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Abstract
Somatosensory evoked potentials (SEPs) are used to assess the functional status of somatosensory pathways during surgical 
procedures and can help protect patients’ neurological integrity intraoperatively. This is a position statement on intraoperative 
SEP monitoring from the American Society of Neurophysiological Monitoring (ASNM) and updates prior ASNM position 
statements on SEPs from the years 2005 and 2010. This position statement is endorsed by ASNM and serves as an educa-
tional service to the neurophysiological community on the recommended use of SEPs as a neurophysiological monitoring 
tool. It presents the rationale for SEP utilization and its clinical applications. It also covers the relevant anatomy, technical 
methodology for setup and signal acquisition, signal interpretation, anesthesia and physiological considerations, and docu-
mentation and credentialing requirements to optimize SEP monitoring to aid in protecting the nervous system during surgery.

Keywords  Somatosensory evoked potentials · SSEP · SEP · Intraoperative neuromonitoring · IONM · Neurophysiological 
monitoring

1 � ASNM position statement endorsement

This document presents the updated American Society of 
Neurophysiological Monitoring (ASNM) position statement 
regarding the utilization of somatosensory evoked potentials 
(SEPs) for intraoperative monitoring purposes. This position 
statement is based on information published in the current 
scientific and clinical peer-reviewed literature and presented 
in previously published guidelines and position statements 
of various clinical societies. This document may not include 

all possible methodologies and interpretive criteria, nor is 
it intended to exclude any new innovations or developments 
that occur within the currently established protocols. Fur-
thermore, ASNM recognizes this position statement as an 
educational service.

2  Introduction

This position paper aims to address the relevant history, 
rationale, anatomy, methodology, anesthesia and physiologic 
considerations, applications, interpretation, documentation 
and credentialing associated with the use of SEPs for intra-
operative neurophysiologic monitoring (IONM). SEPs have 
been used as an intraoperative monitoring tool for nearly 
50 years or more [1–4]. Among evoked potentials, SEPs 
are the most utilized monitoring modality. They provide a 
means for functional assessment and localizing information 
about the somatosensory system. In addition, they act as a 
complement to the use of other IONM modalities, such as 
motor evoked potentials (MEPs).
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2.1 � History

As early as the mid-1960s, Larson and Sances reported on 
the utilization of SEPs as a monitoring tool during neuro-
surgical procedures [1, 5]. Later, McCallum and Bennett 
[2], Nash et al. [3], and Tamaki and Kubota [4] reported 
on their utilization during spinal surgery. Their purpose 
was to act as a supplement to the use of the wake-up test, 
a procedure whose use was known to be associated with a 
number of possible hazards [6] and to provide a warning 
in the case of compromised spinal cord function. Soon 
after, their utilization was expanded to include various 
other surgical procedures when the brain, brainstem, or 
peripheral nerve function was placed at risk, such as for 
descending aortic procedures when there was a risk of 
spinal cord infarction [7, 8], and for vascular procedures 
such as carotid endarterectomy and intracranial aneurysm 
repair when there was a risk of cerebral infarction [9, 10]. 
A form of SEPs known as dermatomal SEPs or DSEPs 
was also introduced to assess nerve root function during 
surgery [11].

2.2 � Previous guidelines

Several guidelines and recommendations of various profes-
sional societies were developed and published for the intra-
operative utilization and interpretation of SEPs. In 1987, the 
American Electroencephalographic Society (AEEGS), now 
the American Clinical Neurophysiology Society (ACNS), 
published the first of these guidelines [12]. In 1994, these 
were revised [13]. Other guidelines, recommended stand-
ards, and policy and position statements include those of the 
American Society of Electroneurodiagnostic Technologists 
(ASET) [14], the International Organization of Societies for 
Electrophysiological Technology (OSET) [15], the Interna-
tional Federation of Clinical Neurophysiology (IFCN) [16], 
the American Academy of Neurology (AAN), the American 
Clinical Neurophysiology Society (ACNS) [17–19], and the 
ASNM [20, 21]. More recently, additional recommendations 
for the intraoperative use of SEPs were published by the 
International Society of Intraoperative Neuromonitoring 
(ISIN) [22].

2.3 � Rationale and clinical basis for SEP monitoring

When used to assess function, SEP responses are typically 
elicited by stimulation of a mixed nerve at a peripheral site 
distal to the structure at risk. They may be recorded at both 
a distal location and one or more sites proximal to the struc-
ture at risk. The distal recording site is used to ensure ade-
quate stimulation. The proximal recording sites are used to 

monitor changes that may occur with functional compromise 
of the structure in question.

The primary goal of SEP monitoring is to preserve neuro-
logical function. The intraoperative use of SEP monitoring 
helps to reduce the risk of injuring the dorsal column-medial 
lemniscus somatosensory system pathways associated with 
mediating proprioception, stereognosis, vibration sense, and 
discriminative touch (weight and two-point). SEPs are used 
to assess the functional status of somatosensory pathways 
during surgical procedures which may affect peripheral 
nerve or plexus [23–29], cauda equina and conus medularis 
tumor removal [30], spinal deformity correction, traumatic 
spinal fracture repair, tumor resection [4, 31–33], posterior 
fossa tumor removal [34], and brain function (carotid endar-
terectomy, aneurysm repair, tumors) [35, 36]. They are also 
used for mapping of the dorsal columns [37–43] or to iden-
tify the central sulcus by means of cortical mapping during 
removal of supratentorial brain tumors affecting eloquent 
areas [44–49]. In addition, SEPs can be used to optimize the 
placement of spinal cord stimulators [42, 43, 50].

SEP monitoring also provides a complement to the use 
of MEP monitoring for surgeries when corticospinal motor 
function is primarily at risk. When MEPs are not utilized, as 
was the case prior to their development and implementation, 
SEPs can still indirectly help to avoid motor injury because 
of the proximity of the motor and sensory pathways to each 
other. However, there are instances when a motor deficit may 
occur without any SEP deterioration and the opposite may 
also occur [50, 51].

3 � Anatomy and blood supply

3.1 � Anatomy

Application and interpretation of SEPs requires a detailed 
knowledge of the relevant anatomy and blood supply of the 
sensory pathway. The anatomy believed to mediate the short 
latency SEP pathway and its relevant blood supply, as syn-
thesized, from multiple sources [52–59] is as follows. The 
SEP is primarily mediated by large diameter, myelinated, 
low-threshold, fast conducting axons that combine to form 
the distal sensory nerve and spinal cord tracts of the SEP 
pathway. They originate from sensory neurons whose cell 
bodies reside in the dorsal root ganglion (DRG), which are 
often defined as the first order neuron in the SEP pathway. 
Pseudounipolar neurons of the DRG are unique anatomi-
cally because their axon bifurcates such that a single process 
extends from the periphery to the central nervous system 
(CNS) passing the soma in the DRG along the way. The 
peripheral process of the DRG neurons innervates receptive 
sensory organs in the skin (such as Meisner’s corpuscles, 
Pacinian corpuscles, Merkel’s discs, Ruffini corpuscles, and 
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free nerve endings), and in intrafusal and extrafusal spindle 
organs within muscles and tendons. The axon of the DRG 
neuron continues into the CNS as a central process before 
synapsing proximally. Action potentials, which originate at 
or near the distal sensory terminals, course along this same 
route passing the soma in the DRG. Axon collaterals from 
DRG neurons synapse with interneurons within the spinal 
cord gray matter participating in reflex arcs and modulating 
muscle tone.

Sensory fibers traverse toward the spinal cord by cours-
ing through a plexus respective to their anatomic origin. In 
general, those from the distal lower limbs and genitals are 
distributed in the lumbo-sacral plexus, and those from the 
proximal lower limb are distributed in the lumbar plexus. 
Those from the upper extremities travel through the brachial 
plexus.

Sensory fibers next traverse the neural foramen of the 
spinal column and enter the spinal canal. Ultimately these 
fibers transition into the CNS and join other fibers in the 
tracts of the spinal cord and/or terminate intra-segmentally 
at synapses in spinal cord gray matter. The distance from 
the site of the neural foramen at which an individual fiber 
enters the spinal column and the site at which it enters the 
spinal cord decreases caudo-cranially. Fibers from the lower 
extremity and genitals have the largest distance to traverse 
in this sense, as they enter the lower levels of the spinal 
column and ascend the cauda equina before reaching their 
respective entry points of the lumbo-sacral enlargement and 
the conus medullaris at approximately the L1 vertebral level. 
Conversely, fibers from the upper extremity enter the spinal 
column at near equivalence with the spinal cord segmental 
level.

Sensory fibers from a given nerve do not simply enter the 
spinal column all at the same level. Rather, fibers from the 
nerve enter several adjacent spinal levels. Correspondingly, 
these fibers enter the spinal cord through dorsal nerve roots 
at the dorsal root entry zone at several segmental levels. 
Once in the spinal cord, sensory fibers ascend via multiple 
parallel pathways. The general consensus is that the dorsal 
or posterior column spinal pathways [5, 59–62] primarily 
mediate the SEPs. It has been suggested that other pathways 
such as the dorsal spinocerebellar tracts (which actually are 
lateral and lie over the lateral corticospinal tract) [63, 64], 
and the anterolateral columns [65] may contribute to the 
early SEP responses that are used for monitoring purposes. 
However, it also has been suggested that the SEPs elicited 
by electrical peripheral nerve stimulation with latencies less 
than 100 ms are selectively mediated by the dorsal soma-
tosensory system because the abundant thick peripheral 
axons which mediate these responses have low thresholds 
and fast, uniform conduction. SEPs are thought to not be 
mediated by the anterolateral system because this system 
consists of thinner axons which have higher thresholds and 

slower, more variable conduction velocities [22]. What 
remains controversial is the traditional view that the pro-
prioceptive afferents which mediate the SEPs only ascend 
the dorsal columns and directly project to the cortex. There 
is some evidence that indirect pathways may exist, the so 
called postsynaptic dorsal column pathway, and play a role 
in conveying proprioceptive information to the cortex as 
well [22]. The anatomy of the cutaneous and proprioceptive 
contributions to the signal remains an important considera-
tion when interpreting SEPs.

Upon entering the spinal cord, the axons that comprise 
the dorsal columns remain ipsilateral to the side of the hemi-
body they represent. They distribute topographically within 
the dorsal columns such that axons corresponding to lower 
extremity and genitals border the dorsal median sulcus, with 
axons from the trunk and then the upper extremity systemati-
cally populating the dorsal columns laterally. The dorsal col-
umns on each side of the midline are further distinguished 
by the dorsal intermediate sulcus into medial and lateral fas-
cicles—the fasciculus gracilis which corresponds roughly 
to the lower extremities and the fasciculus cuneatus which 
corresponds roughly to the upper extremities.

Sensory fibers from the dorsal columns enter and ascend 
the dorsal aspect of the lower brainstem before synaps-
ing ipsilaterally in the dorsal column nuclei of the lower 
medulla. For those fibers which directly ascend the posterior 
columns of the spinal cord, this is the first synapse in the 
pathway and neurons of the dorsal column nuclei are often 
defined as second order.

Fibers originating from the fasciculus gracilis and the 
fasciculus cuneatus terminate in the nucleus gracilis and 
the nucleus cuneatus, respectively, thus grossly maintain-
ing the anatomical division of the lower and upper extremi-
ties established in the spinal cord. At the upper boundary of 
the pyramidal decussation of motor fibers in the medulla, 
projections from neurons of the dorsal column nuclei decus-
sate as the internal arcuate fiber tract. A small but notable 
portion of the general population has an uncrossed sensory 
pathway, due to the abnormal absence of the internal arcu-
ate. Relevant to IONM, this includes patients with horizontal 
gaze palsy and progressive scoliosis. In these patients, the 
clinician should check for decussation when developing the 
monitoring strategy and obtaining the patient’s baseline. As 
projections from the dorsal column nuclei decussate, they 
will position themselves more anteromedially and ultimately 
ascend on the contralateral side of the brainstem, forming 
the dense fiber bundle called the medial lemniscus.

Medial lemniscus fibers terminate in the thalamus, syn-
apsing with neurons of the ventral posterolateral nucleus 
(VPL) and other components of the ventral posterior 
complex. This is the second synapse in the pathway that 
directly mediates the SEP, and these thalamic neurons are 
often defined as third order. Fibers arising from the nucleus 
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gracilis terminate lateral to those of the nucleus cuneatus, 
within the VPL. Thalamic afferents traverse the posterior 
limb of the internal capsule on their way to the cerebral 
cortex.

Thalamocortical projections that mediate SEPs fan out 
in the cortical radiations and terminate in the primary sen-
sory cortex (S1), the locus of which is predominantly in 
the postcentral gyrus of the parietal lobe. The topography 
appreciated thus far throughout the dorsal column—medial 
lemniscus pathway is reflected in a somatotopically organ-
ized S1. The somatotopy is also homuncular, meaning that 
richly innervated structures such as the hands, feet, face, and 
lips have a disproportionately greater cortical representa-
tion. Deep within the interhemispheric bank is the sensory 
representation of the genitals and the pudendal nerve. The 
representation of the foot is just superior to that as are the 
representation of the distal nerves of the lower extremity. 
Starting around the cortical apex, the leg, trunk, head and 
neck, shoulder, arm, distal arm, and hand are systematically 
distributed from medial to lateral. Correspondingly, the rep-
resentation of the nerves of the proximal lower extremity is 
near the cortical vertex whereas the representation of nerves 
of the distal upper extremity is lateral. The face and lips, the 
tongue, throat, and pharynx, as well as the representation of 
nerves of the face and throat are represented most laterally.

3.2 � Blood supply

Normal functional status of those nervous system com-
ponents which mediate the SEP depends upon the blood 
supply and the specific arterial branches which provide 
this supply. While peripheral nerves like the ones that 
are stimulated to elicit SEPs may be less susceptible 
to ischemia than other portions of the SEP pathway, it 
remains important to consider the circulatory anatomy 
that supplies them. Select peripheral vessels have specific 
relevance, since they are common sites where vascular 
compromise with associated changes in perfusion results 
in functional changes in the SEP. In the lower extremity, 
the distal portions of the leg are supplied by the popliteal 
artery, which is fed by the femoral artery which, in turn, 
is fed by the external iliac artery. The external iliac artery 
is at risk of retractor-dependent compression and reduced 
perfusion during anterior approaches to the lumbar spine. 
This can result in changes in conduction in the nerves of 
the leg, and suppression of lower extremity SEPs [66–68]. 
Lower leg ischemia including femoral artery ischemia can 
also result from patient malpositioning [67, 69]. In the 
upper extremity, the distal portions of the arm are sup-
plied by the radial and ulnar arteries which are fed by 
the brachial artery which, in turn, is fed by the axillary 
artery. The brachial and axillary arteries are common sites 
of patient position-dependent compression and reduced 

perfusion due to unsuitable positioning of the patient. This 
can result in changes in conduction in the nerves of the 
arm and suppression of upper extremity SEPs [67, 70, 71].

The blood supply in the spinal cord responsible for per-
fusing the dorsal column pathways which mediate SEPs is 
generally thought to originate from the longitudinal pos-
terior spinal arteries and perforating branches of the arte-
rial vasocorona [55–57, 72]. The anterior spinal artery is 
generally believed to provide the primary blood supply to 
the anterior and antero-lateral portions of the spinal cord, 
which make up the remaining two-thirds of the spinal cord. 
Both the anterior and posterior spinal arteries receive their 
blood supply from the aorta. In the cephalad region, they are 
fed by the vertebral arteries. However, as the spinal arteries 
descend along the spinal cord, they receive segmental per-
forators from the aorta. Whereas the paired posterior spinal 
arteries receive blood flow via small radicular arteries at 
most vertebral levels, the anterior spinal artery receives its 
blood flow from only two to eight radicular arteries [73, 74]. 
In particular, the thoracic spinal cord usually has only one 
to three anterior segmental arteries arising from the aorta. 
As a result, it is particularly susceptible to ischemia. Blood 
flow to the spinal cord can be compromised by reductions in 
blood pressure due to the relatively long distances between 
major blood vessels and the region between the thoracic 
levels T4 and T7 is considered to be the least well-supplied 
region of the spinal cord. One anterior segmental artery is 
larger than the others and supplies about 75% of the blood 
flow to the anterior spinal artery. This artery is known as 
the Artery of Adamkiewicz also referred to as the arteria 
radicularis magna or the great anterior radiculomedullary 
artery. Motor pathway function is mediated by spinal cord 
pathways which receive their blood supply from this artery 
[74]. Loss of motor function due to compromise of the blood 
supply to the anterior spinal artery may be associated with 
little or no loss of sensory function, which is mediated by the 
dorsal column pathways (a condition known as anterior cord 
syndrome [75]). However, the degree to which this is true is 
uncertain and may vary between individuals.

Blood supply to the portions of the brainstem that medi-
ate the SEP is from diverse sources [56]. The portion of the 
lower medulla where the dorsal column nuclei are located is 
perfused by the posterior spinal artery, whereas the portion 
of the medulla where the lower medial lemniscus is located 
is perfused by the anterior spinal artery. At higher levels, 
the location within the medulla through which the medial 
lemniscus courses is nourished by branches of the verte-
bral arteries and paramedian branches of the caudal basilar 
artery. The portion of the pons through which the medial 
lemniscus courses receives blood supply via the paramedian 
and long circumferential branches of the basilar artery. In the 
midbrain, the medial lemniscus receives blood supply from 
the posterior cerebral and the superior cerebellar arteries.
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The ventroposterior complex including the VPL of the 
thalamus receives blood supply primarily from thalamo-
geniculate branches of the posterior cerebral artery. Blood 
supply to the posterior limb of the internal capsule arises 
from the middle cerebral artery, particularly the lenticulos-
triate branches and to a lesser extent the anterior choroidal 
artery.

The blood supply to S1 originates primarily from two 
sources. The middle cerebral artery provides the blood sup-
ply to the lateral area of the cortex and subcortical white 
matter which mediates the upper extremity SEPs whereas 
the anterior cerebral artery provides the blood supply to the 
medial area of the brain and subcortical white matter which 
mediates the lower extremity and pudendal SEPs.

4 � Methodologies

Early guidelines attempted to address the technical require-
ments of instrumentation used to acquire SEPs in order to 
provide safe and effective monitoring capabilities [12, 13, 
15]. Those requirements have continued to evolve [18–21].

4.1 � Equipment standards

The instrumentation used to acquire SEPs consists of a set 
of amplifiers. The basic amplifier, known as a single ended 
amplifier, consists of three terminals or contacts; an input, 
an output, and a ground contact. When recording electrical 
activity, the voltages that are present at the input and out-
put of the amplifier are measured relative to, or referenced 
to, the ground. The gain of the amplifier is the amount a 
signal or input voltage is amplified. It is the ratio of the 
output voltage divided by the input voltage. If in addition 
to increasing the amplitude of the input signal, the amplifier 
also inverts its polarity, it is known as an inverting amplifier. 
If two single-ended amplifiers with the same gain are con-
nected together, one inverting and the other non-inverting, 
the result is a differential amplifier. The resulting differential 
amplifier now has two inputs, one output, and a reference 
ground. Ideally, a differential amplifier amplifies only the 
voltage difference between the two inputs and any signal 
that is common to both inputs is totally rejected. This result 
is known as common mode rejection. In reality, the signal 
common to both inputs is never completely cancelled out 
because of small differences in the gains of both differen-
tial inputs and is therefore present in the output signal to a 
small degree. The resulting ratio of the size of the amplified 
input signal difference (the differential gain) to the gain of 
the signal common to both inputs (common mode gain) is 
known as the common mode rejection ratio or CMRR [76].

An amplifier’s dynamic range is the span of input volt-
ages over which the output voltage is proportional to the 

input. Outside the dynamic range of an amplifier, the output 
cannot follow the input. If the input voltage is less than the 
minimum voltage in the range, the output voltage will be 
zero. On the other hand, if the input voltage is larger than 
the maximum value in the range, the amplifier’s output will 
saturate, and the signals will be clipped and distorted [76]. 
Therefore, the recommendation is to make sure the input 
voltage is within the amplifiers’ dynamic range so as to con-
tain unclipped biologic signals.

The signal-to-noise ratio of acquired electrophysiologi-
cal activity refers to the proportion of the amplitude of the 
signal to the amplitude of the background interference or 
noise in that activity. Single recorded trials resulting from a 
single stimulus contain a combination of electrophysiologi-
cal signals as well as electrical artifact or noise. The ampli-
tude of these trials is a function of the amplifier’s sensitivity. 
One way to improve the signal-to-noise ratio is to adjust this 
sensitivity. The sensitivity of an amplifier determines what 
input values cover its entire dynamic range. If the sensitiv-
ity is very high, a small input voltage will result in a large 
output signal. If recorded activity exceeds a certain voltage 
level and can safely be considered to be of non-electrophys-
iological origin, it should be rejected and single trial activ-
ity which exceeds a certain amplitude can be programmed 
to do so. If the sensitivity of the amplifier is set too high, a 
large number of responses containing signals are rejected, 
whereas if it is set too low, the recordings are contaminated 
with large amounts of noise or artifacts. Therefore, sensi-
tivities, or rejection levels, should be set to pass biological 
signals and to exclude higher amplitude artifacts so as to 
avoid excessive rejections that delay acquisition [50].

For processing purposes, the amplitudes of the recorded 
analog signals are converted to a series of digital samples 
by sampling the analog signals at a fixed rate. For accuracy 
purposes, each amplifier channel should be capable of at 
least sixteen-bit digital resolution [22, 50]. In addition, the 
digital sampling rate should be more than twice the high-
est frequency content of the sampled analog signal in order 
to prevent aliasing. Therefore, a sampling rate of 3–4 kHz 
would be sufficient for recording biological signals consist-
ing of frequencies less than 1 kHz [22, 50].

4.2 � Technical parameters

4.2.1 � Number of channels

Based on the requisite number of recording sites needed 
for monitoring the responses from each stimulation site and 
the need to interleave stimuli between multiple stimulation 
sites, it is recommended that IONM machines have at least 
six recording channels for each monitoring modality (upper 
or lower extremity SEPs); three for each extremity. Six 
channels will allow for simultaneous display of one channel 
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each of cortical, subcortical, and peripheral responses from 
a pair of extremities. If the responses from more than one 
monitoring modality are simultaneously acquired (i.e., SEPs 
and spontaneous EMG), additional recording channels may 
be necessary and equipment requirements must be adjusted 
accordingly [20, 21].

4.2.2 � Filters

In IONM, the choice of filter settings plays a critical role in 
optimizing the acquisition of responses. The main objec-
tive is to obtain responses that are easily interpretable and 
that require minimal averaging in the shortest time possi-
ble. Unlike routine laboratory testing, where filters are typi-
cally set at 20 Hz–3 kHz and kept constant from one patient 
to another, IONM requires different filter settings that are 
optimized for the highly electrically noisy environment of 
the operating room (OR) and may vary from one patient to 
another.

These OR-optimized filter settings are set at the beginning 
of the surgery and are not changed during the procedure 
unless it is absolutely necessary to do so. If the choice is 
made to revise the filter setting during the procedure, it is 
important to document those changes due to their effect on 
the signal morphology and for accurate interpretation of the 
results.

The recommended filter settings for intraoperative SEP 
signal acquisition parameters evolved from their use in the 
diagnostic setting. However, the various waveform morphol-
ogy subtleties that these filter settings are important for in 
a diagnostic setting are far less important in the intraopera-
tive monitoring setting. This is because, in IONM, it is the 
changes in waveform morphology that are important.

