easily through the summation of the excitatory 
post synaptic potentials (8). 
 Based on the site of stimulation or recording, intraoperative 
electrical MEPs can be further classified. For example, MEPs 
can be recorded over muscle (Tc-mMEP) or over the spinal cord 
(D and I waves). Of these, Tc-mMEP seems to be the most wide-
ly adopted approach because of the relative simplicity of gener-
ating and recording MEPs in this manner; however, it does have 
some disadvantages. These are as follows: 1) although Tc-mMEP 
can be monitored under the standard total intravenous anes-
thesia (TIVA) protocol, it is highly vulnerable to inhalation an-
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esthesia, and even a low dose of halogenated inhalation anes-
thetics can abolish or significantly interfere with Tc-mMEP re-
cording (6); 2) recording of Tc-mMEP requires the transmission 
of a neural signal through the neuromuscular junction, and the 
use of muscle relaxants (neuromuscular blockers) during surgi-
cal procedures can significantly affect the amplitude of Tc-mMEP 
(9); and 3) the amplitude of Tc-mMEP has a high intertrial vari-
ability in nature (10). This variability makes it difficult to set a 
clear cut-off value in terms of amplitude changes for warning 
signals of neural damage. The activation of different pyramidal 
cells in the brain and motor neurons in the spinal cord is thou-
ght to be responsible for this phenomenon (10). Diverse criteria 
for potential intraoperative neural damage (alarm criteria) us-
ing Tc-mMEP have been suggested to overcome this limitation. 
These include an absence of Tc-mMEP (4), changes in ampli-
tude (11), an increase in MEP stimulation threshold (12), and 
either changes in amplitude or an increase in the MEP stimula-
tion threshold (13). However, there are still some debates on 
the optimal criteria for Tc-mMEP (12). 
 In our laboratory, we adapted individualized criteria for an 
“alarm sign” according to the types of surgery. Only the absence 
of mMEP per se is used as an “alarm sign” for spinal surgery (12); 
however, an amplitude decrement > 50% is also used as a po-
tential alarm sign for brain surgery (13).
 Because of the limitations of Tc-mMEP noted above, some 
studies have advocated the use of D-waves, obtained from TES 
to the brain, with recordings made from the spinal cord by us-
ing an epidural electrode (14). A previous study on intramedul-
lary tumor surgery proposed that the D-wave was more specific 
to postoperative motor deficits than was Tc-mMEP (4); This 
study compared the results of D-waves with those of Tc-mMEP 
recorded from the tibialis anterior (TA) muscle only (4). How-
ever, it should be noted that the specificity and sensitivity of Tc-
mMEP can vary greatly depending on the type of muscle ana-
lyzed. Indeed, in our previous study, we demonstrated that Tc-
mMEP recorded from the TA has a relatively low specificity for 
predicting postoperative motor deficits (15), probably due to 
the low level of corticospinal fiber innervation of the TA muscle 
(16). Therefore, a precise comparison of the diagnostic accura-
cy of Tc-mMEP and D-wave perhaps requires a future study us-
ing Tc-mMEP recorded from muscles with greater corticospinal 
fiber innervations, and thus with higher specificity for postop-
erative motor deficits, e.g., the abductor hallucis (15, 16). Of note, 
D-waves also have several disadvantages; these include requir-
ing the use of an epidural electrode (14), a high false-positive 
rate in scoliosis surgery (17), the inability to monitor spinal mo-
tor neurons (18), and a relatively low MEP generation rate (2). 

Somatosensory evoked potential (SSEP)
Stimulation for the SSEP is commonly achieved in the median 
nerve (median nerve SSEP, MNSEP) and in the posterior tibial 

nerve (posterior tibial SSEP, PTSEP). Although SSEP can be re-
corded from either Erb’s point, spine, brainstem, primary corti-
cal somatosensory area, or all of these areas together, those re-
corded in the cortical somatosensory area can often provide the 
most crucial information regarding intraoperative neural dam-
age, with relative ease in recording (Fig. 1) (19). 
 SSEP has long been used for IOM. However, it is essentially 
only a test for the sensory pathways that ascend through the 
dorsal column of the spinal cord. This poses the potential risk 
of small intraoperative injuries in the motor tract not being de-
tected. Despite this limitation, it is now commonly used during 
surgery, both as a main IOM modality, and as a complement to 
other modalities such as EEGs or MEPs. The use of SSEP is ad-
vantageous for the following reasons: it does not provoke un-
wanted movement of the patient during surgery; it is easily quan-
tifiable; and it has a relatively low average intertrial variability 
compared to MEP (2, 20). A decrease in SSEP amplitude of more 
than 50% and/or an increase in SSEP latency of more than 10% 
of baseline are generally accepted as the “alarm criteria” for in-

MNSEP N20

P37

PTSEP

Fig. 1. Waves of median nerve somstosensory evoked potential (MNSEP) and poste-
rior tibial nerve somatosensory evoked potential (PTSEP). Electrical stimulation at the 
median nerve and posterior tibial nerve can evoke generation of the cortical waves of 
N20 and P37, respectively.



