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Abstract: Intraoperative neurophysiological monitoring (IONM) is a crucial advancement in neuro-
surgery, enhancing procedural safety and precision. This technique involves continuous real-time
assessment of neurophysiological signals, aiding surgeons in timely interventions to protect neural
structures. In addition to inherent limitations, IONM necessitates a detailed anesthetic plan for
accurate signal recording. Given the growing importance of IONM in neurosurgery, we conducted a
narrative review including the most relevant studies about the modalities and their application in
different fields of neurosurgery. In particular, this review provides insights for all physicians and
healthcare professionals unfamiliar with IONM, elucidating commonly used techniques in neuro-
surgery. In particular, it discusses the roles of IONM in various neurosurgical settings such as tumoral
brain resection, neurovascular surgery, epilepsy surgery, spinal surgery, and peripheral nerve surgery.
Furthermore, it offers an overview of the anesthesiologic strategies and limitations of techniques
essential for the effective implementation of IONM.

Keywords: intraoperative neurophysiological monitoring; neurosurgery; electrocorticography;
electromyography; evoked potentials; direct cortical stimulation

1. Introduction

Intraoperative neurophysiological monitoring (IONM) is a real-time monitoring and
assessment of the nervous system’s function and integrity during surgeries [1], used in a
wide range of surgical procedures such as brain surgery [2], spinal surgery [3], vascular
surgery [4,5], peripheral nerve surgery [6], orthopedic surgery [7,8], and otolaryngology
procedures involving the nerves [9,10].

IONM necessitates a collective approach with a team comprising neurophysiologists,
neurosurgeons, anesthesiologists, neurologists, and technologists, to set up and interpret
monitoring equipment, analyze real-time data, and convey critical information to the
surgical team [11,12]. It provides anatomical and functional information about the integrity
of neural structures to the neurosurgeons, such as motor pathways, sensory pathways, and
neural networks, improving the patient’s safety and post-operative outcomes [13].

The aim of this comprehensive narrative review is to provide the existing background
information to physicians, including anesthesiologists, on the IONM techniques most
frequently used during neurosurgery.

2. Methods

We have performed an electronic search of Medline from inception until 1 November
2023, with the restriction to adult-only patients and the English language. We utilized a
combination of controlled vocabulary terms, text words, and keywords related to IONM
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techniques. Blocks of terms per concept were created. Two authors (GG and RAA) in-
dependently executed the search using keywords and their related MeSH terms such as
“intraoperative neuromonitoring”, “neuromonitoring”, “neurosurgery”, “electrocorticog-
raphy”, “stereo-electroencephalography”, “electromyography”, “somatosensory evoked
potentials”, “motor evoked potential”, “direct cortical stimulation”, “brainstem auditory
evoked potentials”, and “visual evoked potentials”. The constructed search strategy is
reported in the Supplementary Materials.

Our review encompassed all English-language articles involving adult patients
(aged > 18 years) undergoing various types of neurosurgeries (brain, spinal, or peripheral
nerve) with any form of IONM. Additionally, studies elucidating neuromonitoring prin-
ciples and techniques were considered for inclusion in this narrative review. Excluded
were case reports, review articles, editorials, and studies available solely in abstract form.
To identify any overlooked studies of relevance, we examined the references of included
papers. Titles and abstracts were independently screened by two authors (GG and RAA)
according to the inclusion criteria, and the full texts of potentially relevant reports were
retrieved and examined. Any discrepancies were resolved through consultation with a
third examiner (FL).

Given that our objective was to furnish a comprehensive narrative review aimed at
informing physicians, including anesthesiologists, about IONM techniques commonly
utilized during neurosurgery, we abstained from conducting pooled data analysis and
assessing the risk of bias. The flow diagram detailing the article selection process is
provided as Supplementary Materials (Figure S1).

3. IONM Techniques in Neurosurgery

The IONM techniques most frequently used during neurosurgery include (1) electro-
corticography (ECoG) and stereo-electroencephalography (SEEG); (2) electromyography
(EMG); (3) somatosensory evoked potentials (SSEPs); (4) motor evoked potential (MEP) and
direct cortical stimulation (DCS); (5) brainstem auditory evoked potentials (BAEPs); and
(6) visual evoked potentials (VEPs). The utilization of specific techniques in IONM allows
for the observation and evaluation of distinct neural pathways, consequently reducing
the necessity for intraoperative wake-up testing in patients vulnerable to neurological
injury [14].