It has been suggested that for cortical responses, the sys-
tem band-pass should be initially set to 1–30 to 250–1000 Hz 
[12, 13, 15] while for subcortical responses, the system 
band-pass should be 30–100 to 1000–3000 Hz [12, 13, 15]. 
The relative frequency content of cortical responses is lower 
than that of subcortical responses, with the majority of the 
energy contained in cortical SEP responses present in the 
frequency pass band above 30 Hz and below 500 Hz. Hence, 
to record these responses, it is often useful to set the high fre-
quency filter to as low as 300–500 Hz to eliminate unwanted 
high-frequency signals. Increasing the high frequency fil-
ter settings to greater than these will have very little effect 
on the physiological frequency content of the intraopera-
tive evoked responses and will only increase the amount of 
high frequency environmental noise that is recorded. Suit-
able low-high filter settings for scalp recordings would be 
30–300 Hz [22, 50]. On the other hand, peripheral nerve 
responses consist of significant high frequency components. 
Therefore, suitable filter settings for acquiring cubital and 
popliteal fossa responses would be 0.2–1000 Hz [22, 33, 50].

In an electrically hostile environment like the OR, many 
of the pieces of equipment used during surgery produce 
electrical signals that can contaminate the neurophysi-
ological responses with signals both in the low and high 
frequency ranges. Therefore, it is not uncommon to set nar-
row recording band-passes to avoid the acquisition of excess 
artifact from these sources. Widening the pass band so that 
it includes more high and low frequency activity is likely to 
also invite the inclusion of unwanted environmental noise, 
including 60 Hz noise from devices and electrical power 
sources in the OR.

Although 60 Hz artifact is common in the OR environ-
ment, the 60 Hz notch filter is not recommended because 
of the “ringing” artifact it can cause resulting in distortion 
of the recorded responses. Its utilization should be limited 
to a last resort when useful responses cannot be acquired 
without it.

4.2.3 � Time bases

The time bases used to acquire and display responses from 
the upper and lower extremities should account for the nor-
mal conduction time between the stimulation and record-
ing sites. This of course will depend upon factors such 
as the age and height of the individual and the presence 
of any pathological conditions that result in slowed neu-
ral conduction. When elicited at the wrist, the latency of 
the peak of the upper extremity cortical response which is 
typically used for monitoring purposes normally appears 
about 20 ms (msec) after the stimulus onset. For the lower 
extremities, when elicited at the ankle, the cortical peak of 
interest normally appears at twice this latency or at around 
40 ms after the stimulus onset. Therefore, the time bases 
for upper and lower extremity responses are generally set at 
about 50 and 100 ms, respectively. However, the time bases 
may be adjusted to optimize the acquisition and display of 
the individual patient’s waveforms. Most commonly, this 
means increasing the time base to be able to capture delayed 
responses.

4.3 � Set‑up procedures

Monitoring equipment set-up in the OR should largely be 
completed prior to the patient’s arrival to the OR suite. Ide-
ally, the equipment is placed in a location in the OR that is 
close enough to the operating table to permit easy dialogue 
with both the surgeon and the anesthesiologist and to allow 
observation of the surgical procedure. The stimulation and 
recording modules should be attached to the OR table so that 
they are conveniently located for easily attaching stimulation 
and recording electrodes and their cables as well as to access 
them for troubleshooting purposes during the procedure. The 
modules and cables should be properly secured so that they 
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do not result in any safety hazards and are safe from fluid 
spills. The appropriate monitoring modality software should 
be loaded in anticipation of acquiring baseline data prior to 
surgical incision. In certain cases, such as those involving 
patients with spinal instability, it is prudent to collect base-
lines prior to patient positioning.

Ideally, if time constraints permit, interaction with the 
patient and the anesthesiologist to discuss the surgical plan, 
can occur prior to the patient being taken to the OR. This 
would ensue in the holding area and would permit the anes-
thesiologist to inform the patient regarding the planned use 
of monitoring during their surgical procedure and to address 
any questions or concerns. In addition, if adhesive surface 
electrodes are to be used for monitoring, these electrodes can 
be preoperatively applied and secured at the bedside thus 
shortening the OR setup and enabling early post-induction 
recording and signal optimization. Similarly, the preopera-
tive setting provides a good opportunity to measure and 
mark the scalp for the most accurate electrode placement.

4.4 � Patient preparation

4.4.1 � Stimulation electrodes

Optimal SEP monitoring is dependent upon consistent and 
reliable stimulation throughout the surgical procedure. Sev-
eral types of electrodes can be used for stimulation purposes. 
These include bar electrodes, EEG metal cup disc electrodes, 
and disposable adhesive surface and subdermal needle elec-
trodes. All can be effectively used but each has its advan-
tages and disadvantages. Bar electrodes and metal cup disc 
electrodes are used in conjunction with electrode paste and 
are reusable. The adhesive surface electrodes utilize an inte-
grated conductive gel. Although electrode pastes and adhe-
sive gels may dry out or change their electrical conductance 
characteristics during lengthy surgical procedures, the use 
of constant current stimuli will compensate for any change 
in electrical conductivity if the electrodes remain securely in 
place. The non-disposable rigid bar electrode is susceptible 
to being displaced and so may produce erratic responses 
in the OR if it is not well secured. In addition, their use is 
not advised because of the risk of sustained-pressure skin 
necrosis [50]. EEG metal cup disc electrodes are more dif-
ficult to secure than either the subdermal or adhesive surface 
electrodes. Hence metal cup disc and bar electrodes are now 
rarely used intraoperatively. The electrodes of choice are 
generally disposable and may include either adhesive surface 
and/or subdermal needle electrodes. Subdermal electrodes 
are invasive, they are associated with concerns regarding 
infections and/or bleeding and must be handled with care 
to avoid inadvertent needle sticks [50, 76]. In addition, in 
cases when the electrosurgical cautery device is not prop-
erly grounded, tissue burns may occur at the insertion site 

of needle electrodes because of their small surface area and 
the high current densities that result [50, 76]. Despite these 
concerns, they are routinely used for recording and stimu-
lation purposes [77]. In addition, if the patient has severe 
edema, swollen wrists or ankles, or preexisting neurological 
deficits, the use of subdermal needle electrodes may be the 
only option for stimulation.

4.4.2 � Stimulation sites

The choice of what nerves to stimulate will largely be dic-
tated by the location of the surgical site. SEPs are typically 
elicited by stimulating either the median or ulnar nerves in 
the upper extremities or the tibial (posterior tibial) or pero-
neal nerves in the lower extremities. Stimulation sites are 
generally chosen because of easily identifiable anatomical 
landmarks and the ease with which a stimulating electrode 
can be placed near the nerve to be stimulated. Unless the 
sites are unavailable, upper extremity stimulation elec-
trodes are normally placed near the wrist. To stimulate the 
median nerve, the cathode of the stimulating pair of elec-
trodes should be placed about 2–4 cm (cm) proximal to the 
wrist crease between the tendons of the palmaris longus and 
flexor carpi radialis muscles. The anode electrode should 
be placed 2–3 cm distal to the cathode. Similarly, for ulnar 
nerve stimulation, the cathodal electrode should be placed 
2–4 cm proximal to the wrist crease on either side of the 
tendon of the flexor carpi ulnaris muscle and the anode 
should be placed 2–3 cm distal to the cathode [12, 13, 15, 
78]. If these sites are inaccessible or if the SEPs elicited by 
their stimulation are unmonitorable, SEPs can be activated 
at alternate sites. For upper extremity SEPs, a common alter-
nate stimulation site is the ulnar cubital notch, and a less 
common alternate stimulation site is the antecubital fossa. 
These alternate sites activate the ulnar and median nerve, 
respectively. For proximal ulnar nerve stimulation, elec-
trodes are placed at the medial epicondyle of the humerus 
arranged with a cathode over the humerus and an anode 
2–3 cm distal [79].

If the median and ulnar nerves at the wrist are unavailable 
or for other reasons, another effective site of stimulation in 
the upper extremity is the superficial radial nerve at the wrist 
[80, 81]. In addition, locations on or near Erb’s point (EP) 
for non-specific activation of the brachial plexus may be 
considered. Stimulation of individual digits may be appro-
priate in specific circumstances. Specific considerations for 
the intraoperative use of these alternate sites are not well 
documented.

In order to acquire SEP responses from the lower 
extremities, stimulation of the tibial nerve is normally 
done near the ankle and stimulation of the peroneal (fibu-
lar) nerve is normally done slightly distal to the knee near 
the head of the fibula. To stimulate the tibial nerve, the 
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cathode should be placed between the medial malleolus 
of the ankle and the Achilles tendon just proximal to the 
malleolus. The anode electrode should be placed 2–3 cm 
distal to the cathode or inferior to the prominence of the 
malleolus. This placement overlies the nerve as it follows 
a path around the malleolus. To stimulate the peroneal 
nerve, the cathode should be placed distal to the lateral 
aspect of the knee and slightly medial to the head of the 
fibula and the anode electrode should be placed 2–3 cm 
distal to the cathode [12, 13, 15]. For lower extremity 
SEPs, a common alternate site is the popliteal fossa, the 
stimulation of which is not clear whether it produces a 
non-specific activation of either or both the tibial and the 
fibular branches of the sciatic nerve. To place this elec-
trode pair, palpation of the space behind the knee is per-
formed to find the point at which the medial and lateral 
gastrocnemius muscles split. The anode is placed near this 
location, just below the skin crease at the back of the knee 
and near the lateral to medial midpoint. Then the cathode 
is placed 2 cm above the anode.

For certain applications, SEPs are elicited at other ana-
tomic loci, and often in addition to the sites indicated above. 
For SEPs of the lower extremity, these include the top of 
the foot to activate the distal branches of the peroneal nerve 
[82], the medial thigh or lower leg distal to the knee on the 
tibial surface to activate the saphenous nerve, and the ingui-
nal crease to activate the trunk of the femoral nerve [83–85].

Non-limb SEP stimulation sites include the penis and clit-
oris to activate the penile and clitoral nerves, respectively, 
for monitoring pudendal nerve SEPs [86]. Finally, for cranial 
nerve SEPs, stimulation sites include the gums or tongue for 
activation of the gingival and/or lingual distal branches of 
the trigeminal nerve [87, 88].

For monitoring purposes, it is extremely important to 
select nerves whose responses are mediated by neural tissue 
at risk during surgery. Therefore, when the thoracic region of 
the spinal cord is at risk, monitoring median nerve responses 
to detect an iatrogenic spinal cord insult would be useless 
whereas monitoring tibial nerve responses would not. It is 
best to choose to monitor the responses of nerves which are 
entirely mediated by tissue located below the area at risk 
[12, 13]. In addition, the choice of what nerves to stimulate 
may also result from other factors such as what neurologi-
cal structures are at risk as a result of positioning, which 
nerves are accessible or which nerves, when stimulated, will 
simply provide the best responses. For example, changes in 
lower brachial plexus function due to positioning are gener-
ally best detected by monitoring ulnar rather than median 
nerve function [71, 89–93]. In patients with large edematous 
legs, proximal fibular nerve stimulation may provide better 
responses than tibial nerve stimulation. For more informa-
tion regarding the choices of nerves to stimulate for IONM 
during various surgical procedures, see Sect. 7.

4.4.3 � Recording electrodes

Just as it was important that the stimulation electrodes be 
associated with a consistent and reliable stimulus presented 
in a safe manner, it is also important that the recording elec-
trodes provide consistent, reliable, and good quality record-
ings in a safe manner as well. Low impedance and electrode 
lead twisting or braiding are important for reducing extrin-
sic electromagnetic interference [22, 50]. Subdermal needle 
electrodes should measure less than 5 kOhms impedance to 
minimize noise and optimize recording [22].

Subdermal needle or metal surface “cup” electrodes 
(gold, silver, or tin) are typically used for recording from 
the body surface [15]. The subdermal needle electrodes are 
convenient to use because they can be quickly and easily 
placed. However, if they are not taped or fastened down, 
they can be easily displaced; usually either during patient 
positioning, by the anesthesiology team member reach-
ing under the surgical drapes, or while preparing to take 
an x-ray. Alternatively, a corkscrew version of the straight 
subdermal needles or surface electrodes can be used instead. 
Corkscrew electrodes are literally screwed into the scalp and 
are difficult to displace. Care must be exercised not to over-
tighten the corkscrews as this can have the unwanted result 
of excessive tissue damage under the electrode.

A “strip” or grid electrode array can be used for direct 
cortical recordings of SEPs. These types of recordings are 
used for correlating structural and functional anatomy (elec-
trocorticography) [45, 46].

4.4.4 � Recording sites

Because the goals of IONM are different than those in the 
diagnostic laboratory, the recording montage used for IONM 
purposes may be different than those for diagnostic use. The 
recording montage will depend upon the number of record-
ing channels available. It may also depend upon whether 
responses can be simultaneously recorded from both sides 
of the body and whether replication is desired. The basic 
principle of mixed nerve SEP monitoring is to stimulate 
distal to the surgical site at risk and to record at a site(s) 
proximal to the surgical site. In most cases, these recording 
sites should include at least one cortical and one subcortical 
recording site. An additional peripheral recording site can 
be placed proximal to the stimulating site but distal to the 
surgical site. It is of value to record cortical responses in 
all cases since they provide an indication of the functional 
integrity of the entire pathway, anesthetic management, and 
because they are readily recognized. However, reliance only 
on the cortical responses can result in false positive changes 
because they are significantly affected by general anesthesia. 
Because fewer synapses are associated with mediating the 
subcortical response, anesthetic effects are less pronounced 
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than on the cortical responses. However, reliance on only 
subcortical responses during spine surgery can also result in 
false positive findings due to the quality of the subcortical 
responses, their generator sites, and other factors. Of note, it 
has recently been suggested that only cortical and peripheral 
responses be acquired because of the low signal to noise 
ratio of subcortical responses and the resultant additional 
time needed to acquire these responses [22, 50].

Peripheral recording sites are distal to tissues that are at 
risk of iatrogenic injury and serve as a critical first point 
of evaluation of the SEP. Their main purpose is to verify 
the stimulation and that the pathway of interest is being 
activated consistently throughout the procedure. They help 
to delineate the site of a conduction block that has been 
detected in the proximal recordings. They may also serve as 
key monitoring loci in specific instances such as peripheral 
nerve and non-spine orthopedic surgeries.

Normally each peripheral recording site corresponds 
to a stimulated limb. Therefore, peripheral sites for upper 
extremity are distinct from those for lower extremity, unlike 
several other later components of SEP recordings. For upper 
extremity SEPs, the most common location for peripheral 
recordings is near Erb’s point (EP), in the space 1–2 cm 
above the clavicle and between the tendons of the sterno-
cleidomastoid and the trapezius muscles. Alternatively, 
recording electrodes are placed below the clavicle or in 
the axilla. A proximal peripheral site has also been recom-
mended; the antecubital fossa, located anterior to the elbow 
as a small depression at the junction of the arm and the 
forearm [94]. For lower extremity SEPs, the most common 
location for peripheral recordings is at the popliteal fossa 
(PF) in the space behind the knee, superior to the top of the 
gastrocnemius muscle and midway between the tendons of 
the hamstring muscles.

Subcortical recordings often employ the same locations 
as those used to obtain cervical segmental recordings. Seg-
mental recordings are also commonly referred to as cervical 
and lumbar for upper and lower extremity SEPs due to the 
location of their respective recording sites. A common cervi-
cal segmental recording location is the midline in the back of 
the neck over the spinous process of the fifth cervical verte-
brae (CS5), but an electrode may also be placed midline over 
other cervical vertebrae or the inion. If the back of the neck 
is inaccessible, an electrode placed midline on the front of 
the neck (anterior cervical, AC) or laterally over the mastoid 
or tragus, either both mastoids or tragi (either independently 
or electrically linked) may be considered. Lumbar segmental 
recording sites are fewer and are placed midline in the lower 
back over the T12—L1 vertebrae.

The cortical recording site in or on the scalp is used to 
record the SEP as it arrives at its endpoint in the postcentral 
gyrus of the contralateral somatosensory cortex. Generally, 
the location of the electrodes for upper extremity stimulation 

is at CP3 or CP4, contralateral to the side of stimulation 
and 10% posterior to the C3 and C4 positions of the 10–20 
International, and the 10–10 modified Systems of EEG elec-
trode placement [95]. For lower extremity stimulation, the 
cortical recording site is at CPz, on the midline and 10% 
posterior to the Cz position of the 10–20 International and 
10–10 modified systems of electrode placement although 
the second cortical recording can be placed at CPi due to 
paradoxical lateralization [95].

To reduce the amount of noise pickup, the ground elec-
trode is best placed distal to the first recording site, such as 
the forearm or leg [13, 96]. Multiple reference grounds were 
never used in older machines with isolated grounds because 
they introduced ground loops which may introduce excess 
noise in the recordings. Newer machines do allow for the 
use of multiple reference grounds. However, currently it is 
more common to use a single ground electrode; the location 
of which varies from practice to practice. An earth ground 
should never be used for safety reasons because it provides 
an alternate path for the surgical electrocautery current. 
Keeping the recording input leads short and the electrode 
impedance values at 2.5 kOhms or lower for gold disc or 
subdermal electrodes will help to minimize the amount of 
stimulus artifact and other electrical noise that is recorded. 
However, the acquisition of some stimulus artifact can be 
useful because it demonstrates that the stimulators are func-
tional when troubleshooting is necessary.

4.5 � Data acquisition

4.5.1 � Stimulation technique

SEPs are elicited by electrical stimulation of a peripheral 
nerve at a distal site. There are various ways of presenting 
the electrical stimuli in order to elicit SEPs. The earliest ver-
sions of monitoring equipment only allowed the responses 
to be recorded from stimulation at a single site. For valida-
tion purposes, this acquisition process was then repeated 
to ensure that the responses replicated. A similar set of 
responses were then acquired from the opposite extremity, 
and it would typically be several minutes before a new set of 
responses could be acquired from the first stimulation site. 
This format significantly delayed the detection of a unilateral 
SEP change.

Improvements in the data acquisition equipment have 
occurred which make it possible for stimuli to be inter-
leaved between a pair of extremities such that the responses 
from each extremity are essentially being recorded simul-
taneously. Left–right alternating and interleaving reduces 
acquisition time by one half and enables concurrent bilateral 
recording. Interleaving the responses from four limbs also 
reduces acquisition by one half but may not further improve 
acquisition time to accommodate the acquisition of four 
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different responses. Nevertheless, this technique enhances 
cortical SEP amplitude due to the slower presentation of the 
stimuli [22, 97]. This improvement has been widely adopted, 
has resulted in faster data acquisition, and has permitted the 
rapid determination of SEP changes and side-to-side asym-
metries [12, 13, 15, 98].

In general, stimulation is applied at locations where a 
given nerve courses close to the surface of the skin or where 
it is otherwise accessible being relatively unobscured by 
other tissues. Not incidentally, many of these sites are also 
amenable to capturing distal nerve action potential volleys, 
either orthodromic or antidromic, as a part of the recording 
strategy of SEPs and other monitoring and mapping modali-
ties. Depending on the location of stimulation, transmission 
in the nerve may result directly from stimulus-dependent 
activation, indirectly subsequent to the activation of dis-
tal cutaneous receptors or some combination of the two. 
Because of the potential for stimulus “spread”, the clinician 
must also know the anatomy around the site of stimulation 
since nerves adjacent to the nerve of choice at that site may 
be inadvertently activated which has important implications 
on the SEP. Such activation is known as “current jumping” 
when an adjacent nerve is unintentionally activated. High 
stimulus intensity or long pulse duration may be necessary 
to drive recruitment in the preferred nerve but also make 
the unwanted and confounding activation of adjacent nerves 
more likely whereas low stimulus amplitude and short pulse 
duration increase specificity albeit while decreasing recruit-
ment [99].

When using surface versus subdermal needle electrodes 
to deliver the stimuli, a proximal cathode and a distal anode 
should be spaced about 2–3 cm apart. Current spread to the 
underlying nerves is the effective stimulus and the use of a 
constant current stimulus is meant to compensate for any 
changes in contact resistance. However, the intensity of 
the constant current stimulus and the ability to compensate 
for contact resistance changes are limited by the maximum 
output voltage of the stimulator. When the contact resist-
ance is excessive, the output of the stimulator will be cur-
rent limited. Most machines designed for the purposes of 
acquiring evoked potentials will indicate a warning when 
this is the case. Use of a constant voltage stimulus provides 
a constant stimulus intensity only if the contact resistance 
does not change. For this reason, the use of constant current 
stimulation is recommended [12, 13, 50].

An electrical stimulus is typically presented as a succes-
sion of rectangular pulses with a certain amplitude, pulse 
duration and frequency of presentation. The intensity of the 
stimulus is dependent on its amplitude, pulse duration and 
frequency. An increase in any of these parameters will nor-
mally cause an increase in stimulus intensity because the 
amount of current flow or delivered charge will increase 
[100]. However, the way the underlying nerves or tissue 

reacts to the stimulus is not solely dependent on the stimu-
lus intensity but is also dependent upon the placement of 
the stimulation electrodes in relation to the intended neural 
structures to be activated. For some patients with large or 
edematous extremities, the current spread resulting from the 
use of surface electrodes may be ineffectual for exciting the 
intended underlying neural structures. In such cases, the use 
of subdermal needle electrodes may be more effective. Sub-
dermal needle electrodes can be placed closer to underlying 
nerves than surface electrodes. As a result, the stimulation 
intensities needed to stimulate underlying nerves will be less 
when using subdermal needle electrodes rather than surface 
electrodes. It is suggested that a pulse duration of 200–300 
microsecond be used for eliciting SEPs [12, 13, 22, 50]. 
Controlling the stimulus rate is essential in obtaining high 
quality evoked responses. The critical factor in obtaining 
evoked responses is the assumption that the response and 
the underlying noise are not synchronized. Thus, to have 
the noise decrease in amplitude with averaging, the stimulus 
rate should not be a submultiple of any noise frequency. As 
the most common noise frequency is 60 Hz, it is important 
that stimulation rates that harmonize with 60 Hz such as 
4.0, 5.0, or 10.0 Hz not be used [12, 13, 15]. Often, there are 
other sources of noise in the evoked response and sometimes 
minimally changing the stimulus rate (for example from 4.7 
to 4.9 Hz) may change the quality of the recorded evoked 
potentials in the setting of high amplitude rhythmic noise 
[101]. Many contemporary IONM machines have a function 
to evaluate the noise profile which can assist in selecting 
the optimal stimulus rate(s). Stimulation rates between 2 
and 5 Hz are recommended [12, 13, 15, 22, 50]. However, 
lower stimulation rates (between 1.5 and 3 Hz) can some-
times improve poor lower extremity responses [50], par-
ticularly when compromise of neurological function (e.g., 
neuropathy) is present, whereas upper extremity SEPs may 
demonstrate little or no change at stimulation rates as high as 
9 Hz. Increasing the stimulus rate beyond 9 Hz for the upper 
extremity SEPs and 5 Hz for the lower extremity typically 
results in a substantial degradation of the SEPs, particularly 
the cortical responses [12, 13, 15]. It has been reported that 
the best stimulation rate for acquiring single median nerve 
SEP recordings is 12.7 Hz but this is only true for recording 
periods less than or equal to 5 s. Otherwise, the best stimula-
tion rate for acquiring either median nerves or tibial nerves 
is around 4.7 Hz [102].

Supramaximal stimulation intensities are safe and should 
be utilized to produce repeatable responses and ensure that 
variations in response amplitudes are not a result of vari-
ations in effective stimulation intensities [50]. Generally, 
it should not be necessary to utilize stimulation intensi-
ties which exceed 50 milliamps (mA) to elicit repeatable 
SEPs and to provide effective monitoring [15]. Although 
commercial stimulators can generally provide stimulation 
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intensities greater than 50 mA, it is unusual for a stimulus 
of this intensity to be ineffective for eliciting SEP responses 
unless pathology is present or the current from the stimulat-
ing electrode is not reaching the underlying neural tissue at 
a sufficient intensity to cause excitation. In such cases, cur-
rent shunting may be occurring. Current shunting provides 
an alternate low-resistance pathway(s) for electrical current 
to flow or disperse.