Kim S-M, et al. • Intraoperative Neurophysiologic Monitoring

http://jkms.org  1263http://dx.doi.org/10.3346/jkms.2013.28.9.1261

traoperative neural damage (20).

Electroencephalography 
EEG generally records the electrical activity from the scalp. It 
was first adapted for IOM in the 1960s for the safe performance 
of carotid endarterectomy (CEA), and it is still widely used for 
assessing the degree of cerebral perfusion during vascular sur-
gery (21), and for monitoring the depth of anesthesia (22) and 
the degree of hypothermia for neuroprotection (23). However, 
it should be noted that while conventional scalp EEG is gener-
ally useful for detecting diffuse hypoperfusion states during 
CEA, it might be less sensitive than the transcranial Doppler 
(TCD) technique for detecting microemboli during CEA (24). 
Furthermore, it might be less sensitive than cortical EEG or SSEP 
for identifying intraoperative changes during cerebral aneu-
rysm surgery (25).

Electromyography 
Electromyography (EMG) enables the recording of electrical 
activity produced by skeletal muscles. The basic techniques in-
clude free-running EMG, stimulated EMG, and intraoperative 
nerve conduction studies (NCS).
 Free-running EMG detects mechanical and/or metabolic ir-
ritation of the nerve (26). It can be recorded in the innervated 
muscles without electrical stimulation of the nerve. Two types 
of discharge, each with different clinical significance, can be 
observed using free-running EMG monitoring: tonic discharge 
and phasic discharge. Tonic discharge consists of repetitive and 
steady episodes of activity from grouped motor units that can 
last from several seconds to minutes; it can be observed in nerve 
ischemia due to traction, heat spread from electrocautery, or ir-
rigation with saline (27, 28). In contrast, phasic (burst) discharge 
is a short and relatively synchronous burst of motor unit poten-
tials, which is mostly associated with blunt mechanical trauma 
(27, 28). 
 Stimulated EMG, used for motor NCS, is performed by elec-
trically stimulating the nerves and recording the resulting com-
pound muscle action potentials in the innervated muscle. Sti-
mul ated EMG is advantageous for the following reasons: oper-
ating surgeons can be informed of the anatomical variation of 
the motor nerves in individual patients; functions of the nerves 
can be identified, i.e., motor or sensory; and the proximity of 
the surgical procedures or device, such as a pedicle screw of the 
spine, to the endangered nerves can be observed (29).

Brainstem auditory evoked potential 
Brainstem auditory evoked potentials (BAEPs) are small electri-
cal potentials generated in response to acoustic stimuli. These 
potentials are relatively resistant to surgical anesthesia and can 
be useful for monitoring auditory structures (29). Interpretation 
of BAEP can be usually made by the latency and/or amplitude 

of its first 5 negative potentials, i.e., waves I-V. Prolongation of 
latency more than 1 ms and/or decrease in amplitude more 
than 50% have been empirically used as alarm criteria for intra-
operative neural damage and subsequent postoperative hear-
ing loss (30). However, some researchers have also proposed 
that only permanent loss of wave V during surgery was associ-
ated with significant postoperative hearing loss in the non-cer-
ebellopontine angle (CPA) tumor surgery, but only a decrease 
in the amplitude of wave V can be important in CPA tumor sur-
gery (31). Therefore, further studies are needed for determining 
the exact alarm criteria of intraoperative BAEP changes.

Visual evoked potential
Visual evoked potential (VEP) refers to the electrical potentials 
induced by brief visual stimuli, which are recorded from the 
scalp over the visual cortex. IOM of the visual pathway is neces-
sary in diverse types of surgeries, including transsphenoidal 
surgery, aneurysm clipping of the posterior circulation, and re-
moval of tumors that lie near the optic radiation. Recently, it 
has gained attention with advances in both monitoring and an-
esthetic techniques (32, 33). However, the usefulness of intra-
operative VEP has only been demonstrated in a limited number 
of studies (32, 33), and there seems to be some debate regard-
ing the correlation of intraoperative VEP changes and postop-
erative visual outcomes (34, 35). Further studies on the stan-
dard method and the clinical utility of intraoperative VEP are 
required.