3.1. Electrocorticography (ECoG) and Stereo-Electroencephalography (SEEG)

Electrocorticography (ECoG) is a specific electroencephalographic technique which
entails positioning electrode grids directly on the brain’s surface for neurophysiological
analysis. These grids consist of multiple (4 to 32) electrodes strategically positioned to cap-
ture and analyze electrical activity from the cortical surface in real time with higher spatial
and temporal resolution compared to non-invasive electroencephalography (EEG) [15].
ECoG allows the neurosurgery team to real-time identify and preserve essential areas
responsible for various functions, including motor control, sensory perception, language,
and epileptic activity [15–17]. For example, phase reversal (i.e., the point in time when
the polarity of the recorded signal changes) represents the differentiation of the primary
sensory areas by the motor areas of the brain (Figure 1). Furthermore, ECoG detects stim-
ulation artifacts while stimulating the cortex, verifying that the stimulation is provided
properly [18] and the occurrence of stimulation-induced afterdischarges and seizures [19].
Neurological effects seen with stimulation-associated afterdischarges or seizures may not
be related to the cortical region stimulated; rather, they may be linked to the propagation of
hypersynchronous neuronal activity to more distant sites [19]. Evidence of afterdischarges
can alert the surgical team to the development of epileptic seizures, enabling them to
employ preventive techniques such as irrigation of the cortex with cold water [20,21].
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nial electrodes via a stereotactic frame and a double grid system. The use of specialized 
implantation devices and the integration of multimodal neuroimaging techniques have 
further improved the methodology and clinical application of SEEG, reducing its com-
plexity and enhancing safety [22,23]. The intracranial SEEG can precisely identify the ep-
ileptogenic zone and pinpoint the location of the “eloquent cortex” [22]. Hence, SEEG is 
an essential neuro-monitoring in cases when imaging is normal, noninvasive assessments 
show discrepancies, and a detailed mapping of cortical function is required due to the 
proximity of the presumed epileptogenic zone to the eloquent cortex, or in syndromes 
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Figure 1. Phase reversal achieved by stimulating the right median nerve and recording at the cortical
level with a subdural strip containing 4 contacts. The technique was used to identify the Rolandic
sulcus, which in this case is identified by the phase reversal between contacts 3 and 4 of the strip.

Stereo-electroencephalography (SEEG) is an invasive technique developed in the 1960s
in France for the study of patients with drug-resistant epilepsy. The SEEG procedure in-
volves multiple phases and is relatively complex, relying on the placement of intracranial
electrodes via a stereotactic frame and a double grid system. The use of specialized implan-
tation devices and the integration of multimodal neuroimaging techniques have further
improved the methodology and clinical application of SEEG, reducing its complexity and
enhancing safety [22,23]. The intracranial SEEG can precisely identify the epileptogenic
zone and pinpoint the location of the “eloquent cortex” [22]. Hence, SEEG is an essential
neuro-monitoring in cases when imaging is normal, noninvasive assessments show dis-
crepancies, and a detailed mapping of cortical function is required due to the proximity of
the presumed epileptogenic zone to the eloquent cortex, or in syndromes predisposed to
multiple lesions [22].

3.2. Electromyography (EMG)

Electromyography (EMG) specifically evaluates the activity and functional integrity
of somatic efferent nerves using subdermal or intramuscular electrodes. The procedure
includes the depolarization of a motor nerve, triggering the generation of electrical potential
within the innervated muscles [24].

One of the primary applications of EMG is the identification and preservation of
peripheral nerves through its direct stimulation during peripheral nerve surgery [24–26].
Reduced muscle activity or abnormal EMG patterns serve as warning signs of potential
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nerve injury. EMG is also used in monitoring neuromuscular responses during neurosurgi-
cal procedures, such as resection of brain or spinal cord tumors [27]. Finally, EMG provides
real-time feedback to the surgeon about the integrity of the nerve–muscle connection,
specifically during nerve repair or grafting procedures [6].

3.3. Somatosensory Evoked Potentials (SSEPs)

Somatosensory evoked potentials (SSEPs) monitor the dorsal column–medial lemnis-
cus pathway, which plays a role in tactile discrimination, vibration, and proprioception.
The process involves stimulating sensory receptors in the skin, activating peripheral sen-
sory nerves that extend through the nerve root to the ipsilateral dorsal root ganglia in the
spinal levels [28]. These initial neurons project to form the fasciculi gracilis and cuneatus,
transmitting impulses from the lower and upper extremities, respectively [28]. The first
synapse occurs in the lower medulla, followed by the crossing over of the impulses at the
brainstem level and the formation of the medial lemniscus. Subsequently, the impulse
ascends to the contralateral thalamus, ultimately conveying information to the primary
sensory cortex in the parietal lobe [28]. For the upper extremities, monitoring primarily
focuses on the median and ulnar nerves (Figure 2), whereas for the lower extremities, it
encompasses the posterior tibial and peroneal nerves.
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The ability to detect any changes in SSEPs, such as alterations in amplitude, latency,
or waveform, is crucial during surgery. These changes can indicate potential damage
or compromise to the sensory pathways, signaling the need for immediate corrective
measures. The traditional SSEP warning criteria, established in the 1970s, involved a >50%
amplitude reduction or >10% latency prolongation from the baseline. However, these
criteria have limitations as they overly focus on latency and do not account for baseline
drift or reproducibility. To tackle this issue, an adaptive criterion has been suggested, taking
into account visually noticeable amplitude reduction from recent pre-change values and
exceeding variability, particularly in cases of sudden and localized changes [29].

3.4. Motor Evoked Potentials (MEPs) and Direct Cortical Stimulation (DCS)

Motor evoked potentials (MEPs) represent a specialized monitoring technique that
concentrates on evaluating motor pathways within the nervous system. It is achieved
through transcranial or direct electric stimulation of the motor cortex (DCS), inducing the
excitation of corticospinal projections at different levels. The intensity of stimulation and
the precise electrode placement are pivotal factors in pinpointing the specific brain areas
where MEPs originate. Depending on the stimulation parameters, MEPs can be induced in
various brain regions, such as the superficial white matter beneath the motor cortex, the
deep white matter of the internal capsule, and the pyramidal decussation (Figure 3) [30].