The effectiveness of the stimulus for eliciting well-
defined, repeatable responses will vary between patients 
and will depend on several factors including (a) the type 
of stimulation electrodes being used, (b) the proximity of 
the electrodes to the underlying neural structures, (c) the 
anesthetic management, and (d) certain patient comorbidi-
ties (e.g. diabetic peripheral neuropathy) and the conduction 
status of the neural pathways being monitored. The person 
providing the monitoring should consider options such as 
optimizing the stimulation electrode placement, changing to 
subdermal needle rather than surface stimulation electrodes, 
or selecting an alternate stimulation site. Increasing stimu-
lus intensities to as high as 100 mA may be necessary to 
produce an effective stimulus. Although concerns may exist 
regarding the possibility of tissue damage resulting from 
high current densities at the stimulation sites, these con-
cerns appear to be unfounded and others have indicated that 
there is no evidence in the literature or otherwise to support 
them if the stimulus parameters available on commercially 
available devices are utilized [22]. The value of the use of 
SEPs in intraoperative neuromonitoring is proportional to 
the frequency of its acquisition. It is generally understood 
that continuous SEP stimulation and acquisition is a best 
practice in most operative scenarios [50, 97].

4.5.2 � Recording technique

The acquisition of intraoperative SEPs is based on certain 
objectives, some of which relate to the recording technique. 
These objectives incorporate the following: the value of 
the data at a given recording site relative to the risks of the 
surgery or those of peri-surgical events, the relative likeli-
hood of collecting a signal at a given recording location 
in a reasonable time frame, and the overall value of know-
ing details of the conduction throughout the pathway ver-
sus knowing that the signal has reached some critical end 
point. An important aim of intraoperative SEPs is to sam-
ple the activity of discrete, critical loci of the pathway via 
strategically placed recording electrodes [19, 21], not dis-
similar to diagnostic SEPs in the clinic. Multiple sampling 
sites along the pathway can support and focus localization 
efforts, neurophysiologically, when a discrete source of a 
conduction block needs to be elucidated. For example, if 
there are samples being taken of peripheral, subcortical and 
cortical potentials and the initially well-formed potentials 

are suddenly absent from the cortical sites alone with pres-
ervation of the subcortical and peripheral recordings, one’s 
focus is on a possible conduction block between the sub-
cortical and cortical generators or at the level of the cortex 
itself. Multiple sampling locations also has trouble-shooting 
benefits since, for example, the sensitivity to anesthetic and 
systemic factors of peripheral versus deep brain versus cor-
tical locations varies [103]. One can use the information 
from potentials collected at multiple sampling locations to 
differentiate problems with the functional integrity of the 
dorsal column and medial lemniscus pathways from the 
impact of these other factors. Additional recording sites 
or recording derivations may help to distinguish perfusion 
territories or tissues with generator sources that are tem-
porally or spatially close. Sampling across multiple loca-
tions of the pathway while acquiring intraoperative SEPs is 
counter-balanced by certain realities. For example, given the 
short time allowed for patient set-up and also for acquisition 
of reliable baselines as is common in the OR, the value of 
certain recording sites may not balance the additional time 
required to place them. While generally not a problem when 
implementing an SEPs-only protocol, as they are quick and 
easy to administer on their own, this may be an issue given 
that they are often incorporated in monitoring protocols with 
additional modalities whose set-up is burdensome.

In some instances, the critical recording site is distal, such 
as the peripheral potential monitoring site used to protect 
against nerve damage during hip surgery [104, 105]. There-
fore, the protocol does not require that samples be taken 
from the proximal pathway such as the cortical potentials. 
On the other hand, those recording sites that capture cortical 
potentials are the minimum necessary to assess functional 
continuity of the entire pathway and function at this end 
point. Some argue that for many applications of intraopera-
tive SEPs, the cortical recording sites are largely sufficient 
and that other components of the pathway are either less or 
not relevant, distracting, poorly recordable or obscure, and/
or may be elucidated via other means [22, 50].

4.5.3 � Averaging

The evoked electrophysiological activity that contributes to 
the recorded responses is usually only a fraction as large as 
the background random noise activity in which it is bur-
ied. Averaging is the standard procedure for eliminating 
this background random noise activity whose amplitude 
decreases in proportion to the square root of the number 
of trials contributing to the average [22, 94, 106]. How-
ever, averaging is not effective for eliminating non-random 
noise from many devices utilized in surgery such as image 
intensifiers (fluoroscopy), navigation or implanted devices. 
Reducing the amplitude of such noise will result in higher 
reproducibility with fewer trials. It has been proposed that 
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to achieve this result, recordings be acquired from multiple 
derivations and only those be selectively utilized that have 
the highest signal-to-noise ratios rather than the utilization 
of recordings from standard diagnostic laboratory deriva-
tions [22]. Ultimately, even after averaging, what remains is 
an SEP estimate distorted by residual noise [22]. Although 
these responses will contain some noise, if the band-pass 
is well selected and the noise level is not too high, the 
responses will be quite reproducible. The number of trials 
per average may initially be set to begin at perhaps 300 trials 
but will depend on the signal-to-noise ratio and the urgency 
of reporting a result to the surgeon [22, 94, 106]. In some 
cases, such as during temporary occlusion of an intracra-
nial vessel, the surgeon may wish to be informed quickly 
of changes in the evoked responses. In these cases, if signal 
quality is sufficient, adequate upper and/or lower extrem-
ity SEPs can sometimes be obtained with a few trials [22] 
e.g., 128 trials or less. If the number of trials is reduced, 
the person providing the monitoring needs to be sure that 
the responses obtained are indeed real and not artifact. In 
order to do so, that person needs to assess their accuracy by 
their reproducibility which is done by visual inspection and 
fastidious trending of accurately placed cursors.

5 � Electrophysiology

5.1 � SEP response origins

On a cellular level, SEPs are bioelectric events in neurons 
subsequent to changes in ionic conductance. Coincident cel-
lular events combine to generate electric fields (potentials) 
sufficient to be detected during intraoperative monitoring of 
the nervous system. On a tissue or systems level, SEPs arise 
from two generator types. One type of generator results in 
volume-conducted perturbations in the body’s electric field 
and emerges from the physiology at several anatomic loci 
[107]. Most commonly, they originate from simultaneous 
bulk activation of synapses such as the thalamocortical affer-
ents believed to contribute to the N20 peak following activa-
tion of a distal upper extremity nerve. Perturbations of the 
body’s electric field can also derive from action potentials 
in axonal components of the SEP pathway. Action potentials 
propagating in axons that pass through a change in the com-
position of the surrounding tissue are also generators of this 
type. Generally, whereas their amplitude decays with dis-
tance from their source, these generators result in stationary 
potentials. Thus, for a given activation site, their latency is 
the same at each recording site. Furthermore, under the right 
conditions and despite their often small amplitude, they can 
be observed with an electrode at a distance from their source, 
in which case they are referred to as far-field potentials. 

When observed using electrodes near their source, they are 
referred to as near field potentials [107, 108].

The other type of generator corresponds to action poten-
tials conducted in nerve fibers, such as the waveform cap-
tured via recording electrodes over the nerves traversing the 
popliteal fossa (PF) subsequent to activation of a distal lower 
extremity site. These are propagated potentials (traveling 
waves). Therefore, the latency of the observed potential 
depends on the recording and stimulating inter-electrode 
distance. The potentials from this generator type require 
that the recording electrode be close to the source of the 
observed potential as they are not volume conducted well 
despite their often large amplitude.

Components of the SEP may originate from one or a com-
bination of these physiologic generator types. For example, 
the multi-phasic waveform of the potential captured at the 
lower back after activation of a distal lower extremity nerve 
has a peak that is a stationary potential, corresponding to 
segmental synaptic events within the lower spinal cord, 
and another that is a propagated potential, corresponding 
to ascending action potentials in the afferent nerve fibers 
[104, 109].

Coincident activation of excitatory synapses of the cor-
tical pyramidal cell results in an influx of positive ions, a 
so-called current sink. This influx is matched by a corre-
sponding efflux of positive ions at a distant location creat-
ing a current source [107]. On a cellular level, these may 
occur respectively in the pyramidal neuron basal and apical 
dendritic arbors, or vice versa. When this occurs in multi-
ple neurons simultaneously, such as upon artificial electrical 
activation of a distal nerve in an extremity for monitoring 
SEPs, distinct, large, extracellular regions of opposite polar-
ity emerge and can be observed at a distance. The electri-
cal fields generated in this way result in directional polar-
ity resulting in an electrical dipole. The dipole orientation 
relative to the body’s surface and recording sites typically 
employed to capture SEPs are critical. Those oriented tan-
gentially relative to the surface, such that the positive and 
negative end of the dipole is a similar distance from the 
surface (i.e., parallel to the surface), can be observable at 
a distance from their origin and the differing polarities on 
either side of the dipole can be distinguished. On the other 
hand, those that are oriented radially, such that the positive 
and negative end of the dipole are different distances from 
the surface (i.e., perpendicular to the surface), can only be 
observed locally, and the polarity of the more superficial 
portion of the dipole dominates the surface recorded poten-
tial. The polarity does not change on the surface​​ which is 
helpful for example when performing sensory mapping [49, 
107, 108, 110, 111].

The nomenclature that is used to designate the peaks and 
valleys of SEP waveforms uses N and P, respectively, to 
designate the surface polarity of the recorded signal. The 
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N potential is recorded on the surface negative side of the 
dipole, and P potential is recorded on the surface positive 
side of the dipole. When an N potential is acquired via an 
electrode connected to the negative (active/inverting) input 
of the differential amplifier, it is deflected upward on the 
screen. In contrast, when the P potential is acquired via an 
electrode connected to the negative (active/inverting) input 
of the differential amplifier it is deflected downward on the 
screen. If an N potential is recorded via the positive (refer-
ence/non-inverting) input of the differential amplifier, it will 
deflect downward on the screen. The output amplitude also 
depends upon the signal recorded by the reference electrode 
as compared to the active electrode and an integer is used 
to denote the nominal post-stimulus latency of the signal in 
normal adults. Illustrations of sample SEP waveforms with 
the requisite peaks and valleys marked using this nomencla-
ture appears in a previously published guideline [13].

5.2 � Peripheral responses

Peripherally derived SEPs are generated in the nerve and 
the corresponding components of the respective plexus that 
subserve the portion of the sensory pathway activated by the 
distal stimulation. Peripheral SEPs are near-field propagated 
potentials observed as multiphasic waveforms that emerge 
from the current loops of the compound nerve action poten-
tial [107, 112].

For upper SEPs, peripheral potentials are traditionally 
captured with recording electrodes placed over the brachial 
plexus at ERB’s point (EP). Typically, the electrodes over 
the left and right Erb’s points are simply referred to each 
other, i.e., as EPi to EPc (where the subscript “i” and “c” 
denote ipsilateral and contralateral to the stimulated limb), 
since the electrode at EPc is relatively inactive. Alternately, 
EPi is referred to a frontal scalp electrode such as Fz.

For lower SEPs, peripheral potentials are traditionally 
captured in a bipolar fashion from recording electrodes 
placed one above the other behind the knee in the popliteal 
fossa (PF). Typically, the distal and proximal electrodes are 
simply referred to each other, i.e., as PFd to PFp (where the 
subscript “d” and “p” denote distal and proximal on the leg). 
However, a single PF electrode can also be paired with an 
electrode outside the PF, such as in the hamstring superior 
to it. For the waveform to have morphology as described 
below, with the negative peak deflecting upward, the active 
electrode should be PFd in the PFd to PFp derivation.

Peripheral potentials corresponding to upper and lower 
SEPs are similar morphologically such that in the center 
of these multiphasic waveforms is a sharp, upward deflect-
ing, negative peak that in normal, healthy adults occurs at 
approximately 9 ms. This is delineated as N9. Trailing the 
N9 is a downward-deflecting, positive trough. The absolute 
timing of the N9 peak reflects the waveform’s latency and 

the relative difference between the N9 peak and the trailing 
trough reflects the waveform’s amplitude.

Other recording derivations for peripheral upper extrem-
ity SEPs have been suggested, particularly because the EPi 
to EPc potentials suffer from poor reproducibility due to 
an unfavorable signal-to-noise ratio and can require sig-
nificant averaging to resolve. These include derivations that 
capture Erb’s point potentials, such as referring EPi to an 
electrode over the contralateral mastoid [94]. This has been 
demonstrated to substantially improve the signal-to-noise 
ratio of the Erb’s point potential, thus reducing the required 
trials per reproducible average. Some derivations capture 
responses at other peripheral locations. Bipolar recording 
from electrodes placed at the antecubital fossa results in a 
large peripheral response that is resolvable with little or no 
averaging [94]. While this waveform’s morphology is simi-
lar to that captured near EP, its latency is earlier due to the 
shorter interelectrode distance between the sites of stimula-
tion and recording.

5.3 � Segmental and subcortical responses

SEPs generated within the CNS but below the cortical level 
derive from several locations in the pathway. The poten-
tials captured depend on the location of the electrodes in 
the recording derivation. They can be grossly categorized 
by the presumed location of the generator of the potential 
as either segmental (or cervical for upper extremity SEPs 
and lumbar for lower extremity SEPs), originating from the 
spinal cord, or subcortical, originating from deep and/or low 
brain structures such as the brainstem and thalamus. The 
location of the electrodes used in derivations for capturing 
these potentials is dictated by access and the relative impact 
that the information collected by that derivation has on miti-
gating the neurologic risks of the specific surgery.

The derivations commonly comprise an electrode placed 
in the back or front of the neck or head. Traditional deriva-
tions pair these with a central, frontal electrode (e.g., Fz, 
Fpz) or a non-cephalic electrode (e.g., EPc). However, a 
mastoid reference has been shown to improve the signal-
to-noise ratio [94]. Some practices reverse the arrangement 
of the recording electrodes in their derivations, preserving 
the polarity while flipping the direction of the deflections 
described in the following.

For upper extremity SEPs, using the posterior derivation 
of CS5 – EPc, a negative, upward deflecting far-field sta-
tionary segmental potential is observed that occurs roughly 
13 ms after being elicited at the wrist. This is delineated as 
the N13 peak which may originate from multiple sources 
within the cervical spinal cord. Due to the horizontal orienta-
tion of its dipole, it will appear to have the opposite polarity 
when recorded with an anterior derivation [109, 113–115]. 
Using the scalp derivation of CPi to a non-cephalic reference 
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such as EPc, a nearly coincident positive, downward deflect-
ing far-field propagated subcortical potential occurring at 
14 ms is also often observed. This is delineated as P14, 
which is believed to originate from the proximal medial 
lemniscus pathway in the upper medulla [109, 113–120]. 
In this derivation, P14 is followed by a negative upward 
deflecting far-field stationary subcortical potential occurring 
at approximately 18 ms. This surface potential, delineated as 
N18, is believed to derive from the cuneate nucleus, rostral 
brainstem structures or within the thalamic nuclei [109]. The 
absolute timing of the P14 trough is the waveform’s latency, 
and the relative difference between the P14 trough and the 
P18 peak reflects the waveform’s amplitude.

A common practice is to employ CS5-Fpz to collect 
upper extremity SEPs, particularly since this derivation is 
useful for capturing lower extremity subcortical potentials 
and is likely already in the monitoring protocol. The wave-
form often has a characteristic “W” shape with an initial 
negative, upward deflection at approximately 13–14 ms. This 
is followed by a downward deflection. Multiple structures 
contribute to the waveform as captured using this derivation 
[121]. In this instance, the timing of the initial peak is the 
waveform’s latency, and the relative difference between the 
initial peak and the trailing trough reflects the waveform’s 
amplitude.

For lower extremity SEPs, the distinction between the 
generators for the segmental and subcortical potentials is 
clearer due to their physical separation. A segmental poten-
tial is captured from the lumbar spine and is often referred 
to as the lumbar potential (LP). Using a derivation including 
an active electrode over the T12 or L1 spinal level with a 
reference over the iliac crest contralateral to the stimulation 
(ICc), an upward deflecting, negative, near-field, stationary, 
segmental potential occurring at approximately 22 ms is 
observed. This is delineated as N22 and is reported to reflect 
the synaptic activity of intrinsic circuits of the lower spinal 
cord [109]. N22 is followed by a shallow trailing trough. 
The absolute timing of the N22 and the relative difference 
between the N22 peak and the trailing trough reflects the 
waveform’s latency and amplitude, respectively. In some 
instances, the waveform has multiple peaks, one of which is 
the N22 or its equivalent and one of which is a mixed nerve 
propagated potential coursing through the spinal roots, the 
latency of which is determined by the location of the record-
ing electrode. This additional wave is not typically tracked 
during monitoring.

Subcortical potentials corresponding to lower extremity 
stimulation can be captured with an Fpz electrode referred to 
an electrode at CS5 [17]. The resulting waveform is bipha-
sic with a small initial positive, downward deflecting, far-
field subcortical potential, occurring at 31 ms, delineated 
as P31. This P31 is believed to be derived from the dorsal 
column nuclei and/or the caudal medial lemniscus [109]. It 

is considered the equivalent of the P14 following stimulation 
of the upper extremity. P31 is followed by a larger negative, 
upward deflecting, far-field stationary subcortical potential 
occurring at approximately 34 ms. This potential, delineated 
as N34, is considered the equivalent of the N18 following 
stimulation of the upper extremity and is believed to derive 
from multiple sources, including the brainstem and synaptic 
activity within the thalamic nuclei [109].

5.4 � Cortical responses

The cortical SEP is generated from synchronous thalamocor-
tical synaptic activity at locations predominantly within the 
postcentral gyrus. These potentials are detectable over much 
of the scalp, even at a distance from the generator. Upper 
SEPs are maximal when captured by a derivation includ-
ing an active electrode located over the lateral, postcentral 
gyrus on the side of the head opposite the stimulated upper 
limb consistent with the lateral representation of the upper 
extremity in the S1. Lower SEPs are maximal when captured 
by a derivation including an active electrode in the midline 
consistent with the representation of the lower extremity in 
the S1, which is tucked in the medial, interhemispheric bank. 
Lower SEPs are also maximal ipsilateral to the stimulated 
limb due to the phenomenon of “paradoxical lateralization.” 
For upper and lower SEPs, the reference electrode in these 
derivations can be non-cephalic but is typically another site 
on the scalp. Lateralized recordings should be paralleled by 
recordings from the opposite side of the scalp. This allows 
for troubleshooting inadvertent erroneous electrode mis-
placement, such as left–right switching of the scalp and/or 
stimulator channels. This also provides an alert for a patient 
with a non-decussating pathway [122].

Traditional scalp derivations for capturing upper extrem-
ity cortical SEPs include CPc–Fpz or Fz, or CPc–CPi. 
Recording with these derivations, a set of near-field station-
ary potentials are observed as a characteristic biphasic wave-
form with an initial negative, upward deflection that occurs 
roughly 20 ms after being elicited at the wrist. This peak is 
delineated as N20. The N20 is often followed by a down-
ward deflecting, positive potential at approximately 30 ms. 
This trough is delineated as P30. The N20 peak and P30 
trough emerge from tangential dipoles in the anterior bank 
of the postcentral gyrus. There may also be an intervening 
positive, upward deflection that occurs at 25 ms, delineated 
as P25. This peak can only be observed when the record-
ing electrode is directly over the generator, as the potential 
derives from a radial dipole at the vertex of the anterior 
bank of the postcentral gyrus [79, 123]. The P25 potential 
impacts the appearance of the waveform, altering it from 
bi- to tri- phasic. It is the absolute timing of the N20 that is 
the waveform’s latency and the relative difference between 
the N20 peak and the P30 trough that reflects the waveform’s 
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amplitude [124–126]. The trough appearing before (to the 
left of) the P25 peak may also serve as the lower boundary 
of the amplitude should a measurable P30 be absent, irregu-
lar, or inconsistent. The pre-P25 downward deflection might 
also be chosen as the trough if the P30 amplitude is smaller.

Lower extremity SEPs have been captured using record-
ing derivations such as CPz-Fpz or Fz and CPi-CPc. Using 
these derivations, a biphasic waveform composed of near-
field stationary potentials is observed. This waveform con-
sists of an initial downward deflecting positive potential 
followed by an upward deflecting negative potential that 
occur roughly 37 ms and 45 ms, respectively, after stimula-
tion at the ankle. These are, therefore, delineated as P37 and 
N45. The absolute timing of the P37 reflects the waveform’s 
latency and the relative difference between the P37 trough 
and the N45 peak reflects the waveform’s amplitude. Note 
that the latency of the P37 waveform may differ between 
these recording derivations [127].

Other derivations have also been recommended, particu-
larly those that result in recordings with favorable signal-to-
noise ratio, such as CPc–CPz and its inverse for upper and 
lower SEPs, respectively [22, 94, 106]. These derivations 
have varying levels of acceptance and implementation. The 
derivation(s) chosen should be those that result in potentials 
with the best signal-to-noise ratio and the least trials per 
average as part of an overall signal optimization plan.

In some instances, such as to avoid the exposure site 
of a craniotomy, scalp recording electrodes are displaced. 
Whether the intent is to avoid the sterile field or to incorpo-
rate recording derivations with optimal signal-to-noise ratio, 
electrodes placed away from the standard locations often 
result in waveform morphological characteristics that differ 
from those captured by traditional derivations as described 
above. In some instances, this may be a difference in the 
amplitude and/or sharpness of the obligate peaks but may 
also include inversion of the peaks and troughs, particularly 
for recording locations anterior to the central sulcus [94, 
106].

5.5 � SEPs in neonates and children

Cortical, subcortical, and peripheral SEPs recordings have 
been reported in premature and term infants and children 
[128–131]. The central and peripheral neurons mature syn-
chronously, with the peripheral maturing early [132]. Thus, 
the conduction velocity of the central and peripheral nerv-
ous systems is slower in infants [129, 133]. There are sig-
nificant differences in the central sensory conduction time 
values between the SEP parameters in children younger 
than 12 months and 1 to 12 and 12 to 17-year-old children. 
The age-related reduction in the sensory central conduction 
time and the increased amplitude of the cortical responses 
may reflect the myelination of somatosensory pathways and 

improved nervous system integration. Maturational factors 
indicate myelination occurring within the thalamus from 
34 weeks gestation onwards [133]. Cortical SEPs may be 
difficult to record in healthy infants at birth and up to as old 
as three months. Upper extremity responses are likely to be 
present earlier than lower extremity responses. When pre-
sent, the SEP component latencies are shorter in infants and 
children primarily due to size, and with growth and matura-
tion, these latencies will increase. These changes are mainly 
a reflection of the elongation of the peripheral nerves and the 
central somatosensory pathways. However, as these elonga-
tion processes occur, they are partly counterbalanced by the 
pathways becoming myelinated and nerve fiber diameters 
increasing, resulting in faster conduction velocities. In addi-
tion, maturation of synaptic transmission is also occurring. 
These events simultaneously happen until children reach 
6–8 years of age when central times are comparable to an 
adult. At that time, any further latency changes result from 
changes in stature [134]. It has been reported that waveforms 
can be observed in premature infants and full-term new-
borns. The authors concluded that myelination is determined 
by conceptional age, and is unrelated to the gestational age 
at birth [135].

Premature and young infants represent unique challenges 
when interpreting SEP data due to the immaturity of their 
sensory pathways and cortex. An essential SEP component 
may be absent not because of a pathological process but 
because of a maturational standpoint. There is high variabil-
ity when interpreting SEP data across studies. Prematurity 
itself, in the absence of perinatal brain injury or other com-
plications, does not seem to be responsible for alterations of 
the central somatosensory system in at-term corrected age 
newborns compared with full-term neonates [136].