SPECIAL CONSIDERATIONS FOR IOM

IOM team
The IOM team is composed of the surgeon, clinical neurophysi-
ologist, anesthesiologist, and monitoring technologist (36). 
Clinical neurophysiologists require training and experience in 
the general field of clinical neurophysiology, including in-depth 
knowledge of evoked potentials (EPs), EEGs, EMGs, and NCS, 
as well as experience in neurophysiology in the operating room 
(OR). This level of training and experience is necessary as the 
neurophysiologist needs to be able to interpret electrophysio-
logical changes during surgery, discriminate and reduce arti-
facts, identify peak waves, train the technologists, and integrate 
diverse monitoring modalities. 

Level of supervision and remote monitoring
In 2001, the health care financing administration (HCFA) of the 
USA set a revised 3-level protocol for physician supervision dur-
ing a diagnostic test: general, direct, and personal supervision 
(37). Briefly, general supervision means that a technologist train-
ed by a supervising physician can perform the procedure; how-
ever, the physician does not need to be present during proce-
dure. Direct supervision states that the supervising physician 
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needs to be available somewhere near, but it does not require 
the physician to be physically present in the room during pro-
cedure. Lastly, personal supervision means that the supervising 
physician must be in the room during procedure.
 An important issue in IOM is which level of supervision is re-
quired from the clinical neurophysiologist. Several guidelines 
and books have suggested that the answer to this depends on 
the type of neurophysiological procedure being carried out. 
Generally, there are 2 types of neurophysiological procedures 
that should be taken into consideration when determining the 
level of supervision; these can be distinguished according to 
their aims.
 The first type is neurophysiological testing to identify specific 
neural structures, for example, localization of the language or 
motor area of the brain, which requires a high level of knowl-
edge and experience for the interpretation of the test results. To 
perform this neurophysiological testing, clinical neurophysiol-
ogists are needed in the OR in order to identify the function of 
stimulated neural tissues and to communicate personally with 
the operating surgeons. Therefore, it is recommended that this 
type of intraoperative neurophysiological testing should be per-
formed under personal supervision (2).
 The other neurophysiological procedure is neurophysiologi-
cal monitoring, including routine intraoperative monitoring of 
the brain and spinal cord (2). This type of procedure does not 
require continuous personal supervision by the clinical neuro-
physiologist inside the OR (2, 38). Rather, a technologist can per-
form the routine monitoring under the direct supervision of a 
clinical neurophysiologist who can either be in the OR or near-
by (2, 39, 40). 
 The 2001 HCFA also approved routine intraoperative moni-
toring performed by real time monitoring from a remote site 
(remote monitoring) (2, 37). Since then, remote IOM has be-
come more widespread and popular (5, 40), and most of the re-
cently commercial available IOM machines have built-in re-
mote monitoring capabilities. 

Anesthesia and IOM
The results of diverse IOM modalities, especially those of MEP, 
can be significantly affected by the type and depth of anesthe-
sia. Currently, one of the most commonly used anesthetic regi-
mens for IOM is TIVA, with a combination of propofol and opi-
oids (2). Propofol, which is thought to act on GABA receptors, is 
rapidly metabolized and can be easily titrated to levels that en-
able MEP generation (41). However, despite its usefulness for 
IOM, high doses can still interfere with the generation of MEPs 
(6). Another potential disadvantage is that it can suppress EEG 
in a dose-dependent manner (42). Halogenated inhalation 
agents can easily abolish MEP (Fig. 2) (6); therefore, they are 
not routinely recommended for MEP IOM. Lastly, one of the 
oldest intravenous anesthetic agents, ketamine, has a tendency 

to increase the amplitude of EPs (43).
 The use of muscle relaxants such as rocuronium or vecuroni-
um for endotracheal intubation or during surgery can also af-
fect signal transmission across the neuromuscular junction and 
can therefore decrease the amplitude or even abolish MEPs or 
EMG. Two types of tests can be used for assessing the degree of 
neuromuscular blockage: the first compares the amplitude of 
compound muscle action potentials obtained by stimulation of 
the peripheral motor nerves, before and after the injection of a 
muscle relaxant; the second, called the train of four (TOF), is 
more commonly used because of its convenience. Briefly, the 
TOF technique delivers 4 supramaximal electrical stimulations 
to the peripheral nerve, with a frequency of 2 Hz. When TOF 
produces more than 1 to 2 twitches, generally the degree of 
neuromuscular blockage obtained is regarded as acceptable to 
record MEP (6); however, it is evident that the more number of 
twitches obtained with TOF, the higher the generation rate of 
MEP would be (Fig. 3). This is important because in a consider-
able number of patients, especially those with significant pre-
operative motor weakness, MEPs cannot be generated (15).