J. Clin. Med. 2024, 13, x FOR PEER REVIEW 5 of 23 
 

 

The ability to detect any changes in SSEPs, such as alterations in amplitude, latency, 
or waveform, is crucial during surgery. These changes can indicate potential damage or 
compromise to the sensory pathways, signaling the need for immediate corrective 
measures. The traditional SSEP warning criteria, established in the 1970s, involved a >50% 
amplitude reduction or >10% latency prolongation from the baseline. However, these cri-
teria have limitations as they overly focus on latency and do not account for baseline drift 
or reproducibility. To tackle this issue, an adaptive criterion has been suggested, taking 
into account visually noticeable amplitude reduction from recent pre-change values and 
exceeding variability, particularly in cases of sudden and localized changes [29]. 

3.4. Motor Evoked Potentials (MEPs) and Direct Cortical Stimulation (DCS) 
Motor evoked potentials (MEPs) represent a specialized monitoring technique that 

concentrates on evaluating motor pathways within the nervous system. It is achieved 
through transcranial or direct electric stimulation of the motor cortex (DCS), inducing the 
excitation of corticospinal projections at different levels. The intensity of stimulation and 
the precise electrode placement are pivotal factors in pinpointing the specific brain areas 
where MEPs originate. Depending on the stimulation parameters, MEPs can be induced 
in various brain regions, such as the superficial white maĴer beneath the motor cortex, the 
deep white maĴer of the internal capsule, and the pyramidal decussation (Figure 3) [30]. 

 
Figure 3. Transcranial motor evoked potentials (MEP) obtained by stimulating with corkscrew elec-
trodes in the C3–FZ position at a threshold of 90 mA in a case of left parietal lesion. 
Figure 3. Transcranial motor evoked potentials (MEP) obtained by stimulating with corkscrew
electrodes in the C3–FZ position at a threshold of 90 mA in a case of left parietal lesion.



J. Clin. Med. 2024, 13, 2966 6 of 23

Accurate investigation in supratentorial surgery with transcranial stimulation relies
on carefully selecting the montage and stimulation intensity. The placement of scalp
electrodes (C1, C2, Cz, C3, C4) follows the International 10–10 system coordinates. However,
employing a lateral montage (C3/C4 or C4/C3 electrodes) with higher stimulation intensity
may result in extensive stimulation across the entire motor pathway, from the motor cortex
to the level of the foramen magnum. This has the potential to yield false negative results
by stimulating the motor tract distal to a lesion [31,32]. Furthermore, such an approach
may induce patient movement, which could impede the surgical procedure. Conversely,
transcranial stimulation with inter-hemispheric (C1/C2 or C2/C1) or hemispheric (C3/Cz
or C4/Cz) configurations, along with direct cortical stimulation (see below), allows for
more targeted stimulation of the motor cortex [31,32].

The electrical potential generated during MEPs can be recorded at different locations,
either directly at target muscles or from the epidural space at the spinal cord (d-waves). The
latter is the best choice to monitor corticospinal tract integrity during spinal surgery [33,34].
The stability of the d-wave is a predictive indicator for favorable motor outcomes, even
when the intraoperative transcranial MEPs are abolished or diminished. Noteworthy
existing literature strongly advocates the simultaneous application of transcranial MEPs
and d-waves in intramedullary spinal cord surgery. This approach aims to minimize
false positives and provide enhanced guidance to the neurosurgeon during the surgical
procedure [34–37].

Direct cortical stimulation (DCS) is another technique that involves the application
of electrical currents directly to the brain cortex. DCS involves placing some electrodes
(generally a 6-contact strip) directly on the exposed cortical surface, in the subdural space,
or inserted into the brain tissue. Electrical stimulation is delivered using a stimulator,
and the responses are observed and recorded (Figure 4) [38]. Compared to MEPs, DCS
necessitates less stimulation intensity and delivers highly localized and superficial motor
cortex stimulation. DCS is often used to map the functional areas of the brain before
surgical procedures. It can also be employed to identify the epileptic focus in patients with
drug-resistant epilepsy or in some cases of awake brain surgery to allow the assessment of
cognitive and language functions [38,39].

3.5. Brainstem Auditory Evoked Potentials (BAEPs)

Brainstem auditory evoked potentials (BAEPs)monitor the functionality of the auditory
nerve and the auditory pathways within the brainstem. The auditory signal originates
at the cochlear hair cell, where sound waves are converted into electrical signals. It
then progresses through a series of anatomical structures, including the vestibulocochlear
nerve, the superior olivary complex, the lateral lemniscus, the inferior colliculus, and
the medial geniculate body. This sequential relay system guarantees the transmission of
auditory information toward the primary auditory cortex, where it undergoes processing
and interpretation.

BAEPs, consisting of seven distinct positive waves, are small auditory evoked poten-
tials in response to an auditory stimulus, captured using A1 and A2 electrodes as the active
points, while Cz or Fz is employed as the reference electrode positioned on the scalp [40]. It
finds common usage in the surgical treatment of different pathologies involving the poste-
rior cranial fossa and the cerebellopontine angle, such as acoustic neuroma, neurovascular
compression syndrome, and brainstem tumor [41–43].

Within intraoperative BAEP alterations, the most frequently observed phenomenon is
the latency change in wave V: a 50% reduction in the amplitude of wave V and a latency
increase exceeding 0.5 ms serve as warning indicators. In addition, the absence of wave V
indicates deafness [44,45]. In the case of cochlear ischemia secondary to compromise of the
internal auditory artery, all components of BAEPs, including wave I, are affected. However,
when there is a direct mechanical or thermal trauma to the eighth nerve, waves III and
V may experience delays, attenuation, or even elimination, while wave I might remain
unaffected [41–43,46].
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ulnar extensor of the wrist, the abductor of the fifth finger, and the short abductor of the thumb.