6 � Anesthesia and physiological 
considerations

6.1 � Anesthesia considerations

Anesthesia can impact evoked potential responses, and clear 
communication between the IONM and anesthesia teams 
is essential to aid the anesthesiologist in planning a main-
tenance anesthetic regimen that will incorporate IONM 
needs while he/she also considers patient comorbidity con-
cerns and other surgical requirements. Evoked potentials 
that depend on polysynaptic function, such as cortical SEP 
responses, are most impacted by anesthetic agents, while 
subcortical and peripheral SEP responses are less sensitive 
[103, 137]. This is because anesthetic agents are under-
stood to exert their mechanism of action(s) via interaction 
at specific ion channels that alter synaptic transmission and 
membrane potentials, with each agent differentially targeting 
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a variety of ion channels in certain areas of the brain and 
spinal cord [138]. Anesthetic effects on cortical SEPs are 
generally dose-related and tend to correspond with anes-
thetic effects on the electroencephalograph (EEG), since 
both depend on cortical synaptic transmission activity [139]. 
There is usually a larger negative impact on evoked potential 
amplitude than on latency, because the effect of anesthetics 
tends to be greater on synaptic transmission than on axonal 
conduction [103]. In routine clinical practice, several anes-
thetic agents are frequently incorporated into one anesthe-
sia maintenance plan for a “balanced” regimen that aims to 
synergistically maximize the goals of anesthesia while mini-
mizing undesired side effects. When planning the mainte-
nance anesthetic regimen, the effect of each anesthetic agent 
on the specific IONM modalities being employed must be 
considered.

6.1.1 � Inhalational anesthetic agents

The most commonly used anesthetic agents to be included 
in anesthesia maintenance regimens are the halogenated 
volatile inhalational agents (e.g., sevoflurane, desflurane, 
and isoflurane) [138]. These modern inhalational volatile 
anesthetic agents seem to have similar effects on SEPs at 
steady state concentrations [140]. At clinically relevant dos-
ing, these agents produce a modest dose-related reduction 
in amplitude and increase in latency of cortically recorded 
SEP responses [141]. Thus, in neurologically intact patients, 
the concentration of these inhaled volatile agents is usually 
limited to 0.5 to 1 minimal alveolar concentration (MAC) 
for cortical SEP monitoring [140]. Desflurane followed by 
sevoflurane are less lipid soluble than isoflurane and there-
fore allow faster transition to a total intravenous anesthesia 
(TIVA) technique when baseline signals are unacceptable 
in the presence of volatile anesthetic. Nitrous oxide differs 
from the halogenated inhalational agents, and, at equipo-
tent concentrations, it depresses evoked potentials more 
than halogenated agents [137]. When combined with other 
inhalational agents, nitrous oxide has a synergistic depres-
sant effect on cortical SEPs [142]. As such, nitrous oxide is 
usually avoided while monitoring cortical SEPs [140]. SEPs 
recorded from the brainstem, spinal cord, and periphery are 
either only minimally or not impacted by volatile anesthet-
ics [140].

6.1.2 � Intravenous analgesic agents

A variety of intravenous anesthetic agents are available. 
Their effect on evoked potential responses depends on 
the specific receptors and pathways targeted by the agents 
[137]. In general, though, intravenous anesthetics have a less 
depressant effect on evoked potentials as compared to inha-
lational anesthetics [140]. The most common intravenous 

anesthetic agent for maintenance of anesthesia is propofol. 
A TIVA technique with propofol facilitates evoked poten-
tial monitoring, as the changes in evoked potential ampli-
tude with propofol are smaller than with equipotent doses 
of halogenated agents. Propofol-based TIVA also aids in 
obtaining reliable MEPs when multimodal IONM is uti-
lized [143] [144]. Although propofol is less suppressive than 
inhaled volatile anesthetics under steady-state conditions for 
evoked potential amplitudes, propofol also attenuates evoked 
potential amplitudes in a dose-dependent manner [140]. 
Fortunately, adjusting anesthetic depth and the impact on 
evoked potentials is fairly simple with propofol due to its 
relatively rapid metabolism and redistribution [139]. During 
critical portions of surgery, it is important to maintain stable 
propofol blood levels so as to not confound evoked potential 
monitoring [145]. For example, during significant intraop-
erative blood loss, the serum concentration of propofol will 
increase (because of altered pharmacokinetics and decreased 
volume of distribution), so the propofol infusion rate should 
be titrated down to minimize its potential negative impact on 
evoked potentials while also maintaining a focus on restor-
ing intravascular volume and hemoglobin level [145].

Barbiturates have a similar effect on evoked potentials to 
that of propofol [140]. However, fewer barbiturates are clini-
cally available than in the past, and their use is complicated 
by a longer half-life than propofol. This makes titration dur-
ing TIVA that allows for prompt emergence and neurological 
examination challenging [140]. One ultra-short acting barbi-
turate, methohexital, is occasionally currently used intraop-
eratively, however [146]. Its use has been reported in a small 
series to lead to acceptable cortical SEP monitoring [147].

Benzodiazepines are another class of intravenous hyp-
notics relied on less intraoperatively today than in the past. 
Typically, the benzodiazepine midazolam may be adminis-
tered in a small dose as a sedative and amnestic agent before 
induction of anesthesia. However, for cases involving gen-
eral anesthesia and IONM, as well as when a prompt emer-
gence and neurologic exam are desired, additional admin-
istration of midazolam is unusual [148]. Nonetheless, it is 
recognized that midazolam, at higher doses consistent with 
induction of anesthesia requirements, produces depression 
of cortical SEP amplitude and has minimal effects on corti-
cal SEP latency and on subcortical and peripheral sensory 
evoked responses when administered as the sole agent [149]. 
Recent introduction of a new short-acting benzodiazepine, 
remimazolam [148], may require future evaluation as to its 
impact on SEPs and other IONM modalities [150].

Another intravenous anesthetic, etomidate, enhances cor-
tical SEP baseline amplitudes without an effect on subcorti-
cal or peripheral SEPs [137]. The amplitude enhancement 
has been shown to occur within minutes after an etomidate 
intravenous bolus [151] and the amplitude enhancement has 
been attributed to heightened cortical excitability elicited by 
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etomidate [137]. Constant infusion has been used to enhance 
SEP cortical recordings that were otherwise unsuitable for 
monitoring purposes [152] although clinical use of etomi-
date is limited by concern of adrenal suppression and post-
operative nausea and vomiting [140].

Traditionally, TIVA techniques have included an opioid 
analgesic with a hypnotic anesthetic (usually propofol). In 
recent years, there has been increasing interest in opioid-
sparing multimodal analgesia in anesthesiology, including 
for surgeries that use IONM [153]. It is thus necessary to 
consider the impact of these multimodal analgesia adjunct 
agents on IONM modalities, although currently available 
evidence does not allow definitive recommendations for spe-
cific multimodal analgesic regimens during IONM [154]. 
Nonopioid analgesics may have a primary benefit on cortical 
SEPs by decreasing the pharmacological requirement for 
sedative-hypnotic agents (e.g. propofol). Thus, careful titra-
tion of agents is essential for adequate IONM [154].

The intravenous anesthetic ketamine is one of the most 
common agents incorporated into multimodal analgesia 
regimens, and it has traditionally been regarded as having 
an augmentative effect on cortical evoked potentials [154, 
155]. Although a depressive effect on MEPs with higher 
bolus doses has recently been reported, this was not found 
to be the case for SEPs [156].

Dexmedetomidine, another intravenous anesthetic agent, 
seems to have minimal to no effect on SEP monitoring, at 
least at lower doses [157–161]. Higher bolus doses may 
decrease amplitude and increase latency of cortical SEPs 
[162]. Perhaps the greatest benefit when dexmedetomidine 
is incorporated into a TIVA regimen with propofol is derived 
from a reduction in the amount of propofol required to 
achieve the desired depth of anesthesia [158]. Even when the 
infusion is held at a constant dose, dexmedetomidine plasma 
concentration will increase during the intraoperative course. 
During long surgeries, it is necessary, therefore, to decrease 
the infusion rate as the case continues to avoid a potentially 
deleterious impact on evoked potentials [154, 163].

Another currently popular multimodal analgesic is the 
local anesthetic lidocaine. Lidocaine does not seem to 
impact evoked potentials with routinely used infusion ranges 
[154, 164, 165]. A recent randomized crossover study evalu-
ating the effect on evoked potentials of adding a lidocaine 
infusion to the anesthetic regimen did not find a significant 
difference in SEP amplitude with lidocaine incorporation 
[166].

Methadone is an effective analgesic for spine and other 
surgeries, and intravenous bolus dosing of methadone seems 
compatible with IONM [154, 167]. Methadone is unique as 
a multimodal agent in that it has both µ-opioid agonist and 
N-methyl-D-aspartate (NMDA) receptor antagonist activity, 
and it has a much longer elimination half-time than other 
opioids [168]. A recent prospective non-randomized study 

evaluated the effect of a routine clinical bolus dose of metha-
done on evoked potentials for up to 15 min post-bolus, and 
found a statistically (but not clinically) significant decrease 
in amplitude and increase in latency of SEPs [169].

6.1.3 � Opioids

Opioids generally decrease the amplitude and increase the 
latency of cortical SEPs, but even relatively high-dose infu-
sions still usually allow adequate monitoring [103, 137]. 
Bolus dosing will produce greater negative impact on corti-
cal SEPs in a dose-dependent manner [169, 170]. Indeed, an 
adequate opioid dose, usually administered as an infusion, 
can be an essential component of the maintenance anesthetic 
regimen to help provide immobility when neuromuscular 
blockade cannot be used, as is often the case with multimo-
dality IONM incorporating MEPs and/or EMG along with 
SEPs [171]. At very high infusion doses, remifentanil, a 
short-acting and commonly used opioid during cases involv-
ing IONM, was found to cause a 20 to 80% decrease in corti-
cal SEP amplitude and a less than 10% increase in latency 
during spine surgery [172]. This finding likely emphasizes 
the need to titrate reduction in other anesthetic agents when 
using high-dose opioids or other adjunctive agents [140].

6.1.4 � Muscle relaxants

Neuromuscular blocking agents improve the monitoring of 
SEPs by eliminating spontaneous background electromyo-
graphic noise [103, 140]. Also, observation of excessive 
myogenic artifact by the IONM team can be helpful infor-
mation for the anesthesia team, as it may indicate the patient 
is “light” and suggests possible need for more anesthetic 
and/or analgesic [16].

6.1.5 � Selection of anesthetic maintenance regimens

Some patient factors and comorbidities can make it more 
difficult to obtain adequate baseline evoked potential record-
ings. SEPs are expected to have a smaller amplitude and 
a longer latency in elderly patients [173]. Also, increased 
height and weight, lower extremity edema, neurologic deficit 
on exam, and history of neurologic disease have all been 
found to make it more difficult to obtain baseline SEPs [174]. 
However, with a facilitating anesthetic technique, evoked 
potentials can often be reliably obtained [175]. Recently, 
with modern monitoring equipment, standardization of 
recording techniques, and a facilitating anesthetic regimen 
(propofol and remifentanil-based TIVA technique or a regi-
men supplemented with less than 0.5 MAC of halogenated 
anesthetic agent), a series of consecutive cranial and spine 
surgeries reported a success rate for obtaining acceptable 



	 Journal of Clinical Monitoring and Computing

baselines of 98.1% for upper extremity SEPs and 90.1% for 
lower extremity SEPs [176].

The optimal anesthetic regimen for surgery involv-
ing IONM is controversial. Perhaps the best plan involves 
obtaining a stable anesthetic environment and then not vary-
ing the anesthetic regimen once adequate baseline signals 
are obtained [177]. Although straight-forward in theory, 
changing degrees of surgical stimulation at different phases 
of surgery often do require changing anesthetic depth intra-
operatively, and communication between anesthesia and 
IONM teams regarding change in anesthetic technique or 
bolus administration is necessary [177]. It is important that 
significant changes in anesthetic technique not be made dur-
ing critical surgical maneuvers.

Cortical SEPs can be obtained in most patients when a 
volatile anesthetic is limited to 0.5 MAC and supplemented 
with more evoked potential-facilitating intravenous medica-
tions. This usually consists of propofol as an additional hyp-
notic and an opioid for additional analgesia [178]. If inhaled 
volatile anesthetic agents are initially included in the anes-
thetic, it is critical that communication occur between the 
anesthesia and IONM teams in order to assess adequacy and 
reproducibility of baseline evoked potentials, and to convert 
promptly to a TIVA regimen if evoked potentials are not 
robust enough for high-fidelity monitoring. When an anes-
thetic technique is modified, adequate time (approximately 
30 min) may be necessary to allow for recovery of signals 
[177]. In patients with preexisting neurological disease or 
deficits, avoiding inhaled volatile anesthetic agents might be 
required to elicit an adequate response [140, 178]. We rec-
ommend starting with a more evoked potential-facilitating 
TIVA technique in this situation [175].

6.2 � Physiological considerations

In addition to providing anesthesia, a core role of the anes-
thesiologist is to maintain patients’ physiologic homeostasis. 
This is also critical for maintaining stable IONM signals. As 
such, close communication amongst the surgical, anesthesia, 
and IONM teams is again essential to understand changing 
physiological parameters and the impact these may have on 
evoked potentials [140, 177].

6.2.1 � Temperature

Temperatures in the OR are generally well below body tem-
perature. As a result, it is not unusual for a patient’s tempera-
ture to drop during surgery. The temperature of the room, the 
length of the surgery, and the amount of surgical exposure 
will all contribute to the patient’s heat loss and resulting 
body temperature. Diminished body temperature will affect 
the metabolism of the drugs used for anesthesia. To coun-
teract this effect, anesthesia personnel often use forced air 

warmer blankets to maintain the patient’s body temperature. 
Another effect of diminished body temperature is a decrease 
in neural conduction velocity with a resulting increase in 
SEP peak latencies [179, 180]. SEP changes with minor 
variations in temperature are gradual (roughly 0.75–1.0 ms 
increase in latency of the N20 for every 1 °C decrease in 
nasopharyngeal temperature) and occur without significant 
amplitude changes [98]. Mild hypothermia (32 °C), perhaps 
counterintuitively, increases amplitude of SEPs in rats and 
humans [181]. This likely occurs due to a hyperexcitable 
cortex and reduced neurotransmitter catabolism [181, 182]. 
However, with very low temperatures, the cortical evoked 
responses disappear (roughly 22 °C) [180] and subcortical, 
spinal, and peripheral SEP responses with elevated peak 
latencies may be relied upon for the monitoring of soma-
tosensory function. Though subcortical responses have been 
reported to disappear between 13 and 16 °C [183, 184], it is 
clear this occurs at a thermal point below which the cortical 
response is lost.

6.2.2 � Blood pressure

Blood pressure affects the perfusion of neural tissue. A cer-
tain amount of neural perfusion is necessary to meet the 
metabolic demands of the tissue. If these demands are not 
met, the electrical activity of the tissue will begin to shut 
down. Although cortical blood flow is not often measured 
directly intraoperatively, it has been reported that cortical 
SEPs begin to change when cortical blood flow drops below 
18 ml/100 g/min [185–187]. The amplitudes drop and the 
response latencies systematically lengthen. Further ischemia 
causes approximately a 50% decrease of cortical SEPs 
when the cortical blood flow drops below approximately 
15 ml/100 g/min as an early warning sign [185–187]. The 
degree and duration of low flow below this warning thresh-
old appear to correlate with the degree of permanent neuro-
logical damage [185–187]. Additional drops in blood flow 
to the brain, particularly if they are sustained, will result in 
cellular damage and irreversible changes in electrical activ-
ity [185–187].

In general, cortical evoked potentials appear to be mini-
mally attenuated when systolic blood pressure is kept stable 
at 80 mmHg [98, 179]. However, the degree of degrada-
tion of cortical SEPs with decreases in blood pressure var-
ies between individuals. Pressures which produce no SEP 
changes in one patient may produce significant changes in 
another. Cortical SEP changes which cannot be otherwise 
explained may result from hypotension and simply rais-
ing the mean arterial pressure can result in restoring SEP 
response losses [188]. Because of autoregulation, the critical 
threshold at which ischemic changes in the SEP responses 
occurs is dependent upon the patient’s “normal” outpatient 
blood pressure. It is also dependent upon the presence of 
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cerebrovascular disease. Intracranial pressure  (ICP) has 
also been shown to have an effect on SEPs during IONM. 
Because of pressure-related effects on cortical structures, 
reduced amplitudes and increased latencies have been 
observed when ICP is increased [137, 189].

Subcortical and spinal SEP recordings are more resistant 
to ischemia than cortical SEP recordings due to the larger 
proportion of white matter than grey matter that comprise 
the pathway at these levels. Therefore, these signals may 
continue to demonstrate measurable electrical signals even 
after blood flow to the generator sites has ceased for several 
minutes.

In the spinal cord, it is important to understand how one 
measures spinal cord perfusion pressure (SCPP). Although it 
cannot be normally monitored in the OR, SCPP equals mean 
arterial pressure (MAP) minus intraspinal pressure (ISP or 
intrathecal cerebrospinal fluid pressure [190]. During certain 
surgeries, if IONM changes raise concerns for spinal cord 
ischemia, it may prompt the placement of a lumbar drain 
to remove cerebrospinal fluid so as to improve spinal cord 
perfusion and raise the MAP [141].

6.2.3 � Metabolic factors

Oxygen supply is necessary to meet the metabolic demand 
of the neural tissue mediating the SEP response. Corti-
cal SEPs are the most sensitive in this regard. Mild acute 
hypoxia however, does not affect the SEP in humans [191].

SEPs are resistant to transiently reduced levels of carbon 
dioxide (i.e., hypocarbia or hypocapnia) with subcortical 
structures generally demonstrating greater resistance than 
cortical structures. In anesthetized patients, mild, acute, 
hypocapnia has no effect on median nerve cortical SEP 
amplitude but moderately decreases their latency [192]. 
Similarly, hypocapnia results in minor decreases in latency 
and increases in amplitude of tibial SEPs in awake volun-
teers [191]. This decrease in SEP latency associated with 
decreased CO2 is attributed to increased conduction veloc-
ity. In contrast, it has been reported that tibial nerve SEPs 
were not changed is with hypocapnia. Hypercapnia on the 
other hand does not appear to affect the SEP amplitude or 
latency in either anesthetized patients or awake volunteers 
[191, 193].

While it is likely rare to have acute intraoperative SEP 
changes due to electrolyte abnormalities, some electrolyte 
changes can impact SEPs. For example, a hypocalcemia 
group post-parathyroidectomy demonstrated increased 
median nerve SEP amplitude and longer recovery func-
tions upon multi-pulse challenge of the SEP [194]. The 
authors suggested that this is indicative of an abnormality 
of fundamental synaptic function. Potassium (K+) abnor-
malities could also plausibly impact SEPs, since it is easy 
to envision a direct relationship between K+ levels and SEP 

characteristics owing to the critical role K+ ions play in 
establishing the resting membrane potential and in repolari-
zation following an action potential. However, we are not 
aware of direct studies evaluating the impact of hypokalemia 
or hyperkalemia on SEPs.

7 � Applications/indications

7.1 � SEP monitoring

7.1.1 � Spinal cord monitoring

Orthopedic spine surgery is the oldest and most common 
indication for SEP monitoring even though motor deficits 
resulting from these surgeries are the main concern [50]. 
The original rationale for SEP usage during these proce-
dures was based on the proximity of the motor and sen-
sory pathways. It was theorized that if a cord compromise 
were to occur, it would involve both pathways resulting in 
SEP changes and intervention. As a result, SEPs have been 
widely used to assess spinal cord function [2–4, 31, 40, 61, 
62, 78, 195–232]. Although SEP monitoring alone halves 
the risk of motor injury, motor deficits due to small lesions 
may still occur without any SEP changes and the opposite 
may occur as well [51, 202, 233–237]. Now that MEPs are 
widely available, SEPs are still useful during spine surgery 
as a complimentary monitoring modality. For example, SEPs 
offer the benefit of continuous acquisition and monitoring, 
which is not the case for MEPs. Also, when MEPs are unob-
tainable, (e.g. due to significant motor weakness), SEPs can 
offer some monitoring capability. Prospective studies vali-
dating the efficacy of multimodality IONM are lacking but 
there is a growing body of evidence supporting its use dur-
ing spinal surgery including surgeries for complex deformi-
ties and spinal cord tumor resections [238].

7.1.1.1  Cervical spinal cord monitoring  SEPs are widely 
used to assess cervical spinal cord function [200, 204, 206, 
210, 218, 220, 222, 229, 239–242]. In order to accurately 
do so, the elicited responses must be completely rather than 
partially conducted through the surgical site or sites at risk. 
Therefore, care must be taken when selecting stimulation 
sites. Peripheral nerve responses are mediated by more 
than one spinal nerve root as they enter the spinal cord. The 
responses elicited by median nerve stimulation are mediated 
by several nerve roots (C5-T1). Although these responses 
are easy to elicit and are normally quite large in amplitude, 
they may not be an effective monitoring tool if they are 
mediated by nerve root components that are located above 
the surgical site. If the surgical site is above and includes 
the level of C7, ulnar nerve responses may be more effec-
tive monitoring tools in this case [76]. Monitoring cervi-
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cal spinal cord function also utilizes lower extremity SEPs. 
The choice of stimulation sites for eliciting these responses 
is generally the tibial nerve at the ankle and other sites as 
needed.

Several recording sites can be used to monitor upper 
extremity SEP activity. The recording site over the cervical 
spine may be the most important SEP recording site because 
the responses are usually from a location(s) above the sites 
at risk and are generally unaffected by the anesthetic drugs 
used for patient management. These responses have several 
peaks because of multiple generator sites (see Sect. 5.3). The 
N13 peak has multiple generators some of which are below 
the medulla and some at the cervico-medullary junction. The 
P14 is generated above the level of the spine. Therefore, the 
appropriate montage must be utilized to clearly distinguish 
N13 and P14 peaks. It must also be remembered that SEPs 
assess sensory function mediated only by the dorsal column 
pathways and not motor function. Therefore, surgical insults 
to the anterior spinal cord or blood supply to the anterior 
spinal cord may not be detected by SEPs. There have been 
several reports of false-positives and false –negatives associ-
ated with the use of this technique [233–238]. As a result, 
safety concerns have been raised as to whether SEPs can be 
used as a standalone monitoring technique [238]. Although 
the evidence appears to support increased detection of neu-
rological injuries in cervical procedures using SEPs in con-
junction with MEPs [240, 241], controversy remains within 
the spine community as to the utility of SEP monitoring 
during cervical spine surgery [239, 243] and whether moni-
toring is needed for routine non-complex cervical spine pro-
cedures [244–247].

Surgical examples include the following: anterior and 
posterior cervical spinal fusions [204, 210, 248–251], spi-
nal cord lesions [41], dorsal column mapping [38–40, 244], 
spinal cord stimulation lead placement [42, 43].

7.1.1.2  Thoraco‑lumbosacral and  cauda equina monitor‑
ing  Neurological injury is a much-dreaded complication 
in spine surgery and although its occurrence is relatively 
infrequent, it has the potential to result in serious postop-
erative motor and sensory deficits. Since the introduction 
of SEP monitoring in the 1970s, largely in the setting of 
spinal deformity correction, the rate of neurological injuries 
in scoliosis surgery has been significantly reduced [213]. In 
an effort to avert neurological complications for all types of 
spinal surgery, an increase in the utilization of IONM has 
occurred in recent years. However, because false-negative 
SEP changes have been reported in several studies, the use 
of SEPs as a singular tool for spinal cord neuromonitoring 
has largely been abandoned in favor of multimodality moni-
toring which often includes multi-extremity SEP, MEP and 
EMG monitoring. A panel of experts reviewed the results 
of a comprehensive literature search and identified pub-

lished studies relevant to the clinical question of whether 
IONM predicts surgical outcomes. These experts concluded 
that IONM utilizing SEPs in conjunction with transcranial 
MEPs “is established as effective to predict an increased 
risk of the adverse outcomes of paraparesis, paraplegia, and 
quadriplegia in spinal surgery” [19]. Numerous professional 
societies have endorsed this study and its conclusion.

In lumbosacral procedures, nerve root rather than spinal 
cord function is of paramount importance because only the 
thecal sac and nerve roots are at risk below the conus med-
ullaris (L1–L2) [225]. In the lumbar spine, SEPs have been 
shown to have a sensitivity of 29% and a specificity of 95% 
[252]. Current consensus favors the use of SEPs, MEPs, and 
combined spontaneous and triggered EMG during lumbosa-
cral interventions [225, 227, 253, 254].