Various causes of IOM wave changes other than the neural 
damages
In practice, all of the wave changes that occur during IOM do 
not represent neural damage; rather, many of the changes are 
associated with malfunctions of the IOM machine, inappropri-
ate settings, artifact due to the surgical procedure, changes in 
anesthesia, and changes in hemodynamic state. Artifact can be 
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commonly observed during IOM by electrocautery, hammer-
ing, electrical stimulation, electrical artifact of the heart (elec-
trocardiography artifact), movement of respiratory muscles of 
patients, contact of cable with operating table, influence of elec-
trical power lines or plug, or diverse surgical procedures. Though 
automated filters and artifact rejection program can be partly 
useful in reducing artifacts, the role of neurophysiologist is still 
crucial in discriminating such artifact from real IOM changes 
and also in reducing it. For this reason, it is essential that the 
clinical neurophysiologist is trained in basic electrophysiologi-
cal principles and gains experience in IOM. 

IOM FOR INDIVIDUAL SURGERIES

Cerebral tumor surgery
As was mentioned earlier in this article, IOM for cerebral tu-
mors can be performed by routine monitoring of neural integ-
rity using MEP and SSEP, as well as by neurophysiological test-
ing to identify the exact location of eloquent areas, such as the 
motor or language cortex. This neurophysiological testing is 
generally performed using direct electrical stimulation (DES) of 
the eloquent areas during surgery. DES of the motor area can 
induce involuntary movement under general anesthesia, while 
DES of the language area can induce transient disturbances in 
language of awake patients, both of which in turn can enable 
the IOM team to identify the location of the motor or language 
areas (44, 45).

Brainstem surgery
In brainstem tumor surgery, routine motoring of brainstem 
function can be achieved by BAEP, SSEP, and MEP. In addition, 
stimulated or free-run EMG for the endangered cranial nerve 
(CN) or nucleus can be useful. To record the signals from the 
cranial motor nucleus or nerve, recording electrodes can be 
placed in the masseter muscle (CN V), facial muscles (CN VII), 
stylopharyngeal muscle (CN IX), muscles in the vocal cord and 
larynx (CN X), trapezius (CN XI), or tongue (CN XII) (46). Of 
those mentioned above, monitoring of CN X has traditionally 
required the additional use of a laryngoscope and some techni-
cal skills since the muscles innervated by this CN are located 
deep in the larynx. However, diverse types of endotracheal tube-
based surface electrodes for vocal cord muscles (CN X) have re-
cently been developed, which in turn have enabled simple EMG 
recordings of the vocal cord muscles (47, 48). 
 Another important use of IOM in brainstem surgery is the 
monitoring of lateral spread response (LSR) during microvas-
cular decompression (MVD) of hemifacial spasm (HFS). LSR is 
an abnormal response of the facial muscles and is thought to 
be associated with the hyperexcitability of these muscles in pa-
tients with HFS (49, 50). Although there have been some de-
bates on the exact mechanism of LSR generation, a recent study 
proposed that it is likely mediated by trigeminal afferent inputs, 
because it has similar latency to blink reflex (50). Several stud-
ies have shown that IOM for the disappearance of LSR during 
MVD can predict the surgical outcome both at the end of sur-
gery and in the long term (49, 51). 