Finally, a prolongation of the I-to-III interpeak interval, which is usually reversible,
may occur when there is a stretching of the eighth nerve, in the process of scraping off
tumors or during the retraction of the cerebellum or brainstem [42,46].

3.6. Visual Evoked Potentials (VEPs)

Visual evoked potentials (VEPs) assess the functional integrity of the optic pathways
responsible for transmitting visual stimuli from the retina to the brain’s visual cortex in
response to light. The process begins with the conversion of visual stimuli into nerve
signals within the retina. Then, the nerve signals traverse through the optic nerve and
reach the optic chiasma, where a partial crossing of fibers occurs. Subsequently, the signals
continue their path through the optic tract, leading them to the lateral geniculate body, an
important relay station. From there, the signals are further transmitted through the optic
radiation, a bundle of nerve fibers, ultimately reaching their destination in the visual cortex
located in the occipital lobe of the brain [47].

VEPs are captured through active electrodes (O1, O2, and Oz), referencing the ver-
tex to the Cz reference electrode on the scalp over the occipital cortex in response to
light stimuli [48]. When dealing with occipital brain lesions, subdural strip electrodes
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may be employed for recording [49–51]. Recent attention to VEP monitoring has been
sparked by the growing utilization of simultaneous electroretinogram (ERG) recording,
progress in light-emitting diodes (LEDs) manufacturing, and the adoption of white light
stimulation [26,52].

To ensure adequate flash stimuli are delivered to the retina, ERG is recorded simul-
taneously with VEPs, as the dislocation of goggles could lead to inadequate stimulation
of the retina. Nevertheless, VEPs may not be detectable in individuals with visual acuity
below 0.1 and/or a visual field defect larger than hemianopsia. Initial findings showed
that a correlation existed between postoperative declines in visual acuity and the absence
of VEPs for a duration exceeding four minutes [53]. Nowadays, the most used warning
criterion is a 50% decrement of the response in VEPs [26,54,55]. When white LEDs are used,
an amplitude decrement > 20% could be considered an alarm criterion [52]. Interestingly,
in the case of preoperative impaired visual function, VEPs may not be recorded in approxi-
mately 50% of cases, limiting their application in such cases [54]. In fact, in some studies,
these patients have been excluded from the eligible population [56]. Although VEP has
gained interest during neurosurgery to preserve the functional integrity of the optic system,
further research is required to establish a more standardized warning criterion.

4. Clinical Applications of Neuromonitoring

IONM has revolutionized the field of neurosurgery by significantly enhancing the
safety and precision of various neurosurgical procedures. Despite the enormous develop-
ment of technologies applied to brain mapping and monitoring, IONM is still the gold
standard. Whether it is intracranial tumor resection, neurovascular, epilepsy, or spinal
surgery, IONM is used as a technique that allows surgeons to monitor and safeguard
neural structures, thereby reducing the risk of complications and improving patient out-
comes. Table 1 summarizes the IONM techniques with their aims and possible applications
during neurosurgery.

Table 1. Intraoperative neuromonitoring techniques and possible applications.

Aim of the Technique Evidence-Based Indications in Neurosurgery

Electro-corticography (ECoG) Identification and preservation of
cerebral cortical areas Neurovascular surgery, epilepsy surgery

Stereo-electroencephalography (SEEG) Identification of epileptogenic zones and
the “eloquent cortex”

Intracranial tumor resection, neurovascular
surgery, epilepsy surgery

Electromyography (EMG) Identification and preservation of
peripheral nerves Spinal surgery, peripheral nerve surgery

Somatosensory evoked potentials (SSEPs) Warning of potential damage to the
sensory pathways Intracranial tumor resection, spinal surgery

Motor evoked potentials (MEPs) Evaluation of the motor pathways Intracranial tumor resection, spinal surgery

Direct cortical stimulation (DCS) Evaluation of the motor pathways
through direct stimulation of the cortex Intracranial tumor resection, epilepsy surgery

Brainstem auditory evoked potentials
(BAEPs)

Monitoring the functionality of the
auditory nerve and the auditory
pathways within the brainstem

Intracranial tumor resection

Visual evoked potentials (VEPs) Assessing the functional integrity of the
optic pathways Intracranial tumor resection

4.1. IONM in Intracranial Tumor Resection

Intracranial tumor resection surgery aims to extract as much of the tumor mass as
possible while minimizing damage to the surrounding healthy brain tissue. To achieve this
purpose, the use of IONM techniques, including SEEG, SSEPs, MEPs, and cortical mapping,
is essential to properly identify critical functional structures of the brain.
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In the context of supratentorial tumors, IONM is a crucial component of modern
neurosurgical procedures, particularly when removing tumors located near essential areas
such as the Rolandic region and frontotemporal speech areas. To pinpoint the eloquent
cortex and white matter tracts during various stages of tumor resection, the gold standard
involves DCS and subcortical stimulation, facilitated by dedicated mono or bipolar for-
ceps. These forceps generate a focused electric field, eliciting potentials on the cortex or
subcortical bundles, which are distally recorded using various modalities, including EMG
for motor function. This approach allows for the mapping of functional areas. A recent
advancement involves the use of a new stainless steel suction for subcortical mapping
(Figure 5). In a limited patient population undergoing brain surgery for tumor resection,
this tool has demonstrated its ability to identify the corticospinal tract easily, ensuring the
safety of surgical interventions in proximity to motor-eloquent structures [57,58].
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To safeguard the corticospinal tract, an essential strategy includes ongoing MEP
monitoring. This monitoring technique becomes especially crucial when dealing with
the removal of tumors situated in or around the central region and insular tumors that
extend deeply toward the internal capsule. The extent of tumor resection is determined
by assessing the rate of MEP amplitude decrease, thereby ensuring the preservation of
vital motor functions [26]. While MEPs predict deficits, their effectiveness as a warning
sign is somewhat restricted, as signal alterations are only reversible in approximately
60% of cases [59]. Notably, irreversible motor deficits can manifest when direct cortical
MEP undergoes changes during stimulation with a motor threshold of 1 mA. Conversely,
it is advisable to halt tumor resection at the latest when reaching a motor threshold of
2 mA [59]. A recent study has reported that, in the immediate postoperative period,
transcranial MEPs have sensitivity, specificity, positive predictive values, and negative
predictive values equal to 17.5%, 100%, 100%, and 69.4%, respectively. In contrast, the
direct cortical MEP monitoring showed the respective values of 25.0%, 100%, 100%, and
68.8%. It is worth mentioning that the sensitivity for predicting post-operative motor deficit
at hospital discharge rose to 43.8% for transcranial MEPs and to 50.0% for direct cortical
MEPs [60].