Upper extremity SEPs, although insensitive to changes in 
thoraco-lumbosacral spine function, can be useful for detect-
ing functional changes associated with arm positioning dur-
ing thoraco-lumbosacral surgical procedures. In addition, 
when changes in lower extremity SEPs occur, the status of 
upper extremity SEPs can be helpful for interpretation, such 
as for identifying possible global effect causes from anes-
thetic medications.

Surgical examples include the following: spinal deform-
ity correction and repair [78, 197, 203, 213, 221, 223, 224, 
246, 255, 256], dorsal column mapping [38–40, 244], spi-
nal cord stimulation lead placement [42, 43], degenerative 
thoracic and lumbar fusions [196, 202, 257–260], interven-
tional procedures [261], abdominal aortic aneurysm repair 
(AAA) [207, 212, 226, 230, 231, 262], removal of spinal 
cord tumors [263], and spinal fracture repair [214]. How-
ever, the use of IONM for degenerative lumbar surgery, 
and in particular procedures not involving instrumentation, 
remains controversial and should be considered on a case-
by-case basis [260].

7.1.2 � Peripheral nerve and plexus monitoring

SEPs can be used to assess the functional status of periph-
eral nerves and plexuses [23–29]. They are also useful for 
identification purposes and for assessing functional continu-
ity. These anatomical structures consist of both sensory and 
motor nerve fibers. The responses recorded directly from 
these structures as a result of distal peripheral nerve stimu-
lation are compound nerve action potentials (CNAPs) and 
consist of mixed orthodromic and antidromic sensory and 
motor activity [264]. It is not until the ascending responses 
are recorded from more proximal sites over the spinal cord 
or higher that they represent true somatosensory (SEP) 
responses.

Even when nerves are not surgically exposed, their func-
tion can still be placed at risk. This can be the result of a 
surgical maneuver or of positioning [67, 70, 71, 265–271]. 
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Peripheral stimulation can be used to elicit SEP responses 
from these nerves and the resulting responses are typically 
recorded from the scalp or over the spine; sites proximal to 
where their function has been placed at risk [272]. The use 
of pudendal nerve evoked potentials provides a means of 
monitoring lower sacral nerve root function that conven-
tional SEPs provide for higher spinal levels [273]. Its use 
is also important in monitoring of cauda equina and conus 
tumor surgeries [30].

Surgical examples include the following: peripheral nerve 
repair [274], position-related ulnar nerve and brachial plexus 
dysfunction [275–277], avoidance of neuropraxia during 
shoulder arthroscopy [25], protection of sciatic nerve func-
tion during total hip arthroplasty [24, 26, 278, 279], acetabu-
lar surgeries [104], pudendal nerve monitoring for surgical 
fixation below the S1 level [273], cauda equina and conus 
tumor surgeries [30, 272], peroneal nerve stimulation at the 
top of the foot for protection of the fibular head [82] and 
saphenous nerve stimulation during lumbar spine surgery 
[85].

7.1.3 � Nerve root monitoring

Nerve root function can be assessed using monitoring tech-
niques of sensory and/or motor function [11, 20, 21, 273, 
280–284] that do not include mixed nerve stimulation. The 
SEPs that are elicited by mixed nerve stimulation are medi-
ated by several cervical or lumbo-sacral nerve roots [11] as 
they enter and ascend the spinal cord. These responses may 
appear normal despite the presence of a nerve root whose 
function is abnormal [11]. This is thought to result from the 
abnormal function being masked by the responses mediated 
by other nerve roots whose function is normal [11]. There-
fore, in order to test the function of individual nerve roots, 
body areas innervated by a single nerve root (known as 
dermatomes) can be electrically stimulated. The responses 
that result from this form of stimulation are called DSEPs. 
DSEPs have been used to intraoperatively assess nerve root 
function. They are sensitive to nerve root compression and 
mechanical manipulation [11]. However, it is questionable 
as to whether they are sensitive to nerve root decompres-
sion [11]. They can detect a misplaced pedicle screw but 
only when the screw contacts and mechanically irritates a 
nerve root. As a result, they are ineffective when no contact 
occurs [11]. In addition, DSEPs are an averaged response 
and require at least a few minutes to detect and confirm a 
mechanical insult. Whether DSEPs are an adequate intraop-
erative monitoring modality for detecting nerve root injury 
is still controversial [284]. The major shortcomings of the 
DSEP technique have been addressed by the use of motor 
pathway assessment techniques. These techniques are dis-
cussed in the ASNM MEP and EMG position statements 

[285, 286]. As a result, the intraoperative use of DSEP 
responses is now rarely if ever utilized.

Surgical examples where SEPs are used to assess nerve 
root function include: cauda equina and conus tumor 
removal [30], and the release of tethered cord [287–290]. 
However, a drawback of SEP monitoring during these proce-
dures is that there can be an overlap of an adjacent root that 
can mask a single nerve root injury as discussed above [291]. 
Surgical application examples of DSEPs have included the 
placement of pedicle screw instrumentation [11], and dur-
ing surgeries for various degenerative spine disorders [273, 
282–284].

7.1.4 � Brain monitoring

During various surgical procedures when brain function is at 
risk, it is common to monitor these procedures using SEPs 
alone or in conjunction with other IONM modalities, includ-
ing EEG and MEPs [35, 36, 44, 45, 292–312]. Loss of func-
tion can result from direct surgical insult or indirectly from 
tissue ischemia. Cases where tissue ischemia is of concern 
include craniotomies for aneurysm clipping or arteriovenous 
malformation and neck dissection for carotid endarterecto-
mies [313–315]. The location of an aneurysm will generally 
define what areas of the brain are at risk for an ischemic 
event and what SEPs may be helpful for monitoring pur-
poses. For instance, the middle cerebral artery (MCA) pro-
vides blood to the sensory area for the hand whereas the 
anterior cerebral artery (ACA) provides the blood supply to 
the sensory area for the leg. Clipping of an MCA aneurysm 
could result in a misplaced clip and compromised blood flow 
within the MCA or within lenticulostriate perforating vessels 
from the MCA that supply the thalamus and the white mat-
ter. As a result, the misplaced clip could result in a loss of 
the contralateral upper extremity SEPs but could also result 
in a loss of the lower extremity SEPs if blood flow in the per-
forating vessels is compromised. On the other hand, when 
clipping an ACA aneurysm, a misplaced clip may result 
in a significant change in the contralateral lower extremity 
SEPs with no change in the upper extremity SEPs. Such 
changes may or may not occur in conjunction with similar 
EEG changes. Carotid occlusion may affect both upper and 
lower extremity SEPs. However, it should be pointed out 
that there are limitations to the use of SEPs for vascular 
procedures. Their use is only sensitive to ischemic events 
which affect the SEP generator sites. SEPs may therefore 
be insensitive to ischemic events in other areas of the brain 
which do not receive their vascular supply from branches 
of the above-mentioned arteries. Thus, multimodal IONM, 
including SEPs, MEPs and EEG, seems optimal for many 
cerebral vascular surgeries [307, 316, 317].

Surgical examples include the following: Craniotomy 
for tumor removal [311] aneurysm repair [35, 300, 309], 
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craniotomy for vascular surgeries [294, 297, 299, 306, 313, 
315, 318], interventional procedures [111, 301] and carotid 
endarterectomy [36, 303–305, 308, 310].

7.2 � SEP mapping

7.2.1 � Spinal cord mapping

SEPs can be employed to map the spinal cord dorsal col-
umns. SEP mapping methods guide the localization of the 
dorsal median sulcus in surgery for intramedullary lesions 
when the surgical trajectory is via a dorsal myelotomy [40, 
244, 319]. SEP-dependent methods for localizing the dor-
sal median sulcus can be categorized by the site of stimu-
lation—those in which the dorsal columns are stimulated 
directly and those in which nerves in the periphery are 
stimulated [320]. The dorsal columns are directly activated 
at a low current intensity via a handheld stimulus probe or a 
specialized multi-contact spinal micro-electrode. Averaged 
SEP waveforms are obtained from scalp recordings using 
the CPi–CPc derivation corresponding to different stimu-
lated locations across the horizontal axis of the spinal cord. 
The waveforms demonstrate opposite polarity when the left 
versus the right fasciculus gracilis is activated. That is, they 
will phase reverse across the dorsal median sulcus [37, 38, 
321]. They often will also show a flattening when the stim-
ulus is applied directly at the midline. Antidromic propa-
gated potentials captured over peripheral sites elicited by 
this stimulation method may be included to simultaneously 
complement the map obtained via phase reversed cortical 
potentials [319, 322]. Alternatively, the dorsal median sulcus 
can be localized by evaluating the gradient of the amplitude 
and complexity of propagated potentials captured directly 
from the spinal cord dorsal surface following stimulation of 
distal peripheral nerves [39–41, 323]. Direct stimulation of 
and recording from the spinal cord must be performed by a 
neurophysiologist experienced in spinal cord mapping.

SEPs are also helpful in optimizing the location of spinal 
cord neuromodulation devices such as spinal cord stimula-
tors [42, 43, 324]. In this instance, the SEP collision method, 
relies on the conduction block that occurs at the site of col-
lision of action potentials traveling in opposite directions 
in the same nerve/tract [42, 43]. Spinal cord stimulator 
treatment includes a multi-contact electrode, called a pad-
dle, placed surgically on the dorsal surface of the spinal 
cord. Using an external pulse generator, the spinal cord is 
stimulated through select locations on the paddle in order to 
focally produce antidromically propagated dorsal column 
action potentials. SEPs are simultaneously elicited via stim-
ulation of distal peripheral nerves and are captured using the 
standard SEP scalp recording montage. Stimulation through 
select paddle contacts that overlie the same dorsal column 
that is activated by the peripheral stimulus, and that is also 

coincident with the ascending SEPs, will result in attenua-
tion of the cortically recorded response. This is due to the 
“collision” of the descending antidromic potentials elicited 
proximally in the spinal cord with the ascending orthodro-
mic SEP elicited distally in the periphery. This technique 
helps in the selection of the optimal paddle contacts for 
treatment [324–326].

Surgical examples include the following: mapping for 
removal of intermedullary tumors [40, 244, 319, 320] and 
vascular malformations [244], and placement of spinal neu-
romodulation devices [324–326].

7.2.2 � Brainstem and thalamic mapping

SEP pathways traverse the brainstem as they project up to 
the thalamus. Occasionally, surgery in and around the brain-
stem risks damage to these pathways and the acquisition of 
SEPs are a useful monitoring modality. However, in most 
cases, monitoring of SEPs is complementary to and perhaps 
of secondary importance to the monitoring of the function of 
various cranial nerves. SEPs have been successfully used for 
functional mapping of cavernous malformations [326]. SEPs 
can also be used to determine a safe location for making a 
thalamic lesion or implanting a deep brain stimulator in the 
thalamus for alleviating tremor in patients with Parkinson’s 
disease.

Surgical examples include the following: craniotomy for 
removal of CP angle tumor [318, 327–333], fourth ventri-
cle lesions [334], thalamotomy for decrease of Parkinsonian 
tremor [44, 335].

7.2.3 � Cortical mapping

When a brain lesion is located near the sensory-motor areas, 
it places these eloquent tissues at surgical risk. When remov-
ing a tumor, the surgical objective is to remove as much 
tumor as possible and to spare primary neural function, often 
prioritizing the motor area. It can be difficult to identify and/
or delineate these eloquent areas based on visual inspec-
tion of the cortical surface alone. Neurophysiological map-
ping using SEPs provides a functional guide to the anatomy. 
Because of their typically large amplitude and reproducible 
waveforms, recordings of upper extremity SEP are widely 
used for this purpose. They demonstrate polarity inversion 
across the central sulcus, known as phase reversal. The sen-
sory responses are recorded above the sensory and motor 
cortices.

SEPs from lower extremity nerves may also demonstrate 
phase reversal, although not as reliably as those from the 
upper extremity [336]. Lower extremity phase reversal, 
though rare, is most commonly observed within the mesial, 
interhemispheric cortex [337–341].
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SEP responses are recorded directly from the brain sur-
face using a strip or grid of recording electrodes. By record-
ing the SEP responses from each electrode contact, the 
site(s) where polarity inversion occurs is determined, indi-
cating the location of the underlying sensory and possible 
motor areas [111, 342–344]. If a phase reversal is absent or 
indiscernible, the SEP map is still helpful in localizing the 
functional cortex. For example, the contact exhibiting the 
maximum amplitude response is presumed nearest to the 
central sulcus [48, 49]. When lower extremity nerves are 
used for sensory cortical mapping, the maximum amplitude 
criteria is often the only usable parameter [341]. Finally, 
gaining additional details regarding the waveforms can aid 
in the precise characterization of the cortical homunculus. 
For example, capturing a triphasic response for the median 
and ulnar nerves indicates the electrode is positioned on the 
brain surface directly over the neurophysiological generators 
for those nerves; thus, permitting the capture of the addi-
tional P25 peak [79, 345–347].

Adding a scalp derivation, such as those typically used 
for SEP monitoring, to the cortical mapping montage helps 
to discern the polarity of the cortically recorded responses. 
It is important to remember that, due to the paradoxical lat-
erization observed for posterior tibial SEPs, P37 is observed 
ipsilateral to the activated limb because the dipole is towards 
that side. When performing lower SEP sensory mapping, 
one should take into consideration paradoxical lateralization 
[341, 348–351].

Activating the SEP pathway for cortical mapping pur-
poses is the same as for IONM monitoring. The appropriate 
nerve depends on the location of the surgery and the tissue 
at risk. The stimulated limb is contralateral to the side of the 
surgery. An upper extremity versus a lower extremity nerve 
may be selected roughly for lateral versus medial mapping. 
Due to the high signal-to-noise ratio, the required number 
of trials per average for mapping is much less than for moni-
toring. For recording, typically, each contact of the elec-
trode serves as the active input of the derivation, and a scalp 
electrode, such as Fpz or Fz, serves as the reference. Less 
commonly, each electrode contact is paired with the adja-
cent contact in a bipolar montage. The referential montage 
is preferred for the more stereotypical responses that make 
the determination of a phase reversal more apparent. How-
ever, the bipolar montage provides more focal information. 
The filters and amplifier settings should be adjusted accord-
ingly. The vertical display parameters should be adjusted, 
taking into consideration the larger amplitude responses that 
are commonly recorded from the brain surface compared to 
scalp-recorded SEPs [79].

Sensory mapping has and continues to be widely uti-
lized to identify the central sulcus, and as a result, its use 
has helped to efficiently localize the primary motor cortex 
as well. In some centers, where pre-operative functional 

imaging and cortical mapping are extensively utilized, the 
use of sensory mapping is largely being supplanted by the 
sole use of cortical stimulation for mapping of the motor 
cortex directly. However, when clear motor responses cannot 
be obtained, the use of sensory mapping becomes indispen-
sable for localization of eloquent tissues [352].

Surgical examples include the following: mapping of the 
sensory, motor and/or language cortices for tumor/cystic 
lesion removal [48, 79, 111, 336, 337, 341–343, 352], for 
repair of arterial and venous malformations [79, 336, 337], 
placement of aneurysm clips [337], and resection of epilep-
togenic foci [348, 353].

8 � Interpretation and correlation 
with outcomes

8.1 � Alarm or alert criteria

Despite the use of SEP monitoring for over four decades, the 
designation of appropriate alarm or warning criteria for their 
use remains controversial. Early reports regarding the use of 
SEPs for spinal cord monitoring suggested a 10% increase 
in latency of the primary SEP cortical response (i.e., N20 or 
P37), and/or a decrease of more than 50% in cortical peak to 
peak amplitude from baseline that is sustained for more than 
10 min should be considered alarm criteria for the possible 
onset of a neurologic compromise and a basis for interven-
tion [3, 354–356]. Over time, these alarm criteria became 
the traditional alarm or warning criteria for SEP changes. 
However, they were largely established based on empiri-
cal findings and, as they came to be more widely utilized, 
there were reports that some patients can routinely have 
EP changes which exceed these alarm criteria without any 
postoperative deficits [297, 357–359]. Since that time, it has 
been suggested that the traditional alarm criteria overempha-
size latency prolongation and fail to consider baseline drift 
or reproducibility [22, 50]. If baseline drift is not taken into 
account, false positives or negatives can arise when ampli-
tude decrements are compared to early baseline responses 
rather than more recent pre-change response amplitudes [22, 
50].

The magnitude of an amplitude decrement needed to be 
significant and clearly non-random varies with established 
reproducibility. The reproducibility of SEPs can markedly 
influence the reliability of monitoring. A 50% amplitude loss 
has been considered an appropriate warning criterion but, in 
some cases, its use risks false negative findings with surgi-
cally related decrements less than 50% or false positives with 
non-reproducible signals [50]. Thus, some have argued that 
when reproducibility is high, warning criteria of less than 
50% can be effectively used [50]. Recently, recommended 
adaptive warning criteria have included visually obvious 
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amplitude reductions from recent pre-changed values and 
clearly exceeding variability, particularly when abrupt and 
focal [22]. It has also been suggested that warning crite-
ria should be different for healthy patients and those with 
impaired spinal cord function [215] because patients with 
preexisting neurological deficits tend to have unstable and 
variable SEPs in terms of their latency and amplitude meas-
urements [215, 355, 359]. In some patients, amplitude vari-
ability is greater than 50% and such spontaneous variations 
in SEP amplitude are sufficient to obscure those caused by 
surgical intervention [359]. In addition, there may be certain 
patients or situations for which reliable monitoring cannot 
be accomplished and the use of the simple warning crite-
ria for significant intraoperative SEP changes (10% latency 
increase, 50% amplitude loss) is relatively ineffective [359]. 
For such patients with high variability and weak amplitudes, 
it is suggested that they may not be well protected by SEP 
monitoring [359]. Such may be the case even when record-
ing montages have been optimized with regard to signal-
to-noise ratios. Nevertheless, since early on, the traditional 
arbitrarily set warning criteria for SEP response changes 
continue to be referred to and utilized even to the present 
day [356, 360–362]. Despite their empirical basis as alert 
criteria, when such changes do occur, they should be consid-
ered a cause for concern resulting in heightened vigilance.

The risk of a clinical deficit associated with a pathologic 
decrement varies with its reversibility. Quickly reversible 
(less than 30 to 40 min) decrements usually, but do not 
always, predict the absence of new postoperative deficits. 
However, such deficits become more likely with protracted 
(greater than 40 to 60 min) and especially irreversible decre-
ments [22, 191, 359, 363].

8.2 � Confounding factors

It has long been recognized that spontaneous variations in 
SEP waveforms occur, and these variations may complicate 
SEP interpretation and do not necessarily imply surgical 
neurologic system trespass [364]. A variety of systemic 
and local factors can cause SEP variation, and the impact 
of some primary causative factors—anesthetic agents and 
physiological parameters—is discussed above (see Sect. 6). 
A local factor well-recognized to impact SEP waveforms 
is regional temperature changes, such as from cold irriga-
tion-fluid [195]. In addition, SEP response variability has 
been found to be a function of patient diagnosis, neuro-
muscular status, age, and procedural approach during spine 
surgery [359]. If the degree of variability is large, it may 
in some cases severely limit the reliability and usefulness 
of spinal cord monitoring in detecting early cord compro-
mise [359]. Confounding factors and their contribution to 
spontaneous variations in SEP waveforms emphasizes the 
necessity of considering the full context of intraoperative 

factors, medical comorbidities, and surgical events in the 
interpretation of SEPs.

8.3 � Clinical outcome analysis

The ideational framework for interpreting SEP results can 
be equivocal, particularly when considering reversible sig-
nal changes [365]. Conceptually, true positive results and 
true negative SEP results are straightforward. A true posi-
tive describes a situation in which there is a persistent sig-
nificant change in the evoked potential and, upon anesthetic 
emergence, the patient exhibits a postoperative neurologic 
deficit in the corresponding anatomic area. For a true nega-
tive, on the other hand, there are no significant changes in the 
evoked potential during the case and no corresponding post-
operative deficits. Confusion has ensued in the literature over 
false positives and false negatives, however [209, 219]. A 
significant change in evoked potential that leads to a change 
in surgical and/or physiological management (e.g., elevation 
of the blood pressure) with a resulting improvement in the 
evoked potential and no postoperative deficit is a true posi-
tive (or could be called a transient true positive or reversible 
true positive) since the report of the signal change assisted 
in patient management to avert permanent postoperative 
injury. This is not a false positive because a unique, cus-
tomized patient management strategy was triggered by the 
IONM alert, that then demonstrated reversibility and no cor-
relative postoperative neurologic deficit [209]. Biological 
plausibility, temporal association, and strength of associa-
tion can all be used to support causation between manage-
ment, intervention and evoked potential recovery/reversibil-
ity [365]. Another example of a transient true or reversible 
true positive exists in the case of emerging peripheral nerve 
injuries related to positioning [265]. A signal change that 
triggers an adjustment of patient positioning with improve-
ment or resolution of the evoked potential and no postopera-
tive peripheral nerve dysfunction would be a true positive. 
Finally, a postoperative neurological deficit in a pathway 
not monitored by SEPs is not a false negative (the modality 
simply cannot assess for that deficit, such as in an isolated 
motor pathway). In this instance, the need for multimodal-
ity and multi-foci monitoring to increase IONM sensitivity 
is thus highlighted [219].

9 � Safety and technical considerations

9.1 � Electrical safety and maintenance

The selection and operation of any device used for neu-
romonitoring purposes should conform to the recommen-
dations set forth by the ASNM [366], AEEGS [13], ASET 
[14], and the ACNS [367]. Interested parties are encouraged 
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to review the appropriate sections contained in these docu-
ments and other publications [100]. Routine equipment 
maintenance, the evaluation of leakage current, and an 
inspection of the overall electrical integrity of the equip-
ment should be routinely performed on a regular basis, as 
required by the manufacturer or by the biomedical engineer-
ing protocol at a given institution [100]. In cases when faulty 
or malfunctioning equipment is suspected, the equipment 
should not be used until an inspection and any necessary 
repair has been performed.

9.2 � General infection control guidelines

General infection control procedures for personnel, equip-
ment and electrodes should be consistent with those previ-
ously published [100, 366] as well as the policy and proce-
dures of the individual institution. Equipment used in the 
OR should be protected from contamination or exposure to 
body fluids. Neuromonitoring and ancillary equipment such 
as cables and the boxes used for stimulation and recording 
purposes should be cleaned with an appropriate disinfect-
ant after each case. Disposable subdermal needle electrodes 
once used should be disposed of in the appropriate sharps’ 
disposal container.

9.3 � Risks

The use of subdermal needle electrodes for both stimulation 
and recording has become commonplace largely because 
of their effectiveness and OR time constraints. However, as 
discussed earlier, their use is associated with risks which 
include needle stick injuries with possible infections for 
the monitoring and other hospital staff members and/or the 
patient [14, 50, 368, 369]. IONM personnel should adhere 
to standard precautions which guard against the risk of acci-
dental exposure to blood and bodily fluids.

For the patient, burns can occur at the electrode sites if 
the electrocautery device is not properly grounded [94, 369, 
370]. In addition, invasive subdural or epidural electrodes 
often used for spinal recordings and brain or dorsal column 
mapping, may be associated with risks of hemorrhage, 
trauma, or infection [50].

10 � Documentation

10.1 � Chart note

A report or chart note should be generated for the patient’s 
medical record indicating that monitoring was performed dur-
ing the surgical procedure. The report or chart note should 
describe what function was monitored, how the monitoring 
was performed, what information the monitoring provided, 

and should also include any other information that was relevant 
to the medical status of the patient. Any information relevant to 
the well-being of the patient must be shared with other health 
care professionals for continuing care reasons. Therefore, the 
report should be completed as soon as possible. Even if this 
report is not completed prior to the patient leaving the OR, the 
neuromonitoring team should be certain that all relevant moni-
toring data has been communicated to the physicians caring 
for the patient. Specifically, aside from information conveyed 
during the surgical procedure, this should include the status 
of the monitored responses relative to the baseline responses 
obtained during the surgical procedure.