Spinal surgery
In 2012, both the American Academy of Neurology (AAN) and 
the American Clinical Neurophysiology Society (ACNS) recom-
mended that IOM using SSEPs and Tc-MEP be established as 
an effective means of predicting an increased risk of adverse 
outcomes, such as paraparesis, paraplegia, and quadriplegia, in 
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spinal surgery (evidence level A); this was based on the results 
of several Class I and II studies (52). We have previously shown 
that Tc-mMEPs were more sensitive in the tibialis anterior mus-
cles, but more specific in the abductor hallucis muscle for peri-
operative neural damage. Therefore, multi-muscle recording 
may be required to achieve a higher level of accuracy of IOM in 
spinal surgery (15).
 In addition to SSEP and Tc-MEP, stimulated or free-run EMG 
can give the IOM team additional information, such as the pro-
ximity of procedures to the nerve root, the anatomical location 
of a motor rootlet, or irritation or traction of nerve root. More-
over, the correct placement of a pedicle screw can be screened 
simply by measuring electronic conductivity between the pedi-
cle screw and the nerve root by using stimulated EMG (53, 54). 

Vascular surgery
During CEA, up to 15% of patients experience cerebral hypo-
perfusion after carotid cross clamping (55). This hypoperfusion 
leads to changes in electrophysiological signals in the brain, 
such as a decrease in fast EEG activities and a decrease in the 
amplitude or increase in the latencies of SSEP. Thus, IOM can 
help detect patients who will eventually require a selective shunt 
during the CEA procedure (56). IOM can also predict the risk of 
postoperative neurological deficits in cerebral aneurysm sur-
gery (25) and thoracic abdominal aneurysm surgery (11).

Thyroid, parathyroid, and esophagus surgery
In thyroid and parathyroid surgery, paralysis of the vocal cord 
due to injury of the recurrent laryngeal nerve (RLN) has been 
reported in up to 3% of cases. This can lead to hoarseness, voice 
loss, and even to airway emergency in severe cases (57). The 
RLN originates from the vagus nerve (CN X), descends into the 
thorax, and rises up to the neck to innervate muscles around 

the vocal cord and larynx. Therefore, monitoring of the RLN 
can be performed by recording the spontaneous EMG signals 
of the vocal cord muscles, as well as by recording simulated EMG 
signals evoked by electrical stimulation of the vagus nerve (CN 
X) or RLN itself (Fig. 4). (47) A recent randomized clinical trial 
demonstrated that IOM using RLN stimulation during thyroid-
ectomy could significantly reduce postoperative RLN injury 
(58). Conventionally, EMG signals from the vocal cord were re-
corded using needle electrodes inserted with a laryngoscope. 
However, the use of needle electrodes poses the following risks: 
trauma, hematoma, laceration, infections inside the airway due 
to the misplacement or fracture of needle, need for re-intuba-
tion, and needle dislodgement (47). Recently developed endo-
tracheal tube-based surface electrodes are more advantageous 
than the conventional needle electrodes because they do not 
cause airway trauma and can be easily manipulated in case of 
electrode misplacement during surgery. Together with the con-
tinuous vagal nerve stimulation techniques, the use of endotra-
cheal tube-based surface electrodes has contributed to the wide-
spread use of IOM during thyroidectomy (47, 59).
 RLN palsy can also be found in patients who underwent eso-
phageal cancer surgery. A recent study reported that IOM dur-
ing esophagectomy can significantly reduce the incidence of 
postoperative RLN palsy (60). However, further successive stud-
ies focusing on the exact utility of IOM during esophagectomy 
and as a standard technical method are needed. 

Peripheral nerve (including plexus)
Surgeries for tumors involving the peripheral nerves or nerve 
sheaths carry the risk of potential postoperative nerve damage. 
IOM of the peripheral nerve can be achieved by measuring 
nerve action potentials with DES on the peripheral nerve, as 
well as routine MEP and SSEP monitoring. This DES of the pe-

Fig. 4. Monitoring for the recurrent laryngeal nerve injury in thyroid surgery. During thyroidectomy, compound muscle action potential (CMAP) is recorded at the vocal cord 
muscles, using continuous nerve stimulation technique (A). The CMAP is abruptly lost during surgery and does not recover at the end of surgery (B). This patient experienced 
post-operative complication of the vocal cord paralysis.
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ripheral nerve enables mapping of the nerve fibers around the 
nerve sheath tumors, the identification of motor axons, and the 
stable monitoring of the motor nerve systems (61, 62).

CONCLUSION

Despite a long history of more than 30 yr, the use of IOM has 
only recently become widespread with the development of the 
commercial IOM machine and the availability of educational 
programs. The knowledge and experience of the clinical neuro-
physiologist in basic electrophysiology and electrophysiology 
in the operating room, comprehensive training of the monitor-
ing technologist, active communication between members of 
the IOM team, and a tailored approach suited to the aim of IOM 
in specific surgeries will contribute greatly to the accuracy of 
IOM.
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