During an intracranial tumor resection of the motor area, some recently developed tech-
niques, including the cortico-cortical evoked potentials (CCEPs) with subcortical evoked
potentials (SCEPs), can be employed. This technique allows a continuous and dynamic
mapping of white matter and subcortical pathways by a suction cannula coupled to a
monopolar stimulator [61]. It is considered particularly precise and accurate, since the
system stimulates the tissue at the removal site at low stimulation intensities (<5 mA). In
addition, it has the advantage of continuously monitoring the neuronal pathways, whereas
previous electrical stimulation techniques guaranteed only intermittent monitoring of the
corticospinal tract [61].

Relying solely on sensory impairment is not considered a sufficient criterion to halt
tumor resection [26]. In response to this concern, SSEPs are commonly employed as a
supplementary method alongside MEPs monitoring during brain tumor surgeries [26].
The significance of SSEP monitoring becomes particularly pronounced in cases where
the tumor involves vessels in the Sylvian fissure or during the trans-sylvian approach, as
these scenarios may give rise to significant vasospasm [26]. Furthermore, VEP monitoring
assumes a critical role in the resection of intrinsic brain lesions situated in close proximity to
visual pathways and their associated regions, including temporal, temporo-insular, parietal,
or parietooccipital lesions [26].

While IONM continues to play a crucial role in guiding brain surgeries for tumor
resection, recent advancements in neuroimaging techniques (i.e., diffusion tensor imaging
tractography and transcranial magnetic stimulation) have sparked a renewed focus on
preoperative mapping. This approach enables neurosurgeons to identify and analyze the
neural connectivity responsible for motor and language functions. Preoperative mapping
has demonstrated a strong correlation with the findings obtained during surgery using
direct cortical and subcortical mapping techniques [62–65].

4.2. IONM in Neurovascular Surgery

IONM is also employed in vascular surgeries involving aneurysms, arteriovenous
malformations, and cavernous malformations. These procedures may be complicated by the
occurrence of cerebral ischemia. In this field of neurosurgery, IONM can identify impending
ischemia in the vascular territories of interest, enabling adjustments in intraoperative
management to prevent ischemic stroke.

Among the available techniques that can be employed, cerebral blood flow monitoring,
cerebral oxygenation, SEEG, and ECoG are of particular interest. Current intraoperative
tools to monitor the cerebral blood flow include indocyanine green angiography [66–68],
Doppler and transit-time ultrasound [69–72], and percutaneous transfemoral digital sub-
traction angiography [73–75]. Recently, a new tool called laser speckle contrast imaging
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(LSCI) has been developed for monitoring intraoperative cerebral blood flow [76]. This
hardware is attached to the surgical microscope, allowing continuous real-time monitoring
of cerebral blood flow [76]. Numerous studies have already showcased the potential of
LSCI in human neurosurgical procedures, demonstrating its effectiveness as a cerebral
blood flow monitoring tool, including its application during neurovascular surgery [76–79].

Cerebral oxygenation can also be monitored using the quantitative frequency-domain
near-infrared spectroscopy (Q-NIRS). By measuring a reduction of tissue oxyhemoglobin
and brain tissue oxygen saturation, along with an increase in deoxyhemoglobin, Q-NIRS
can effectively detect an ischemic event [80].

When utilizing ECoG, the H-beta waveform proves highly specific and serves as
an indicator of arterial occlusion. This waveform exhibits early, high-frequency waves
(HF-Beta3, 23–37 Hz), reflecting the transition from aerobic to anaerobic metabolism due to
reduced blood flow. These waves signify initial reversible neuronal damage. If ischemia
persists, the appearance of delta-theta waves (2–6 Hz) follows, eventually leading to
focal burst suppression patterns [81]. The shift to delta waves or focal burst suppression
is linked with irreversible parenchymal damage [82]. Nonetheless, some authors have
raised questions about the sensitivity of ECoG in detecting abnormalities in deeply seated
lesions, such as those in the basal ganglia and internal capsule. In contrast, EEG may not
be sufficiently sensitive to capture early HF-beta3 changes indicative of initial ischemic
changes, which ECoG can discern [83,84].

Finally, SSEPs boast a well-established history in cerebral aneurysms, dating back to
the 1980s [85]. Subsequently, other monitoring systems such as MEPs, BAEPs, and VEPs
have been implemented based on the location of the vascular lesion and the potential
surgical risks.