10.2 � Monitoring data

All the SEP data traces and other information that are acquired 
during monitoring should be saved electronically and/or 
printed for possible later review. The monitoring records 
should include detailed information such as demographic data, 
diagnosis and type of surgery, equipment and neuromonitoring 
procedures, neuromonitoring personnel, intraoperative events, 
and clinical outcome, if available. When possible, great care 
should be taken to acquire artifact free SEP responses prior to, 
during, and after various routine and critical surgical events. In 
addition, relevant physiological variables (e.g. blood pressure, 
temperature), anesthetic agents and levels, significant SEP 
changes, any critical alerts or alarms to the surgeon and anes-
thesia provider, the event log (electronic comments entered 
by the technologist) and the chat log (real-time conversation 
between the technologist and individual providing professional 
IONM oversight), the responses of the surgeon to any data 
supplied and any interventions or changes in surgical or anes-
thetic care based on the IONM should all be appropriately 
documented in the electronic file or on the hardcopy, if needed, 
of the SEP response traces and/or the log of the neuromoni-
toring remarks for each patient [12, 13, 366, 371]. Though 
the requirements of what data needs to be saved, where it is 
to be saved, and for how long is dictated by state law, and 
that some hospital’s policies regarding medical record stor-
age exceed state requirements, it is recommended that all data 
be saved. The Centers for Medicare and Medicaid Services 
(CMS) determine the medical record retention policy at the 
federal level. It requires medical facilities to maintain medical 
records for seven years from the date of service. The facility, 
itself, doesn’t have to do the record-keeping as it can be done 
by a third party [372].

10.3 � Structure of the neuromonitoring team

10.3.1 � Staffing practice patterns

Staffing models for IONM vary greatly across institutions. 
IONM may be divided into two levels of service delivery: 
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professional/supervisory and technical [209]. The ASNM 
recognizes the importance of appropriately qualified 
IONM personnel to provide professional oversight as well 
as to perform the monitoring tasks. Individuals performing 
or supervising IONM services should have gained appro-
priate education, training, experience, and certification of 
competency prior to practicing in a clinical setting. The 
ASNM has published IONM personnel qualifications. In 
order to address this issue, the ASNM has published prac-
tice guidelines for the supervising professionals oversee-
ing IONM and refers the reader to these documents [366, 
373–377].

10.3.2 � Credentials of the neuromonitoring team

A recently published joint position statement by the 
ASNM, ACNS, American Association of Neuromuscu-
lar and Electroneurodiagnostic Medicine (AANEM) and 
ASET provides the guidelines for qualifications of neuro-
diagnostic personnel [377].

As referenced in these guidelines, there are several 
organizations which offer credentials at the professional/
supervisory level. These include the American Board of 
Neurophysiologic Monitoring (ABNM), which grants rec-
ognition as a Diplomate (DABNM), the American Board 
of Psychiatry and Neurology (ABPN) which grants a status 
as “Certification in the Subspecialty of Clinical Neuro-
physiology”, the American Board of Clinical Neurophysi-
ology (ABCN) which grants a certification “with special 
competency in intraoperative neuromonitoring”, and the 
American Board of Electrodiagnostic Medicine (ABEM) 
which provides a Diplomate certification in neurophysi-
ology concentrating on EMG and evoked potentials. 
The American Speech-Language-Hearing Association’s 
(ASHA)’s American Audiology Board of Intraoperative 
Monitoring (AABIOM) offers BCS-IOM (Board Certifica-
tion in Intraoperative Monitoring) [378].

Also referenced in the joint guidelines [377] for those 
seeking certification at the technical level, the American 
Board of Registry for Electroneurodiagnostic Technolo-
gists (ABRET) offers Certification in Intraoperative Moni-
toring (CNIM). Criteria for ABRET certification can be 
found at their website [379]. ASET has also published 
national competency skill standards for performing IONM 
[376].

In addition to having appropriate credentials and dem-
onstrating competency in IONM, the ASNM recognizes 
the value of continuing education, as well as the devel-
opment of institutional policies and procedures which 
include scope-of-practice, duties related to both techni-
cal and professional aspects of practice, and interpersonal 
communications.

11 � Summary and recommendations

This ASNM position statement can be interpreted as 
providing guidelines for the acquisition and application 
of intraoperative SEP responses. Guidelines are recom-
mendations for patient management that may identify a 
particular strategy or range of management strategies that 
reflect moderate clinical certainty [366]. The recommen-
dations of the ASNM regarding the use of SEPs are based 
on a standardized set of terminology adopted for evaluat-
ing the strength of evidence and the grades of recommen-
dations [22, 380].

The definitions of the quality of evidence ratings and 
the strength of recommendation ratings are as follows:

Class I. Evidence provided by one or more well-designed, 
prospective, blinded, controlled clinical studies.
Class II. Evidence provided by one or more well-designed 
clinical studies such as case control, cohort studies, etc.
Class III. Evidence provided by expert opinion, non-rand-
omized historical controls, or case reports of one or more.

The strength of recommendation ratings are as follows:

Type A. Strong positive recommendation, based on 
Class I evidence, or overwhelming Class II evidence.
Type B. Positive recommendation, based on Class II 
evidence.
Type C. Positive recommendation, based on strong con-
sensus of Class III evidence.
Type D. Negative recommendation, based on inconclu-
sive or conflicting Class II evidence.
Type E. Negative recommendation, based on evidence 
of ineffectiveness or lack of efficacy.
Type U: No recommendation, based on divided expert 
opinion or insufficient data.

A.	 The acquisition and interpretation of intraoperative 
SEPs should be performed by individuals (Class 
III evidence, strong Type C recommendation) with 
the technical and professional qualifications speci-
fied in the ASNM guidelines published in 2019 and 
the more recent joint guidelines published by the 
ASNM, ACNS, AANEM, and ASET [375, 377].

B.	 Based on current clinical literature and clinical and 
scientific evidence, SEPs are an established intra-
operative monitoring modality for either localizing 
the human sensorimotor cortex and dorsal columns 
or assessing the function of the somatosensory path-
ways during surgical procedures in the spinal cord 
and brain. (Class II and III evidence, Type A recom-
mendation)
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C.	 On the basis of current clinical literature and the 
opinions of most experts, SEPs have limitations as 
an intraoperative monitoring tool. These include the 
following:

1.	 SEPs are an effective means of monitoring cor-
tical function during various cerebrovascular 
surgical procedures (i.e., carotid endarterecto-
mies, clipping of intracranial aneurysms of the 
anterior vessels of the circle of Willis). Other 
monitoring techniques such as analog and com-
puter-processed EEG, MEPs and/or transcra-
nial doppler techniques may provide additional 
information in the appropriate clinical situation 
(Class II and III evidence, Type B recommenda-
tion)

2.	 SEPs may provide indirect information about 
motor pathway function. Other techniques that 
directly monitor motor pathway function may 
provide additional information in the appropri-
ate clinical situation. (Class II and III evidence, 
Type B recommendation)

3.	 SEPs are affected by commonly used anesthetic 
drugs and physiological parameters. This is 
particularly true for cortical SEP responses and 
less so for subcortical and peripheral responses. 
Monitoring of spinal cord and cerebral function 
should include the following:

a.	 The use of cortical and subcortical record-
ing sites. (Class II evidence, Strong Type B 
recommendation)

b.	 Documentation of anesthetic dosages and 
physiological parameters. (Class II evi-
dence, Strong Type B recommendation)

4.	 The sensitivities of mixed nerve SEPs and der-
matomal SEPs (DSEPs) for assessing spinal 
nerve root function are controversial (Class III 
evidence, Type E recommendation). Other tech-
niques may be more efficacious in monitoring 
nerve root function in the appropriate clinical 
situation.

Author contributions  This manuscript was prepared upon the direc-
tion of the Guidelines and Standards Committee of the ASNM. Each 
of the authors equally researched and compiled appropriate literature 
and contributed to the preparation, critical evaluation and editing of 
the manuscript. This manuscript was prepared upon the direction of 
the Guidelines and Standards Committee of the ASNM. Each of the 
authors (J.R.T., C.P., F.R.J., L.B.H, and S.C.T.) equally researched 

and compiled appropriate literature and contributed to the preparation, 
critical evaluation and editing of the manuscript.

Funding  The authors declare that no funds, grants, or other support 
were received during the preparation of this manuscript.

Data availability  No datasets were generated or analysed during the 
current study.

Declarations 

Competing interests  Drs. Pace, Jahangiri, Hemmer and Mrs. Toleikis 
have no relevant financial or non-financial interests to disclose. Dr. 
Toleikis also does not have any financial interests to disclose. However, 
in regards to non-financial interests, Dr. Toleikis discloses that he is 
an editor for the Neuromonitoring section of the Journal of Clinical 
Monitoring and Computing and as such, recuses himself from any of 
the journal’s decision-making processes related to this manuscript. Drs. 
Pace, Jahangiri, Hemmer and Mrs. Toleikis have no relevant financial 
or non-financial interests to disclose. Dr. Toleikis also does not have 
any financial interests to disclose. However, in regards to non-financial 
interests, Dr. Toleikis discloses that he is an editor for the Neuromoni-
toring section of the Journal of Clinical Monitoring and Computing 
and as such, recuses himself from any of the journal’s decision-making 
processes related to this manuscript.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Larson SJ, Sances A Jr. Evoked potentials in man: neurosurgical 
applications. Am J Surg. 1966;111(6):857–61. https://​doi.​org/​10.​
1016/​0002-​9610(66)​90189-9.

	 2.	 McCallum JE, Bennett MH. Electrophysiologic monitoring of 
spinal cord function during intraspinal surgery. Surg Forum. 
1975;26:469–71.

	 3.	 Nash CL, Lorig RA, Schatzinger LA, Brown RH. Spinal cord 
monitoring during operative treatment of the spine. Clin Orthop 
Relat Res. 1977;126:100–5.

	 4.	 Tamaki T, Kubota S. History of the development of intraopera-
tive spinal cord monitoring. Eur Spine J. 2007;16(Suppl 2):S140-
6. https://​doi.​org/​10.​1007/​s00586-​007-​0416-9.

	 5.	 Larson SJ, Sances AJ Jr, Christenson PC. Evoked somatosensory 
potentials in man. Arch Neurol. 1966;15(1):88–93. https://​doi.​
org/​10.​1001/​archn​eur.​1966.​00470​13009​2010.

	 6.	 Engler GL, Spielholz NJ, Bernhard WN, Danziger F, Merkin 
H, Wolff T. Somatosensory evoked potentials during Har-
rington Instrumentation for scoliosis. J Bone Joint Surg Am. 
1978;60(4):528–32.

	 7.	 Cunningham JN, Laschinger JC, Merkin HA, Nathan IM, Colvin 
S, Ransohoff J, et al. Measurement of spinal cord ischemia during 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/0002-9610(66)90189-9
https://doi.org/10.1016/0002-9610(66)90189-9
https://doi.org/10.1007/s00586-007-0416-9
https://doi.org/10.1001/archneur.1966.00470130092010
https://doi.org/10.1001/archneur.1966.00470130092010


	 Journal of Clinical Monitoring and Computing

operations upon the thoracic aorta: Initial clinical experience. 
Ann Surg. 1982;196(3):285–96. https://​doi.​org/​10.​1097/​00000​
658-​19820​9000-​00007.

	 8.	 Cunningham JN, Laschinger JC, Spencer FC. Monitoring of 
somatosensory evoked potentials during surgical procedures on 
the thoracoabdominal aorta. IV. Clinical observations and results. 
J Thorac Cardiovasc Surg. 1987;94(2):275–85.

	 9.	 Cushman L, Brinkman SD, Ganji S, Jacobs LA. Neurophysi-
ological impairment after carotid endarterectomy correlates with 
intraoperative ischemia. Cortex. 1984;20(3):403–12. https://​doi.​
org/​10.​1016/​S0010-​9452(84)​80008-8.

	 10.	 Lopez JR, Chang SD, Steinberg GK. The use of electrophysiolog-
ical monitoring in the intraoperative management of intracranial 
aneurysms. J Neurol Neurosurg Psychiatry. 1999;66(2):189–96. 
https://​doi.​org/​10.​1136/​jnnp.​66.2.​189.

	 11.	 Toleikis JR, Carlvin AO, Shapiro DE, Schafer MF. The use of 
dermatomal evoked responses during surgical procedures that 
use intrapedicular fixation of the lumbosacral spine. Spine (Phila 
Pa). 1993;18(16):2401–7. https://​doi.​org/​10.​1097/​00007​632-​
19931​2000-​00006.

	 12.	 AEEGS. American Electroencephalographic Society guidelines 
for intraoperative monitoring of sensory evoked potentials. J Clin 
Neurophysiol. 1987;4(4):397–416.

	 13.	 AEEGS. Guideline eleven: guidelines for intraoperative 
monitoring of sensory evoked potentials. Clin Neurophysiol. 
1994;11(1):77–87.

	 14.	 ASET. American Society of Electroneurodiagnostic Tech-
nologists, Inc, Guidelines on intraoperative electroencepha-
lography for technologists. Am J Electroneurodiagn Technol. 
1998;38(3):204–25. https://​doi.​org/​10.​1080/​10865​08X.​1998.​
11079​229.

	 15.	 OSET. International Organization of Societies for Electrophysi-
ological Technology (OSET). Guidelines for performing EEG 
and evoked potential monitoring during surgery. Am J END 
Technol. 1999;39(4):257–77. https://​doi.​org/​10.​1080/​10865​08X.​
1999.​11079​270.

	 16.	 Nuwer MR, Daube J, Fischer C, Schramm J, Yingling CD. 
Neuromonitoring during surgery. Report of an IFCN commit-
tee. Electroencephalogr Clin Neurophysiol. 1993;87(5):263–76. 
https://​doi.​org/​10.​1016/​0013-​4694(93)​90179-y.

	 17.	 American Clinical Neurophysiology Society. Guideline 9D: 
guidelines on short-latency somatosensory evoked potentials. J 
Clin Neurophysiol. 2006;23(2):168–79. https://​doi.​org/​10.​1097/​
00004​691-​20060​4000-​00013.

	 18.	 American Clinical Neurophysiology Society. www.​acns.​org. 
2009. Available from: https://​www.​acns.​org/​pdf/​guide​lines/​
Guide​line-​11B.​pdf. Accessed 11 Feb 2024.

	 19.	 Nuwer MR, Emerson RG, Galloway G, Legatt AD, Lopez J, 
Minahan R, et al. Evidence-based guideline update: intraop-
erative spinal monitoring with somatosensory and transcranial 
electrical motor evoked potentials: report of the Therapeutics and 
Technology Assessment Subcommittee of the American Acad-
emy of Neurology and the ACNS. Neurology. 2012;78(8):585–9. 
https://​doi.​org/​10.​1212/​WNL.​0b013​e3182​47fa0e.

	 20.	 Toleikis JR. Intraoperative monitoring using somatosensory 
evoked potentials. A position statement by the American Soci-
ety of Neurophysiological Monitoring. J Clin Monit Comput. 
2005;19(3):241–58. https://​doi.​org/​10.​1007/​s10877-​005-​4397-0.

	 21.	 Toleikis JR. Intraoperative monitoring using somatosensory 
evoked potentials. A position statement by the American Society 
of Neurophysiological Monitoring. 2010. https://​www.​asnm.​org/​
assets/​docs/​sep.​pdf. Accessed 5 July 2022

	 22.	 MacDonald DB, Dong C, Quatrale R, Sala F, Skinner S, Soto F, 
et al. Recommendations of the International Society of Intraoper-
ative Neurophysiology for intraoperative somatosensory evoked 

potentials. Clin Neurophysiol. 2019;130(1):161–79. https://​doi.​
org/​10.​1016/j.​clinph.​2018.​10.​008.

	 23.	 Mahla ME, Long DM, McKennett J, Green C, McPherson RW. 
Detection of brachial plexus dysfunction by somatosensory 
evoked potential monitoring—a report of two cases. Anesthe-
siology. 1984;60(3):248–52. https://​doi.​org/​10.​1097/​00000​542-​
19840​3000-​00019.

	 24.	 Nercessian OA, Gonzalez EG, Stinchfield FE. The use of soma-
tosensory evoked potentials during revision or reoperation for 
total hip arthroplasty. Clin Orthop Relat Res. 1989;243:138–42.

	 25.	 Pitman MI, Nainzadeh N, Ergas E, Springer S. The use of soma-
tosensory evoked potentials for detection of neuropraxia during 
shoulder arthroscopy. Arthroscopy. 1988;4(4):250–5. https://​doi.​
org/​10.​1016/​s0749-​8063(88)​80039-2.

	 26.	 Porter SS, Black DJ, Reckling FW, Mason J. Intraoperative 
cortical somatosensory evoked potentials for detection of sci-
atic neuropathy during total hip arthroplasty. J Clin Anesth. 
1989;1(3):170–6. https://​doi.​org/​10.​1016/​0952-​8180(89)​
90037-8.

	 27.	 Prielipp RC, Morell RC, Walker FO, Santos CC, Bennett J, But-
terworth J. Ulnar nerve pressure: influence of arm position and 
relationship to somatosensory evoked potentials. Anesthesiology. 
1999;91(2):345–54. https://​doi.​org/​10.​1097/​00000​542-​19990​
8000-​00006.

	 28.	 Gu B, Xie F, Jiang H, Shen G, Li Q. Repair of electrically injured 
median nerve with the aid of somatosensory evoked potential. 
Microsurgery. 2009;29(6):449–55. https://​doi.​org/​10.​1002/​micr.​
20631.

	 29.	 Salengros JC, Pandin P, Schuind F, Vandersteene A. Intraop-
erative somatosensory evoked potentials to facilitate peripheral 
nerve release. Can J Anaesth. 2006;53(1):40–5. https://​doi.​org/​
10.​1007/​BF030​21526.

	 30.	 Kothbauer KF, Deletis V. Intraoperative neurophysiology 
of the conus medullaris and cauda equina. Childs Nerv Syst. 
2010;26(2):247–53. https://​doi.​org/​10.​1007/​s00381-​009-​1020-6.

	 31.	 Jones SJ, Edgar MA, Ransford AO, Thomas NP. A system for 
electrophysiological monitoring of the spinal cord during opera-
tions for scoliosis. J Bone Jt Surg Br. 1983;65(2):134–9. https://​
doi.​org/​10.​1302/​0301-​620X.​65B2.​68266​15.

	 32.	 Macon JB, Poletti CE. Conducted somatosensory and evoked 
potentials during spinal surgery. Part I: control conduction veloc-
ity measurements. J Neurosurg. 1982;57(3):349–53. https://​doi.​
org/​10.​3171/​jns.​1982.​57.3.​0349.

	 33.	 Nuwer MR, Dawson E. Intraoperative evoked potential monitor-
ing of the spinal cord: enhanced stability of cortical recordings. 
Electroenceph Clin Neurophysiol. 1984;59(4):318–27. https://​
doi.​org/​10.​1016/​0168-​5597(84)​90049-2.

	 34.	 Hargadine JR, Snyder E. Brain stem somatosensory evoked 
potentials: application in the operating room and intensive care 
unit. Bull Los Angeles Neurol Soc. 1982;47:62–75.

	 35.	 Friedman WA, Chadwick GM, Frank MA, Verhoeven JS, Mahla 
M, Day AL. Monitoring of somatosensory evoked potentials 
during surgery for middle cerebral artery aneurysms. Neurosur-
gery. 1991;29(1):83–8. https://​doi.​org/​10.​1097/​00006​123-​19910​
7000-​00014.

	 36.	 Lam AM, Manninen PH, Ferguson GG, Nantau W. Monitor-
ing electrophysiologic function during carotid endarterectomy: 
a comparison of somatosensory evoked potentials and conven-
tional electroencephalogram. Anesthesiology. 1991;75(1):15–21. 
https://​doi.​org/​10.​1097/​00000​542-​19910​7000-​00004.

	 37.	 Simon MV, Chiappa KH, Borges LF. Phase reversal of soma-
tosensory evoked potentials triggered by gracilis tract stimula-
tion: case report of a new technique for neurophysiologic dorsal 
column mapping. Neurosurgery. 2012;70(3):E783–8. https://​doi.​
org/​10.​1227/​NEU.​0b013​e3182​2e0a76.

https://doi.org/10.1097/00000658-198209000-00007
https://doi.org/10.1097/00000658-198209000-00007
https://doi.org/10.1016/S0010-9452(84)80008-8
https://doi.org/10.1016/S0010-9452(84)80008-8
https://doi.org/10.1136/jnnp.66.2.189
https://doi.org/10.1097/00007632-199312000-00006
https://doi.org/10.1097/00007632-199312000-00006
https://doi.org/10.1080/1086508X.1998.11079229
https://doi.org/10.1080/1086508X.1998.11079229
https://doi.org/10.1080/1086508X.1999.11079270
https://doi.org/10.1080/1086508X.1999.11079270
https://doi.org/10.1016/0013-4694(93)90179-y
https://doi.org/10.1097/00004691-200604000-00013
https://doi.org/10.1097/00004691-200604000-00013
http://www.acns.org
https://www.acns.org/pdf/guidelines/Guideline-11B.pdf
https://www.acns.org/pdf/guidelines/Guideline-11B.pdf
https://doi.org/10.1212/WNL.0b013e318247fa0e
https://doi.org/10.1007/s10877-005-4397-0
https://www.asnm.org/assets/docs/sep.pdf
https://www.asnm.org/assets/docs/sep.pdf
https://doi.org/10.1016/j.clinph.2018.10.008
https://doi.org/10.1016/j.clinph.2018.10.008
https://doi.org/10.1097/00000542-198403000-00019
https://doi.org/10.1097/00000542-198403000-00019
https://doi.org/10.1016/s0749-8063(88)80039-2
https://doi.org/10.1016/s0749-8063(88)80039-2
https://doi.org/10.1016/0952-8180(89)90037-8
https://doi.org/10.1016/0952-8180(89)90037-8
https://doi.org/10.1097/00000542-199908000-00006
https://doi.org/10.1097/00000542-199908000-00006
https://doi.org/10.1002/micr.20631
https://doi.org/10.1002/micr.20631
https://doi.org/10.1007/BF03021526
https://doi.org/10.1007/BF03021526
https://doi.org/10.1007/s00381-009-1020-6
https://doi.org/10.1302/0301-620X.65B2.6826615
https://doi.org/10.1302/0301-620X.65B2.6826615
https://doi.org/10.3171/jns.1982.57.3.0349
https://doi.org/10.3171/jns.1982.57.3.0349
https://doi.org/10.1016/0168-5597(84)90049-2
https://doi.org/10.1016/0168-5597(84)90049-2
https://doi.org/10.1097/00006123-199107000-00014
https://doi.org/10.1097/00006123-199107000-00014
https://doi.org/10.1097/00000542-199107000-00004
https://doi.org/10.1227/NEU.0b013e31822e0a76
https://doi.org/10.1227/NEU.0b013e31822e0a76


Journal of Clinical Monitoring and Computing	

	 38.	 Nair D, Kumaraswamy VM, Braver D, Kilbride RD, Borges LF, 
Simon MV. Dorsal column mapping via phase reversal method: 
the refined technique and clinical applications. Neurosurgery. 
2014;74(4):437–46. https://​doi.​org/​10.​1227/​NEU.​00000​00000​
000287.

	 39.	 Deletis V, Bueno De Camargo A. Interventional neurophysio-
logical mapping during spinal cord procedures. Stereotact Funct 
Neurosurg. 2001;77(1):25–8. https://​doi.​org/​10.​1159/​00006​4585.

	 40.	 Yanni DS, Ulkatan S, Deletis V, Barrenechea IJ, Sen C, Perin 
NI. Utility of neurophysiological monitoring using dorsal col-
umn mapping in intramedullary spinal cord surgery. J Neurosurg 
Spine. 2010;12(6):623–8. https://​doi.​org/​10.​3171/​2010.1.​SPINE​
09112.

	 41.	 Scibilia A, Terranova C, Rizzo V, Raffa G, Morelli A, Esposito F, 
et al. Intraoperative neurophysiological mapping and monitoring 
in spinal tumor surgery: sirens or indispensable tools? Neurosurg 
Focus. 2016;41(2):E18. https://​doi.​org/​10.​3171/​2016.5.​FOCUS​
16141.

	 42.	 Balzer JR, Tomycz ND, Crammond DJ, Habeych M, Thriumala 
PD, Urgo L, et al. Localization of cervical and cervicomedul-
lary stimulation leads for pain treatment using median nerve 
somatosensory evoked potential collision testing. J Neurosurg. 
2011;114(1):200–5. https://​doi.​org/​10.​3171/​2010.5.​JNS09​1640.

	 43.	 Shils JL, Arle JE. Neuromonitoring for spinal cord stimula-
tion lead placement under general anesthesia. J Clin Neurol. 
2018;14(4):444–53. https://​doi.​org/​10.​3988/​jcn.​2018.​14.4.​444.

	 44.	 Celesia GG. Somatosensory evoked potentials recorded directly 
from human thalamus and Sm I cortical area. Arch Neurol. 
1979;36(7):399–405. https://​doi.​org/​10.​1001/​archn​eur.​1979.​
00500​43002​9003.

	 45.	 Kelly DL Jr, Goldring S, O’Leary JL. Averaged evoked soma-
tosensory responses from exposed cortex of man. Arch Neurol. 
1965;13:1–9. https://​doi.​org/​10.​1001/​archn​eur.​1965.​00470​01000​
5001.

	 46.	 Lueders H, Lesser RP, Hahn J, Dinner DS, Klem G. Cortical 
somatosensory evoked potentials in response to hand stimula-
tion. J Neurosurg. 1983;58(6):885–94. https://​doi.​org/​10.​3171/​
jns.​1983.​58.6.​0885.

	 47.	 Allison T, McCarthy G, Wood CC, Darcey TM, Spencer DD, 
Williamson PD. Human cortical potentials evoked by stimulation 
of the median nerve. I. Cytoarchitectonic areas generating short-
latency activity. J Neurophysiol. 1989;62(3):694–710. https://​doi.​
org/​10.​1152/​jn.​1989.​62.3.​694.

	 48.	 Romstöck J, Fahlbusch R, Ganslandt O, Nimsky C, Strauss 
C. Localisation of the sensorimotor cortex during surgery 
for brain tumors: feasibility and waveform patterns of soma-
tosensory evoked potentials. J Neurol Neurosurg Psychiatry. 
2002;72(2):221–9. https://​doi.​org/​10.​1136/​jnnp.​72.2.​221.

	 49.	 Wood CC, Spencer DD, Allison T, McCarthy G, Williamson PD, 
Goff WR. Localization of human sensorimotor cortex during 
surgery by cortical surface recording of somatosensory evoked 
potentials. J Neurosurg. 1988;68(1):99–111. https://​doi.​org/​10.​
3171/​jns.​1988.​68.1.​0099.

	 50.	 MacDonald DB. Monitoring somatosensory evoked potentials. 
In: Deletis V, Shils JL, Sala F, Seidel K, editors. Neurophysiol-
ogy in neurosurgery: a modern approach. 2nd ed. New York: 
Academic Press; 2020. p. 35–51.

	 51.	 Tomé-Bermejo F, Garrido E, Glasby M, Thinn S. Rare true-posi-
tive isolated SSEP loss with preservation of MEPs response dur-
ing scoliosis correction. Spine (Phila Pa 1976). 2014;39(1):E60–
3. https://​doi.​org/​10.​1097/​BRS.​00000​00000​000076.

	 52.	 Gardner EP. Receptors of the somatosensory system. In: Kandel 
ER, Koester JD, Mack SH, Sieglebaum SA, editors. Principles 
of neural science. 6th ed. New York: McGraw-Hill; 2021. p. 
408–34.

	 53.	 Gardner EP. Touch. In: Kandel ER, Koester JD, Mack JD, Siegel-
baum SA, editors. Principles of neural science. 6th ed. New 
York: McGraw-Hill; 2021. p. 435–69.

	 54.	 Nielsen JB, Jessell TM. Sensorimotor integration in the spinal 
cord. In: Kandel ER, Koester JD, Mack SH, Siegelbaum SA, 
editors. Principles of neural science. 6th ed. New York: McGraw-
Hill; 2021. p. 761–82.

	 55.	 Standring S. Spinal Cord. In: Standring S, editor. Gray’s anat-
omy—the anatomical basis of clinical practice. 42nd ed. London: 
Elsevier; 2020. p. 425–41.

	 56.	 Haines DE. Synopsis of functional components, tracts, pathways, 
and systems: examples in anatomical and clinical orientation. 
In: Neuroanatomy atlas in clinical context. structures, sections, 
systems and syndromes. 10th ed. Baltimore: Walters Kluwer; 
2019. p. 175–263.

	 57.	 Splittgerber R. Spinal cord and ascending, descending and 
intersegmental tracts. In: Splittgerber R, editor. Snell’s clinical 
neuroanatomy. 8th ed. Philadelphia: Wolters Kluwer; 2019. p. 
131–84.

	 58.	 Adams AH, Samuels MA, Klein JP, Prasad S. Disorders of non-
painful somatic sensation. In: Adams AH, Samuels MA, Klein 
JP, editors. Prasad S. Adams and Victor’s principles of neurol-
ogy. 11th ed. New York: McGraw-Hill; 2019.

	 59.	 Cohen AR, Young W, Ransohoff J. Intraspinal localization of the 
somatosensory evoked potential. Neurosurgery. 1981;9(2):157–
62. https://​doi.​org/​10.​1227/​00006​123-​19810​8000-​00008.

	 60.	 Cusick JF, Myklebust JF, Larson SJ, Sances AJ. Spinal evoked 
potentials in the primate: neural substrate. J Neurosurg. 
1978;49(4):551–7. https://​doi.​org/​10.​3171/​jns.​1978.​49.4.​0551.

	 61.	 Macon JB, Poletti CE, Sweet WH, Ojemann RG, Zervas N. Con-
ducted somatosensory evoked potentials during spinal surgery. 
Part 2: clinical applications. J Neurosurg. 1982;57(3):354–9. 
https://​doi.​org/​10.​3171/​jns.​1982.​57.3.​0354.

	 62.	 Jones SJ, Edgar MA, Ransford AO. Sensory nerve conduction in 
the human spinal cord: epidural recordings made during spinal 
cord surgery. J Neurol Neurosurg Psychiatry. 1982;45(5):446–51. 
https://​doi.​org/​10.​1136/​jnnp.​45.5.​446.

	 63.	 York DH. Somatosensory evoked potentials in man: differentia-
tion of spinal pathways responsible for conduction from fore-
limbs vs hindlimb. Prog Neurobiol. 1985;25(1):1–25. https://​doi.​
org/​10.​1016/​0301-​0082(85)​90021-8.

	 64.	 Powers SK, Bolger CA, Edwards MS. Spinal cord pathways 
mediating somatosensory evoked potentials. J Neurosurg. 
1982;57(4):472–82. https://​doi.​org/​10.​3171/​jns.​1982.​57.4.​0472.

	 65.	 Simpson RKJ, Blackburn JG, Martin HFI, Katz S. Peripheral 
nerve fibers and spinal cord pathway contribution to the soma-
tosensory evoked potentials. Exp Neurol. 1981;73(3):700–15. 
https://​doi.​org/​10.​1016/​0014-​4886(81)​90206-5.

	 66.	 Brau SA, Spoonamore MJ, Snyder L, Gilbert C, Rhonda G, 
Williams LA, et al. Nerve monitoring changes related to iliac 
artery compression during anterior lumbar spine surgery. Spine 
J. 2003;3(5):351–5. https://​doi.​org/​10.​1016/​s1529-​9430(03)​
00067-6.

	 67.	 Jones SC, Fernau R, Woeltjen BL. Use of somatosensory evoked 
potentials to detect peripheral ischemia and potential injury 
resulting from positioning of the surgical patient: case reports 
and discussion. Spine J. 2004;4(3):360–2. https://​doi.​org/​10.​
1016/j.​spinee.​2003.​08.​023.

	 68.	 Yaylali I, Ju H, Yoo J, Ching A, Hart R. Intraoperative neu-
rophysiological monitoring in anterior lumbar interbody fusion 
surgery. J Clin Neurophysiol. 2014;31(4):352–5. https://​doi.​org/​
10.​1097/​WNP.​00000​00000​000073.

	 69.	 Vossler DG, Stonecipher T, Millen MD. Femoral artery ischemia 
during spinal scoliosis surgery detected by posterior tibial nerve 
somatosensory-evoked potential monitoring. Spine (Phila Pa 

https://doi.org/10.1227/NEU.0000000000000287
https://doi.org/10.1227/NEU.0000000000000287
https://doi.org/10.1159/000064585
https://doi.org/10.3171/2010.1.SPINE09112
https://doi.org/10.3171/2010.1.SPINE09112
https://doi.org/10.3171/2016.5.FOCUS16141
https://doi.org/10.3171/2016.5.FOCUS16141
https://doi.org/10.3171/2010.5.JNS091640
https://doi.org/10.3988/jcn.2018.14.4.444
https://doi.org/10.1001/archneur.1979.00500430029003
https://doi.org/10.1001/archneur.1979.00500430029003
https://doi.org/10.1001/archneur.1965.00470010005001
https://doi.org/10.1001/archneur.1965.00470010005001
https://doi.org/10.3171/jns.1983.58.6.0885
https://doi.org/10.3171/jns.1983.58.6.0885
https://doi.org/10.1152/jn.1989.62.3.694
https://doi.org/10.1152/jn.1989.62.3.694
https://doi.org/10.1136/jnnp.72.2.221
https://doi.org/10.3171/jns.1988.68.1.0099
https://doi.org/10.3171/jns.1988.68.1.0099
https://doi.org/10.1097/BRS.0000000000000076
https://doi.org/10.1227/00006123-198108000-00008
https://doi.org/10.3171/jns.1978.49.4.0551
https://doi.org/10.3171/jns.1982.57.3.0354
https://doi.org/10.1136/jnnp.45.5.446
https://doi.org/10.1016/0301-0082(85)90021-8
https://doi.org/10.1016/0301-0082(85)90021-8
https://doi.org/10.3171/jns.1982.57.4.0472
https://doi.org/10.1016/0014-4886(81)90206-5
https://doi.org/10.1016/s1529-9430(03)00067-6
https://doi.org/10.1016/s1529-9430(03)00067-6
https://doi.org/10.1016/j.spinee.2003.08.023
https://doi.org/10.1016/j.spinee.2003.08.023
https://doi.org/10.1097/WNP.0000000000000073
https://doi.org/10.1097/WNP.0000000000000073


	 Journal of Clinical Monitoring and Computing

1976). 2000;25(11):1457–9. https://​doi.​org/​10.​1097/​00007​632-​
20000​6010-​00021.

	 70.	 Kamel I, Zhao H, Koch SA, Brister N, Barnette RE. The use of 
somatosensory evoked potentials to determine the relationship 
between intraoperative arterial blood pressure and intraoperative 
upper extremity position-related neurapraxia in the prone surren-
der position during spine surgery: a retrospective. Anesth Analg. 
2016;122(5):1423–33. https://​doi.​org/​10.​1213/​ANE.​00000​00000​
001121.

	 71.	 Silverstein JW, Matthews E, Mermelstein LE, DeWal H. Causal 
factors for position-related SSEP changes in spinal surgery. 
Eur Spine J. 2016;25(10):3208–13. https://​doi.​org/​10.​1007/​
s00586-​016-​4618-x.

	 72.	 Daube JR. Anatomy. In: Handbook of clinical neurophysiology. 
Amsterdam: Elsevier; 2008. p. 44–76.

	 73.	 Djindjian R, Hurth M, Houdart R. Arterial supply of the spinal 
cord. In: Djindjin R, editor. Angiograph of the spinal cord. Bal-
timore: University Park Press; 1970. p. 3–13.

	 74.	 Sloan TB, Jameson LC, Clavijo CF. Electrophysiological moni-
toring during thoracic aortic aneurysm surgery. In: Koht A, Sloan 
TB, Toleikis JR, editors. Monitoring the nervous system for anes-
thesiologists and other health care professionals. 2nd ed. Cham: 
Springer; 2017. p. 601–16.

	 75.	 Zornow MH, Grafe MR, Tybor C, Swenson MR. Preservation of 
evoked potentials in a case of anterior spinal artery syndrome. 
Electroencephalogr Clin Neurophysiol. 1990;77(2):137–9. 
https://​doi.​org/​10.​1016/​0168-​5597(90)​90028-c.

	 76.	 Zouridakis G, Papanicolaou AC. A concise guide to intraopera-
tive monitoring. Boca Raton: CRC Press; 2001.

	 77.	 Stevenson M, Baylor K, Netherton BL, Stecker MM. Electrical 
stimulation and electrode properties. Part 2: pure metal elec-
trodes. Am J Electroneurodiagn Technol. 2010;50(4):263–96.

	 78.	 Quraishi NA, Lewis SJ, Kelleher MO, Sarjeant R, Rampersaud 
YR, Fehlings MF. Intraoperative multimodality monitoring in 
adult spinal deformity: analysis of a prospective series of one 
hundred two cases with independent evaluation. Spine (Phila Pa 
1976). 2009;34(14):1504–12. https://​doi.​org/​10.​1097/​BRS.​0b013​
e3181​a87b66.

	 79.	 Jahangiri FR, Sherman JH, Sheehan J, Shaffrey M, Dumont AS, 
Vengrow M, et al. Limiting the current density during localiza-
tion of the primary motor cortex by using a tangential-radial 
cortical somatosensory evoked potentials model, direct electri-
cal cortical stimulation, and electrocorticography. Neurosurgery. 
2011;69(4):893–8. https://​doi.​org/​10.​1227/​NEU.​0b013​e3182​
230ac3.

	 80.	 Mills WJ, Chapman JR, Robinson LR, Slimp JC. Somatosensory 
evoked potential monitoring during closed humeral nailing: a 
preliminary report. J Orthop Trauma. 2000;14(3):167–70. https://​
doi.​org/​10.​1097/​00005​131-​20000​3000-​00003.

	 81.	 Jahangiri FR, Blaylock J, Qadir N, Ramsey JA. Multimodality 
intraoperative neurophysiological monitoring (IONM) during 
shoulder surgeries. Neurodiagn J. 2020;60(2):96–112. https://​
doi.​org/​10.​1080/​21646​821.​2020.​17439​52.

	 82.	 Jahangiri FR. Somatosensory evoked potentials. In: Jahangiri FR, 
editor. Surgical neurophysiology, a reference guide to intraopera-
tive neurophysiological monitoring. 2nd ed. Seattle: CreateSpace 
Independent Publishing Platform (Kindle Direct Publishing); 
2012. p. 97.

	 83.	 Overzet K, Mora D, Faust E, Krisko L, Welch D, Jahangiri FR. 
Distal stimulation site at the medial tibia for saphenous nerve 
somatosensory evoked potentials (DSn-SSEPs) in lateral lumbar 
spine procedures. Neurodiagn J. 2021;61(2):72–85. https://​doi.​
org/​10.​1080/​21646​821.​2021.​19032​77.

	 84.	 Silverstein J, Mermelstein L, DeWal H, Basra S. Saphenous 
nerve somatosensory evoked potentials: a novel technique to 
monitor the femoral nerve during transpsoas lumbar lateral 

interbody fusion. Spine (Phila Pa 1976). 2014;39(15):1254–60. 
https://​doi.​org/​10.​1097/​BRS.​00000​00000​000357.

	 85.	 Sánchez Roldán M, Mora Granizo F, Oflidis V, Margetis K, 
Téllez M, Ulkatan S, et al. Optimizing the methodology for 
saphenous nerve somatosensory evoked potentials for monitoring 
upper lumbar roots and femoral nerve during lumbar spine sur-
gery: technical note. J Clin Monit Comput. 2022;36(4):1079–85. 
https://​doi.​org/​10.​1007/​s10877-​021-​00737-6.

	 86.	 Skinner SA, Vodušek DB. Intraoperative recording of the bul-
bocavernosus reflex. J Clin Neurophysiol. 2014;31(4):313–22. 
https://​doi.​org/​10.​1097/​WNP.​00000​00000​000054.

	 87.	 Minahan RE, Mandir AS. Neurophyiologic intraoperative mon-
itoring of trigeminal and facial nerves. J Clin Neurophysiol. 
2011;28(6):551–65. https://​doi.​org/​10.​1097/​WNP.​0b013​e3182​
41de1a.

	 88.	 Malcharek MJ, Landgraf J, Hennig G, Sorge O, Aschermann J, 
Sablotzki A. Recordings of long-latency trigeminal somatosen-
sory-evoked potentials in patients under general anaesthesia. Clin 
Neurophysiol. 2011;122(5):1048–54. https://​doi.​org/​10.​1016/j.​
clinph.​2010.​08.​017.

	 89.	 Winfree CJ, Kline DG. Intraoperative positioning nerve injuries. 
Surg Neurol. 2005;63(1):5–18, discussion 18. https://​doi.​org/​10.​
1016/j.​surneu.​2004.​03.​024.

	 90.	 Silverstein JW, Madhok R, Frendo CD, DeWal H, Lee GR. Con-
temporaneous evaluation of intraoperative ulnar and median 
nerve somatosensory evoked potentials for patient positioning: 
a review of four cases. Neurodiagn J. 2016;56(2):67–82. https://​
doi.​org/​10.​1080/​21646​821.​2016.​11620​56.

	 91.	 Kroll DA, Caplan RA, Posner K, Ward RJ, Cheney FW. 
Nerve injury associated with anesthesia. Anesthesiology. 
1990;73(2):202–7. https://​doi.​org/​10.​1097/​00000​542-​19900​
8000-​00002.

	 92.	 Kamel I, Barnette R. Positioning patients for spine surgery: 
avoiding uncommon position-related complications. World J 
Orthop. 2014;5(4):425–43. https://​doi.​org/​10.​5312/​wjo.​v5.​i4.​
425.

	 93.	 Overzet K, Wang C, Jahangiri JR. The incidence of posi-
tioning-related intraoperative neurophysiological monitor-
ing (IONM) changes: a review of 5894 surgeries. EC Neurol. 
2019;11(1):46–54.

	 94.	 MacDonald DB, Al-Zayed Z, Stigsby B, Al-Homoud I. Median 
somatosensory evoked potential intraoperative monitoring: rec-
ommendations based on signal-to-noise ratio analysis. Clin Neu-
rophysiol. 2009;120(2):315–28. https://​doi.​org/​10.​1016/j.​clinph.​
2008.​10.​154.

	 95.	 Acharya JN, Hani A, Cheek J, Thirumala P, Tsuchida TN. Ameri-
can Clinical Neurophysiology Society Guideline 2: guidelines for 
standard electrode position nomenclature. J Clin Neurophysiol. 
2016;33(4):308–11. https://​doi.​org/​10.​1097/​WNP.​00000​00000​
000316.

	 96.	 American Clinical Neurophysiology Society. Guideline 
9A: guidelines on evoked potentials. J Clin Neurophysiol. 
2006;23(2):125–37. https://​doi.​org/​10.​1097/​00004​691-​20060​
4000-​00010.

	 97.	 Allison DW, Balzer JR. Misconceptions in IONM Part I: inter-
leaved intraoperative somatosensory evoked potential stimula-
tion. Neurodiagn J. 2022;62(1):6–25. https://​doi.​org/​10.​1080/​
21646​821.​2022.​20104​71.

	 98.	 Nuwer MR. Evoked potential monitoring in the operating room. 
New York: Raven Press; 1986.

	 99.	 Merrill DR, Bikson M, Jefferys JG. Electrical stimulation of 
excitable tissue: design of efficacious and safe protocols. J Neu-
rosci Methods. 2005;141(2):171–98. https://​doi.​org/​10.​1016/j.​
jneum​eth.​2004.​10.​020.

	100.	 MacDonald DB, Seidel K, Shils JL. Safety. In: Deletis V, Shils 
J, Sala F, Seidel K, editors. Neuropphysiology in neurosurgery: 

https://doi.org/10.1097/00007632-200006010-00021
https://doi.org/10.1097/00007632-200006010-00021
https://doi.org/10.1213/ANE.0000000000001121
https://doi.org/10.1213/ANE.0000000000001121
https://doi.org/10.1007/s00586-016-4618-x
https://doi.org/10.1007/s00586-016-4618-x
https://doi.org/10.1016/0168-5597(90)90028-c
https://doi.org/10.1097/BRS.0b013e3181a87b66
https://doi.org/10.1097/BRS.0b013e3181a87b66
https://doi.org/10.1227/NEU.0b013e3182230ac3
https://doi.org/10.1227/NEU.0b013e3182230ac3
https://doi.org/10.1097/00005131-200003000-00003
https://doi.org/10.1097/00005131-200003000-00003
https://doi.org/10.1080/21646821.2020.1743952
https://doi.org/10.1080/21646821.2020.1743952
https://doi.org/10.1080/21646821.2021.1903277
https://doi.org/10.1080/21646821.2021.1903277
https://doi.org/10.1097/BRS.0000000000000357
https://doi.org/10.1007/s10877-021-00737-6
https://doi.org/10.1097/WNP.0000000000000054
https://doi.org/10.1097/WNP.0b013e318241de1a
https://doi.org/10.1097/WNP.0b013e318241de1a
https://doi.org/10.1016/j.clinph.2010.08.017
https://doi.org/10.1016/j.clinph.2010.08.017
https://doi.org/10.1016/j.surneu.2004.03.024
https://doi.org/10.1016/j.surneu.2004.03.024
https://doi.org/10.1080/21646821.2016.1162056
https://doi.org/10.1080/21646821.2016.1162056
https://doi.org/10.1097/00000542-199008000-00002
https://doi.org/10.1097/00000542-199008000-00002
https://doi.org/10.5312/wjo.v5.i4.425
https://doi.org/10.5312/wjo.v5.i4.425
https://doi.org/10.1016/j.clinph.2008.10.154
https://doi.org/10.1016/j.clinph.2008.10.154
https://doi.org/10.1097/WNP.0000000000000316
https://doi.org/10.1097/WNP.0000000000000316
https://doi.org/10.1097/00004691-200604000-00010
https://doi.org/10.1097/00004691-200604000-00010
https://doi.org/10.1080/21646821.2022.2010471
https://doi.org/10.1080/21646821.2022.2010471
https://doi.org/10.1016/j.jneumeth.2004.10.020
https://doi.org/10.1016/j.jneumeth.2004.10.020


Journal of Clinical Monitoring and Computing	

a modern approach. 2nd ed. Cambridge: Academic Press; 2020. 
p. 581–96.

	101.	 Stecker MM. Generalized averaging and noise levels in evoked 
responses. Comput Biol Med. 2000;30(5):247–65. https://​doi.​
org/​10.​1016/​s0010-​4825(00)​00012-3.

	102.	 Dimakopoulos V, Selmin G, Regli L, Sarnthein J. Optimization 
of signal-to-noise ratio in short-duration SEP recordings by vari-
ation of stimulation rate. Clin Neurophysiol. 2023;150:89–97. 
https://​doi.​org/​10.​1016/j.​clinph.​2023.​03.​008.

	103.	 Banoub M, Tetzlaff JE, Schubert A. Pharmacologic and physio-
logic influences affecting sensory evoked potentials: implications 
for perioperative monitoring. Anesthesiology. 2003;99(3):716–
37. https://​doi.​org/​10.​1097/​00000​542-​20030​9000-​00029.

	104.	 Calder HB, Mast J. Sciatic nerve monitoring in acetabular surger-
ies. Am J EEG Technol. 1995;35(2):113–34.

	105.	 Betts DC, Radue L. The effects of positioning the operative 
limb on tibial and fibular nerve somatosensory responses dur-
ing acetabulum fracture repair: A report of two unusual cases. 
Neurodiagn J. 2016;56(3):151–64. https://​doi.​org/​10.​1080/​21646​
821.​2016.​12027​06.