4.3. IONM in Epilepsy Surgery

Despite being the mainstay of epilepsy treatment, antiepileptic drug therapy is inef-
fective or not tolerated in 30% of patients. For these patients, epilepsy surgery could be a
valid alternative for both lesional and nonlesional cases [86].

In addition to the existing neuroimaging techniques employed to guide the neuro-
surgeon during the procedure [87], IONM serves as an additional tool, particularly in
cases of extratemporal epilepsy and nonlesional epilepsy closely associated with particular
functional brain regions [11,87].

In epilepsy surgery, ECoG assesses interictal discharges, delineates functional areas,
and facilitates the recording and localization of ictal activity. Depth electrodes, often com-
bined with subdural cortical grids, are used to detect ictal or interictal events in subcortical
regions during perioperative neuromonitoring [87]. ECoG can identify additional elec-
trically active foci beyond the lesion, improving the 3-year seizure-free rate in patients
undergoing both lesionectomy and spike-positive tissue resection compared to those un-
dergoing only lesionectomy. Furthermore, ECoG likely reduces the reoperation rates and
overall surgical morbidity in extralesional resections [88].

DCS is also applied in patients undergoing both lesional and nonlesional procedures
for extratemporal epilepsy, particularly in areas close to motor, somatosensory, or language
pathways. It is important to highlight that language functions, including repetition and
comprehension, require testing while patients are awake [89]. Additionally, CCEP with
SCEP can be utilized to identify seizure propagation pathways and monitor the cortical
motor network and dorsal language pathway [90].

Awake surgery offers some advantages for epilepsy surgery. Firstly, it allows for intra-
operative functional mapping under conscious conditions, enabling precise identification
of crucial brain areas [89]. Secondly, intraoperative ECoG can be obtained without the in-
fluence of anesthesia, offering comparable information to chronic invasive ECoG recording
in the interictal phase [91]. However, awake surgery presents certain drawbacks, including
spatial constraints of craniotomy, limited intraoperative time, and the inability to capture
ictal events. Moreover, the interpretation of ECoG findings remains contentious [17,92].
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In addition, as recently reported by a systematic review, awake neurosurgery for epilepsy
is complicated by intraoperative seizures in approximately 22% of cases [93]. Another
challenge is patient cooperation, as some individuals, particularly children, or those with
intellectual disabilities or psychiatric issues may struggle to participate fully in awake
surgery [94]. Therefore, the choice of the anesthesiologic strategy should be dependent on
patient-based criteria.

SEEG also records ictal electrical activity in predefined cortical targets for subsequent
ablation of the presumed epileptogenic zone. SEEG covers extensive bilateral hemispheres
with precise sampling from sulcal areas and deep brain structures. A hybrid technique
combining SEEG and subdural strip electrode placement may address SEEG limitations.
Improved electrode implantation accuracy and safety result from three-dimensional angiog-
raphy, frameless MRI, advanced multimodal planning, and robot-assisted implantation [95].

Moreover, in current practice, SEEG is used not only for the identification of epilepto-
genic zones but also as a therapeutic tool, i.e., thermocoagulation [22,95].

4.4. IONM in Spinal Surgery

Spine surgery inherently carries a risk of causing harm to critical neural structures,
with neurological complications ranging from 1.3% to 31% [96]. These complications may
arise from direct mechanical forces on the spinal cord and indirect ischemic changes during
corrective maneuvers [97,98]. To mitigate these risks, neurosurgeons employ monitoring
techniques such as MEPs and SSEPs to safeguard spinal cord integrity [99,100].

Figure 6 is an example of the application of MEPs during spinal surgery. The safety
threshold for MEP reduction in spinal surgery varies. Langeloo et al. identified an ampli-
tude reduction of 80% or more as a reliable criterion for potential impending neurological
deficits [101]. Kobayashi et al. suggested a 70% reduction alert threshold, especially in
procedures involving spinal deformities and tumors [36]. Pelosi et al. used a criterion of
over 50% reduction in baseline amplitudes, combining MEPs with SSEPs for safer and more
reliable monitoring in spinal deformity surgeries [102].

In anterior cervical spinal cord surgery, SSEPs are the most commonly used IONM
technique (99.9%), followed by EMG (81.3%) and MEPs (64.8%) [103]. However, the value
of monitoring during anterior cervical discectomy and fusion surgery is questionable due
to the high incidence of false positives. Conversely, the simultaneous use of intraopera-
tive MEPs and SSEPs is preferred during posterior approaches for cervical spondylotic
myelopathy surgeries [104–108].

In a prospective multicenter study, 1156 cases of thoracic spine surgeries were moni-
tored using transcranial MEPs, with threshold alerts set at an amplitude reduction exceed-
ing 70% from the baseline. The study demonstrated a remarkable overall sensitivity of 91.9%
and specificity of 88.4% in predicting positive post-operative outcomes. Consequently,
the authors strongly recommended the adoption of transcranial MEPs, emphasizing their
utility, especially for patients with preexisting motor deficits before surgery [109].

The role of IONM in intradural extramedullary tumors remains debated. While MEPs
may not be deemed essential, recent findings suggest SSEPs significantly contribute to
neurological preservation [110]. Further research is needed to assess the feasibility and
significance of the D-wave technique in this surgery [110]. Conversely, for intramedullary
spinal cord tumors, combining dorsal column mapping and spinal cord stimulation for
SSEPs can be useful in identifying the anatomical midline, often distorted by the tumor’s
anatomy [111]. A systematic review and meta-analysis proved that MEPs are characterized
by the best specificity, whereas SSEPs show the greatest sensitivity in predicting postop-
erative neurological outcomes. However, a combination of different modalities of IONM
resulted in the best diagnostic tool during surgery for the resection of intramedullary
spinal cord tumors [112]. The same group of authors also reported that IONM is charac-
terized by a high sensitivity and specificity in predicting the postoperative neurological
outcomes at 6 weeks in patients undergoing resection of intradural extramedullary spinal
cord tumor [113]; however, the incidence of false positives may influence the surgeon to
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continue or stop the surgical procedure. These cases are characterized by a high rate of
tumor recurrence (around 90%) at the magnetic resonance imaging after one year [113].
Therefore, before making a decision, the surgical team, including the anesthesiologist, must
check if there are any confounding factors, such as technical artifacts, an inappropriate
anesthesiologic plan, hemodynamic instability, and muscular activity [113].
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Figure 6. Motor evoked potentials in spinal surgery. The figure reports the MEP obtained, from
top to bottom, in the left and right iliopsoas, vastus lateralis, tibialis anterior, abductor hallucis,
gastrocnemius, and anal sphincter in a case of cauda surgery. The stimulation was obtained with a
bipolar probe at 0.4 mA.

In patients with traumatic spinal cord injury, the use of transcranial MEPs has also been
investigated [114]. Given the low prevalence of neurological complications (2.3%) and the
low positive predictive value (18.4%), single usage of transcranial MEP monitoring during
traumatic spinal injury surgery has not been recommended. It remains to be understood if
the application of a multimodal IONM may improve the positive predictive value in this
scenario [114].

Indeed, several recent studies have yielded inconclusive evidence regarding the im-
provement of neurological outcomes when utilizing IONM in various spinal cord surgical
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procedures, including anterior cervical discectomy and fusion surgery [115], thoracolumbar
spine surgery [116], and surgeries addressing tethered cord syndrome or spinal intradural
tumors [117]. A specific investigation involving 26 patients undergoing intramedullary
spinal ependymoma surgery underscored a considerable rate of both false-positive and
false-negative results associated with the use of IONM methods [118]. In light of these
recent discordant findings, many experts are advocating for caution against the indis-
criminate use of IONM [119], and the scarcity of robust evidence has resulted in a lack of
definitive consensus or evidence-based guidelines for the secure and effective integration
of IONM during these procedures [3,120]. While the routine use of EMG and SSEPs alone
during spine surgery has lost support in the literature, the adoption of a multimodal IONM
approach, including EMG, SSEPs, and MEPs, is frequently deemed necessary [121,122].

4.5. IONM in Peripheral Nerve Surgery

IONM plays a crucial role in enhancing assessments of the peripheral nervous system
across various surgical procedures, improving decision-making, and leading to better
surgical outcomes. When combined with neuroimaging, IONM assists in pinpointing
different peripheral nerve pathologies, documenting structural nerve alterations such as
swelling, compression, tumors, or injuries, and uncovering underlying issues [123,124].

During surgical interventions on peripheral nerves, IONM is frequently used to
monitor all peripheral nerves, including the brachial plexus, lumbosacral plexus, and
spinal roots, providing real-time, essential information to the surgical team and guiding
surgeons in taking the most appropriate interventions [125–128]. It is now standard practice
in surgeries for various conditions, such as entrapment neuropathies, traumatic nerve
injuries and repairs, peripheral nerve tumors, and any surgical procedure posing a risk of
peripheral nerve damage [129–132].

The two most utilized techniques are triggered EMG and nerve action potentials
(NAPs). Triggered EMG involves electrically stimulating a nerve using a handheld bipolar
stimulator, while simultaneously recording the EMG signal in the innervated muscular
group using paired needle electrodes. This method enables the comprehensive monitoring
of the entire motor pathway, from the stimulation point to the muscles, encompassing the
nerve and neuromuscular junction. Despite its ease of use, triggered EMG is sensitive
to anesthetic drugs such as muscle relaxants. Additionally, the signal amplitude varies
significantly based on muscular trophism, potentially limiting its ability to accurately
represent neural integrity and ultimate functional recovery [133].

NAPs, in contrast, are acquired using a pair of bipolar probes positioned directly on the
nerve, with one probe stimulating and the other recording the resulting signal, maintaining
a minimal distance of 5 cm to minimize artifacts [134]. In reconstructive surgery, NAPs
serve to pinpoint the precise location of neural lesions, unaffected by anesthetic drugs,
including neuromuscular blocking agents. Moreover, during surgeries for peripheral nerve
tumors, the proximal margin of the lesion is readily discernible through a decrease in signal
amplitude, while the distal point can only be identified clinically [133].

5. Anesthesia during IONM

During neurosurgery that involves the use of IONM, careful consideration must be
given to selecting the optimal anesthetic plan [135].

The sensitivity and accuracy of collected neurophysiological data are significantly
influenced by the chosen anesthetic technique. All anesthetic medications exert some level
of interference with evoked potentials and thus need to be maintained at consistent levels
throughout the surgery. The use of intravenous bolus infusions or abrupt alterations in
the minimum alveolar concentrations of inhaled anesthetics could potentially compromise
the precision of signal measurements [135]. For reliable evoked potential measurement, it
is essential to maintain stable alveolar and serum concentrations of the anesthetic agents.
Achieving this is most effectively done through continuous intravenous infusions of anes-
thetic agents. Currently, the preferred method in IONM is total intravenous anesthesia
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(TIVA) or target-controlled infusion (TCI) without the use of neuromuscular blocking agents.
In particular, the preferred hypnotic agent is propofol, with remifentanil or sufentanil as
analgesic drugs [135]. In recent times, the utilization of low doses of dexmedetomidine has
emerged as a viable option as an adjuvant in neuroanesthesia. This is attributed to its dual
benefits of providing analgesia and reducing the need for other anesthetic agents while
aiding IONM [136].

Very recently, remimazolam has been introduced in clinical practice. Remimazolam
is a new ultrashort-acting benzodiazepine with high water solubility and metabolism via
tissue esterases [137]. Few reports exist on the use of remimazolam during IONM. In
healthy volunteers, remimazolam induces at the EEG an initial increase in beta activity and
a late increase in the delta frequency band [138]. The increase in beta activity may explain
why some patients could not reach deep sedation with remimazolam, as monitored with
EEG-derived indexes (see below) [139]. Remimazolam has also been shown to not interfere
with the SSEPs, VEPs, and MEPs [140,141].

Neuromuscular blocking agents cannot be used since they interfere with EMG and
MEPs if administered close to the IONM assessment [142,143]. However, rocuronium, a
non-depolarizing neuromuscular blocking agent, could be used at low doses (0.3 mg·kg)
at induction of anesthesia, to facilitate airways management, laryngoscopy, and tracheal
intubation [9]. This dose is the effective dose (ED95), as it induces 95% depression of
muscle contraction within 3 to 5 min and it secures 25% recovery of the motor response
within 30 min [9,144,145]. In addition, rocuronium has the advantage of a specific antidote
(i.e., sugammadex), which can be administered to immediately revert the neuromuscular
block [146].

Monitoring the depth of anesthesia is also crucial during surgeries, particularly when
IONM is employed. If sedation is too light, the patient might inadvertently move during the
procedure, which could disrupt the surgical process and compromise patient safety. On the
other hand, excessive sedation can potentially dampen the signals from IONM, affecting
the quality of the collected data [147]. To attain the desired depth of anesthesia, brain
function monitors are utilized. These monitors provide the depth of sedation by analyzing
the EEG signal from a small number of frontal electrodes and generate a numerical scale
ranging from 0 (indicating burst suppression) to 100 (indicating a fully awake patient).
Typically, the optimal range of sedation falls between 40 and 60 on this scale [148,149].

Finally, other factors, such as hemodynamic stability, and other variables (changes in
glycemia, electrolytes, gas exchange, hypothermia, reduced circulating blood volume and
cerebral blood flow, and increased pressure in the superior vena cava) could potentially dis-
rupt the accurate capture of signals during IONM procedures and may provide misleading
information to the surgical team [135,150,151].

6. Limitations of IONM

When employing IONM, it is imperative to acknowledge potential limitations that
may contribute to an elevated rate of false positives. These limitations may stem from
a variety of factors, such as spontaneous muscular activity or twitches, electromagnetic
interference, technical artifacts, the influence of anesthetic drugs, hemodynamic instability
leading to hypoperfusion, hypothermia, patient movement, or positional changes during
surgery. The influence of anesthetic drugs, hypoperfusion, and hypothermia have already
been addressed above.

The misinterpretation of electrical activity originating from muscles as neural activity
is a significant challenge during surgical procedures where precise SSEP monitoring of
neural structures is needed. This artifact is exacerbated by the proximity of muscles to the
nerves under surveillance, as the electrical signals generated by muscle contractions can
inadvertently interfere with the monitoring process [152,153]. Although improving the
quality of SSEP monitoring [154], the use of neuromuscular blocking agents is not possible
if multimodal IONM, including MEPs, DCS, or EMG, is used [142,143].
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Artifacts can be generated by electromagnetic interference or technical artifacts related
to inadequate grounding, insulation of monitoring electrodes, or the presence of wireless
medical equipment in the operating room [155].

Another technical artifact is the potential crossover that may occur during MEPs [156].
Crossover is a frequent phenomenon occurring when cortical stimulation induces ac-
tivation of ipsilateral motor evoked responses [156]. In brain surgery, the presence of
cross-activation presents a significant challenge as neural structures are activated distally
from the area of interest. Addressing crossover issues may entail activating the motor path-
way proximal to the surgical site, potentially mitigating the occurrence of false-negative
responses [156].

Another issue that must be considered is the change in patient positioning or loss of
signal. Patients undergoing spinal surgery are anesthetized in the supine position and
afterward prone-positioned for the surgery. In this population, up to 43% of patients may
face signal alterations, and in up to 10% of patients, IONM may severely attenuate or even
lose the signals [157]. During cervical spine surgery, the rate of IONM loss of signal is lower
(around 3%); in most cases, the sole patient repositioning caused a complete restoration of
potentials [158].

These concerns could result in misunderstandings and unnecessary alerts, potentially
steering the surgical team off course during the neurosurgical procedure. Hence, precise
electrode positioning, effective insulation methods, a comprehensive understanding of tech-
niques, a well-planned anesthesia strategy, and careful patient positioning are imperative
to reduce the likelihood of false-positive outcomes.

7. Conclusions

The use of IONM is rapidly gaining importance during neurosurgical procedures. The
selection of techniques to be used is closely connected to the type of surgery and should be
personalized on a case-by-case basis. Due to its significant role in reducing post-operative
deficits and improving patient outcomes, IONM should be integrated on an individual
choice basis. This integration should be accompanied by specific training to ensure the
optimal selection and application of techniques, and to reduce false-positive results.
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