	106.	 MacDonald DB, Al Zayed Z, Stigsby B. Tibial somatosensory 
evoked potential intraoperative monitoring: recommendations 
based on signal to noise ratio analysis of popliteal fossa, opti-
mized P37, standard P37, and P31 potentials. Clin Neurophysiol. 
2005;116(8):1858–69. https://​doi.​org/​10.​1016/j.​clinph.​2005.​04.​
018.

	107.	 Lagerlund TD, Rubin DI. Volume conduction in clinical neuro-
physiology. In: Rubin DI, editor. Clinical neurophysiology. 5th 
ed. New York: Oxford University Press; 2021. p. 1001–18.

	108.	 Kimura J. Somartosensory evoked potential. In: Kimura J, edi-
tor. Electrodiagnosis in diseases of nerve and muscle: principles 
and practice. 4th ed. Oxford: Oxford University Press; 2013. p. 
477–524.

	109.	 Yamada T. Neuroanatomic substrates of lower extrem-
ity somatosensory evoked potentials. J Clin Neurophysiol. 
2000;17(3):269–79. https://​doi.​org/​10.​1097/​00004​691-​20000​
5000-​00005.

	110.	 Çakmur R, Towle VL, Mullan JF, Suarez D, Spire JP. Intra-oper-
ative localization of sensorimotor cortex by cortical somatosen-
sory evoked potentials: from analysis of waveforms to dipole 
source modeling. Acta Neurochir (Wien). 1997;139(12):1117–
24, discussion 1124–5. https://​doi.​org/​10.​1007/​BF014​10971.

	111.	 Jahangiri FR, Pautler K, Watters K, Anjum SS, Bennett GL. 
Mapping of the somatosensory cortex Cureus. 2020;12(3): 
e7332. https://​doi.​org/​10.​7759/​cureus.​7332.

	112.	 Daube JR. Physiology. In: Handbook of clinical neurophysiology. 
Amsterdam: Elsevier; 2008. p. 7–43.

	113.	 Restuccia D. Anatomic origin of P13 and P14 scalp far-field 
potentials. J Clin Neurophysiol. 2000;17(3):246–57. https://​doi.​
org/​10.​1097/​00004​691-​20000​5000-​00003.

	114.	 Mauguière F. Anatomic origin of the cervical N13 potential 
evoked by upper extremity stimulation. J Clin Neurophysiol. 
2000;17(3):236–45. https://​doi.​org/​10.​1097/​00004​691-​20000​
5000-​00002.

	115.	 Fujimoto H, Kaneko K, Taguchi T, Ofuji A, Yonemura H, 
Kawai S. Differential recording of upper and lower cervical N13 
responses and their contribution to scalp recorded responses in 
median nerve somatosensory evoked potentials. J Neurol Sci. 
2001;187(1–2):17–26. https://​doi.​org/​10.​1016/​s0022-​510x(01)​
00509-3.

	116.	 Allison T, Goff WR, Williamson PD, Van Gilder JC. On the 
neural origin of early components of the human somatosensory 
evoked potentials. In: Desmedt JE, editor. Clinical uses of cer-
ebral brainstem and spinal somatosensory evoked potentials, vol. 
7. Basel: Karger; 1980. p. 51–68.

	117.	 Tomberg C, Desmedt JE, Ozaki I, Noël P. Nasopharyngeal 
recordings of somatosensory evoked potentials document the 
medullary origin of the N18 far-field. Electroencephalogr Clin 
Neurophysiol. 1991;80(6):496–503. https://​doi.​org/​10.​1016/​
0168-​5597(91)​90131-g.

	118.	 Desmedt JE, Cheron G. Non-cephalic reference recording of 
early somatosensory potentials to finger stimulation in adult or 
aging normal man: differentiation of widespread N18 and con-
tralateral N20 from the prerolandic P22 and N30 components. 
Electroencephalogr Clin Neurophysiol. 1981;52(6):553–70. 
https://​doi.​org/​10.​1016/​0013-​4694(81)​91430-9.

	119.	 Desmedt JE, Cheron G. Central somatosensory conduction in 
man: neural generators and interpeak latencies of the far-field 
components recorded from neck and right or left scalp and 
earlobes. Electroencephalogr Clin Neurophysiol. 1980;50(5–
6):382–403. https://​doi.​org/​10.​1016/​0013-​4694(80)​90006-1.

	120.	 Vanderzant CW, Beydoun AA, Domer PA, Hood TW, Abou-
Khalil BW. Polarity reversal of N20 and P23 somatosensory 
evoked potentials between scalp and depth recordings. Elec-
troencephalogr Clin Neurophysiol. 1991;78(3):234–9. https://​
doi.​org/​10.​1016/​0013-​4694(91)​90038-6.

	121.	 Watson JC, Rubin DI. Somatosensory evoked potentials. In: 
Rubin DI, editor. Clinical neurophysiology (contemporary neu-
rology series). 5th ed. New York: Oxford University Press; 
2021. p. 683–718.

	122.	 MacDonald DB, Streletz L, Al-Zayed Z, Abdool B, Stigsby 
B. Intraoperative neurophysiologic discovery of uncrossed 
sensory and motor pathways in a patient with horizontal gaze 
palsy and scoliosis. Clin Neurophysiol. 2004;115(3):576–82. 
https://​doi.​org/​10.​1016/j.​clinph.​2003.​10.​029.

	123.	 Allison T. Localization of sensorimotor cortex in neurosurgery 
by recording of somatosensory evoked potentials. Yale J Biol 
Med. 1987;60(2):143–50.

	124.	 Rauschenbach L, Santos AN, Dinger TF, Herten A, Darkwah 
Oppong M, Schmidt B, et al. Predictive value of intraopera-
tive neuromonitoring in brainstem cavernous malformation 
surgery. World Neurosurg. 2021;156:e359–73. https://​doi.​org/​
10.​1016/j.​wneu.​2021.​09.​064.

	125.	 Jorge A, Zhou J, Dixon EC, Hamilton KD, Balzer J, Thiru-
mala P. Area under the curve of somatosensory evoked 
potentials detects spinal cord injury. J Clin Neurophysiol. 
2019;36(2):155–60. https://​doi.​org/​10.​1097/​WNP.​00000​00000​
000563.

	126.	 Kashkoush A, Nguyen C, Balzer J, Habeych M, Crammond D, 
Thirumala P. Diagnostic accuracy of somatosensory evoked 
potentials during intracranial aneurysm clipping for periopera-
tive stroke. J Clin Monit Comput. 2020;34(4):811–9. https://​doi.​
org/​10.​1007/​s10877-​019-​00369-x.

	127.	 Goryawala M, Yaylali I, Cabrerizo M, Vedala K, Adjouadi M. An 
effective intra-operative neurophysiological monitoring scheme 
for aneurysm clipping and spinal fusion surgeries. J Neural Eng. 
2012;9(2): 026021. https://​doi.​org/​10.​1088/​1741-​2560/9/​2/​
026021.

	128.	 Cracco JB, Bosch VV, Cracco RQ. Cerebral and spinal soma-
tosensory evoked potentials in children with CNS degenerative 
disease. Electroencephalogr Clin Neurophysiol. 1980;49(5–
6):437–45. https://​doi.​org/​10.​1016/​0013-​4694(80)​90386-7.

	129.	 Cracco JB. Somatosensory evoked potentials in infants and chil-
dren. J Child Neurol. 1989;4(1):70–2. https://​doi.​org/​10.​1177/​
08830​73889​00400​101.

	130.	 Gilmore R. Somatosensory evoked potential testing in infants and 
children. J Clin Neurophysiol. 1992;9(3):324–41. https://​doi.​org/​
10.​1097/​00004​691-​19920​7010-​00002.

	131.	 Levy SR. Somatosensory evoked potentials in pediatrics. In: Chi-
appa KH, editor. Evoked potentials in clinical medicine. 3rd ed. 
Philadelphia: Lippincott-Raven; 1997. p. 453–67.

https://doi.org/10.1016/s0010-4825(00)00012-3
https://doi.org/10.1016/s0010-4825(00)00012-3
https://doi.org/10.1016/j.clinph.2023.03.008
https://doi.org/10.1097/00000542-200309000-00029
https://doi.org/10.1080/21646821.2016.1202706
https://doi.org/10.1080/21646821.2016.1202706
https://doi.org/10.1016/j.clinph.2005.04.018
https://doi.org/10.1016/j.clinph.2005.04.018
https://doi.org/10.1097/00004691-200005000-00005
https://doi.org/10.1097/00004691-200005000-00005
https://doi.org/10.1007/BF01410971
https://doi.org/10.7759/cureus.7332
https://doi.org/10.1097/00004691-200005000-00003
https://doi.org/10.1097/00004691-200005000-00003
https://doi.org/10.1097/00004691-200005000-00002
https://doi.org/10.1097/00004691-200005000-00002
https://doi.org/10.1016/s0022-510x(01)00509-3
https://doi.org/10.1016/s0022-510x(01)00509-3
https://doi.org/10.1016/0168-5597(91)90131-g
https://doi.org/10.1016/0168-5597(91)90131-g
https://doi.org/10.1016/0013-4694(81)91430-9
https://doi.org/10.1016/0013-4694(80)90006-1
https://doi.org/10.1016/0013-4694(91)90038-6
https://doi.org/10.1016/0013-4694(91)90038-6
https://doi.org/10.1016/j.clinph.2003.10.029
https://doi.org/10.1016/j.wneu.2021.09.064
https://doi.org/10.1016/j.wneu.2021.09.064
https://doi.org/10.1097/WNP.0000000000000563
https://doi.org/10.1097/WNP.0000000000000563
https://doi.org/10.1007/s10877-019-00369-x
https://doi.org/10.1007/s10877-019-00369-x
https://doi.org/10.1088/1741-2560/9/2/026021
https://doi.org/10.1088/1741-2560/9/2/026021
https://doi.org/10.1016/0013-4694(80)90386-7
https://doi.org/10.1177/088307388900400101
https://doi.org/10.1177/088307388900400101
https://doi.org/10.1097/00004691-199207010-00002
https://doi.org/10.1097/00004691-199207010-00002


	 Journal of Clinical Monitoring and Computing

	132.	 Yakovlev PI, Lecours A. The myelogenetic cycles of regional 
maturation of the brain. In: Minkowski A, editor. Regional devel-
opment of the brain in early life. Oxford: Blackwell Scientific; 
1967. p. 3–70.

	133.	 Voitenkov VB, Klimkin AV, Skripchenko NV, Gerasimov AP, 
Aksenova AI. Age-related dynamics of the parameters of soma-
tosensory evoked potentials in healthy children. Hum Physiol. 
2017;43(4):391–4. https://​doi.​org/​10.​1134/​S0362​11971​70401​56.

	134.	 Muengtaweepongsa S, Legatt A, Murro AM. General principles 
of somatosensory evoked potentials. Medscape, Neurology. 
2019. https://​emedi​cine.​medsc​ape.​com/​artic​le/​11399​06-​overv​
iew?​form=​fpf. Accessed 24 Apr 2024.

	135.	 Majnemer A, Rosenblatt B, Willis D, Lavallee J. The effect of 
gestational age at birth on somatosensory-evoked potentials per-
formed at term. J Child Neurol. 1990;5(4):329–35. https://​doi.​
org/​10.​1177/​08830​73890​00500​412.

	136.	 Smit BJ, Ongerboer de Visser BW, de Vries LS, Dekker FW, Kok 
JH. Somatosensory evoked potentials in very preterm infants. 
Clin Neurophysiol. 2000;111(5):901–8. https://​doi.​org/​10.​1016/​
s1388-​2457(00)​00245-5.

	137.	 Sloan TB, Heyer EJ. Anesthesia for intraoperative neurophysi-
ologic monitoring of the spinal cord. J Clin Neurophysiol. 
2002;19(5):430–43. https://​doi.​org/​10.​1097/​00004​691-​20021​
0000-​00006.

	138.	 Alkire MT, Hudetz AGTG. Consciousness and anesthesia. Sci-
ence. 2008;322(5903):876–80. https://​doi.​org/​10.​1126/​scien​ce.​
11492​13.

	139.	 Sloan TB. Anesthetic effects on electrophysiologic recordings. J 
Clin Neurophysiol. 1998;15(3):217–26. https://​doi.​org/​10.​1097/​
00004​691-​19980​5000-​00005.

	140.	 Rabai F, Mohamed B, Seubert CN. Optimizing intraop-
erative neuromonitoring: anesthetic considerations. Curr 
Anesthesiol Rep. 2018;8:306–17. https://​doi.​org/​10.​1007/​
s40140-​018-​0281-6.

	141.	 Keenan JE, Benrashid E, Kale E, Nicoara A, Husain AM, Hughes 
GC. Neurophysiological intraoperative monitoring during aortic 
arch surgery. Semin Cardiothorac Vasc Anesth. 2016;20(4):273–
82. https://​doi.​org/​10.​1177/​10892​53216​672441.

	142.	 Sloan T, Sloan H, Rogers J. Nitrous oxide and isoflurane are syn-
ergistic with respect to amplitude and latency effects on sensory 
evoked potentials. J Clin Monit Comput. 2010;24(2):113–23. 
https://​doi.​org/​10.​1007/​s10877-​009-​9219-3.

	143.	 Tamkus AA, Rice KS, Kim HL. Differential rates of false-posi-
tive findings in transcranial electric motor evoked potential moni-
toring when using inhalational anesthesia versus total intravenous 
anesthesia during spine surgeries. Spine J. 2014;14(8):1440–6. 
https://​doi.​org/​10.​1016/j.​spinee.​2013.​08.​037.

	144.	 Wilent WB, Tesdahl EA, Trott JT, Tassone S, Harrop JS, 
Klineberg EO, et al. Impact of inhalational anesthetic agents on 
the baseline monitorability of motor evoked potentials during 
spine surgery: a review of 22,755 cervical and lumbar proce-
dures. Spine J. 2021;21(11):1839–46. https://​doi.​org/​10.​1016/j.​
spinee.​2021.​07.​002.

	145.	 Lieberman JA, Feiner J, Rollins M, Lyon R, Jasiukaitis P. 
Changes in transcranial motor evoked potentials during hemor-
rhage are associated with increased serum propofol concentra-
tions. J Clin Monit Comput. 2018; 32(3): 541–8 Erratum in: J 
Clin Monit Comput. 2018;32(3):581. https://​doi.​org/​10.​1007/​
s10877-​017-​0057-4.

	146.	 Skibiski J, Abdijadid S. Barbiturates. Stat Pearls [internet]. 2023 
(Updated 2022 Dec 31]. https://​www.​ncbi.​nlm.​nih.​gov//​books//​
NBK53​9731/. Accessed 26 Jan 2024.

	147.	 Sloan TB, Vasquez J, Burger E. Methohexital in total intravenous 
anesthesia during intraoperative neurophysiological monitoring. 
J Clin Monit Comput. 2013;27(3):697–702. https://​doi.​org/​10.​
1007/​s10877-​013-​9490-1.

	148.	 Sneyd JR, Gambus PL, Rigby-Jones AE. Current status of perio-
perative hypnotics, role of benzodiazepines, and the case for rem-
imazolam: a narrative review. Br J Anaesth. 2021;127(1):41–55. 
https://​doi.​org/​10.​1016/j.​bja.​2021.​03.​028.

	149.	 Sloan TB, Fugina ML, Toleikis JR. Effects of midazolam on 
median nerve somatosensory evoked potentials. Br J Anaesth. 
1990;64(5):590–3. https://​doi.​org/​10.​1093/​bja/​64.5.​590.

	150.	 Kondo T, Toyota Y, Narasaki S, Watanabe T, Miyoshi H, Saeki 
N, et al. Intraoperative responses of motor evoked potentials to 
the novel intravenous anesthetic remimazolam during spine sur-
gery: a report of two cases. JA Clin Rep. 2020;6(1):97. https://​
doi.​org/​10.​1186/​s40981-​020-​00401-z.

	151.	 Meng XL, Wang LW, Zhao W, Guo XY. Effects of different eto-
midate doses on intraoperative somatosensory-evoked potential 
monitoring. Ir J Med Sci. 2015;184(4):799–803. https://​doi.​org/​
10.​1007/​s11845-​014-​1174-4.

	152.	 Sloan TB, Ronai AK, Toleikis JR, Koht A. Improvement of intra-
operative somatosensory evoked potentials by etomidate. Anesth 
Analg. 1988;67(6):582–5.

	153.	 Rajan S, Devarajan J, Krishnaney A, George A, Rasoul JJ, Avit-
sian R. Opioid alternatives in spine surgery: a narrative review. 
J Neurosurg Anesthesiol. 2022;34(1):3–13. https://​doi.​org/​10.​
1097/​ANA.​00000​00000​000708.

	154.	 Ma K, Bebawy JF, Hemmer LB. Multimodal analgesia and 
intraoperative neuromonitoring. J Neurosurg Anesthesiol. 
2023;35(2):172–6. https://​doi.​org/​10.​1097/​ANA.​00000​00000​
000904.

	155.	 Schubert A, Licina MG, Lineberry PJ. The effect of ketamine on 
human somatosensory evoked potentials and its modification by 
nitrous oxide. Anesthesiology. 1990;72(1):33–9. https://​doi.​org/​
10.​1097/​00000​542-​19900​1000-​00007.

	156.	 Furutani K, Deguchi H, Matsuhashi M, Mitsuma Y, Kamiya Y, 
Baba H. A bolus dose of ketamine reduces the amplitude of the 
transcranial electrical motor-evoked potential: a randomized, 
double-blinded, placebo-controlled study. J Neurosurg Anes-
thesiol. 2021;33(3):230–8. https://​doi.​org/​10.​1097/​ANA.​00000​
00000​000653.

	157.	 Bala E, Sessler DI, Nair DR, McLain R, Dalton JE, Farag E. 
Motor and somatosensory evoked potentials are well maintained 
in patients given dexmedetomidine during spine surgery. Anes-
thesiology. 2008;109(3):417–25. https://​doi.​org/​10.​1097/​ALN.​
0b013​e3181​82a467.

	158.	 Tobias JD, Goble TJ, Bates G, Anderson JT, Hoernschemeyer 
DG. Effects of dexmedetomidine on intraoperative motor and 
somatosensory evoked potential monitoring during spinal sur-
gery in adolescents. Paediatr Anaesth. 2008;18(11):1082–8. 
https://​doi.​org/​10.​1111/j.​1460-​9592.​2008.​02733.x.

	159.	 Li Y, Meng L, Peng Y, Qiao H, Guo L, Han R, et al. Effects of 
dexmedetomidine on motor- and somatosensory-evoked poten-
tials in patients with thoracic spinal cord tumor: a randomized 
controlled trial. BMC Anesthesiol. 2016;16(1):51. https://​doi.​
org/​10.​1186/​s12871-​016-​0217-y.

	160.	 Lee WH, Park CK, Park HP, Kim SM, Oh BM, Kim K, et al. 
Effect of dexmedetomidine combined anesthesia on motor 
evoked potentials during brain tumor surgery. World Neurosurg. 
2019;123:e280–7.

	161.	 Jiang X, Tang X, Liu S, Liu L. Effects of dexmedetomidine 
on evoked potentials in spinal surgery under combined intra-
venous inhalation anesthesia: a randomized controlled trial. 
BMC Anesthesiol. 2023;23(1):36. https://​doi.​org/​10.​1186/​
s12871-​023-​01990-9.

	162.	 Liu T, Qin Y, Qi H, Luo Z, Yan L, Yu P, et al. A loading dose of 
dexmedetomidine with constant infusion inhibits intraoperative 
neuromonitoring during thoracic spinal decompression surgery: 
a randomized prospective study. Front Pharmacol. 2022;13: 
840320. https://​doi.​org/​10.​3389/​fphar.​2022.​840320.

https://doi.org/10.1134/S0362119717040156
https://emedicine.medscape.com/article/1139906-overview?form=fpf
https://emedicine.medscape.com/article/1139906-overview?form=fpf
https://doi.org/10.1177/088307389000500412
https://doi.org/10.1177/088307389000500412
https://doi.org/10.1016/s1388-2457(00)00245-5
https://doi.org/10.1016/s1388-2457(00)00245-5
https://doi.org/10.1097/00004691-200210000-00006
https://doi.org/10.1097/00004691-200210000-00006
https://doi.org/10.1126/science.1149213
https://doi.org/10.1126/science.1149213
https://doi.org/10.1097/00004691-199805000-00005
https://doi.org/10.1097/00004691-199805000-00005
https://doi.org/10.1007/s40140-018-0281-6
https://doi.org/10.1007/s40140-018-0281-6
https://doi.org/10.1177/1089253216672441
https://doi.org/10.1007/s10877-009-9219-3
https://doi.org/10.1016/j.spinee.2013.08.037
https://doi.org/10.1016/j.spinee.2021.07.002
https://doi.org/10.1016/j.spinee.2021.07.002
https://doi.org/10.1007/s10877-017-0057-4
https://doi.org/10.1007/s10877-017-0057-4
https://www.ncbi.nlm.nih.gov//books//NBK539731/
https://www.ncbi.nlm.nih.gov//books//NBK539731/
https://doi.org/10.1007/s10877-013-9490-1
https://doi.org/10.1007/s10877-013-9490-1
https://doi.org/10.1016/j.bja.2021.03.028
https://doi.org/10.1093/bja/64.5.590
https://doi.org/10.1186/s40981-020-00401-z
https://doi.org/10.1186/s40981-020-00401-z
https://doi.org/10.1007/s11845-014-1174-4
https://doi.org/10.1007/s11845-014-1174-4
https://doi.org/10.1097/ANA.0000000000000708
https://doi.org/10.1097/ANA.0000000000000708
https://doi.org/10.1097/ANA.0000000000000904
https://doi.org/10.1097/ANA.0000000000000904
https://doi.org/10.1097/00000542-199001000-00007
https://doi.org/10.1097/00000542-199001000-00007
https://doi.org/10.1097/ANA.0000000000000653
https://doi.org/10.1097/ANA.0000000000000653
https://doi.org/10.1097/ALN.0b013e318182a467
https://doi.org/10.1097/ALN.0b013e318182a467
https://doi.org/10.1111/j.1460-9592.2008.02733.x
https://doi.org/10.1186/s12871-016-0217-y
https://doi.org/10.1186/s12871-016-0217-y
https://doi.org/10.1186/s12871-023-01990-9
https://doi.org/10.1186/s12871-023-01990-9
https://doi.org/10.3389/fphar.2022.840320


Journal of Clinical Monitoring and Computing	

	163.	 Alvarez-Jimenez R, Weerink MAS, Hannivoort LN, Su H, Struys 
MMRF, Loer SA, et al. Dexmedetomidine clearance decreases 
with increasing drug exposure: Implications for current dosing 
regimens and target-controlled infusion models assuming linear 
pharmacokinetics. Anesthesiology. 2022;136(2):279–92. https://​
doi.​org/​10.​1097/​ALN.​00000​00000​004049.

	164.	 Sloan TB, Mongan P, Lyda C, Koht A. Lidocaine infusion 
adjunct to total intravenous anesthesia reduces the total dose of 
propofol during intraoperative neurophysiological monitoring. J 
Clin Monit Comput. 2014;28(2):139–47. https://​doi.​org/​10.​1007/​
s10877-​013-​9506-x.

	165.	 Liu M, Wang N, Wang D, Liu J, Zhou X, Jin W. Effect of low-
dose lidocaine on MEPs in patients undergoing intracranial tumor 
resection with propofol anesthesia: a randomized controlled trial. 
Medicine (Baltimore). 2022;101(32): e29965. https://​doi.​org/​10.​
1097/​MD.​00000​00000​029965.

	166.	 Urban MK, Fields K, Donegan SW, Beathe JC, Pinter DW, 
Boachie-Adjei O, et al. A randomized crossover study of the 
effects of lidocaine on motor- and sensory-evoked potentials dur-
ing spinal surgery. Spine J. 2017;17(12):1889–96. https://​doi.​org/​
10.​1016/j.​spinee.​2017.​06.​024.

	167.	 Murphy GS, Szokol JW, Avram MJ, Greenberg SB, Shear TD, 
Deshur MA, et al. Clinical effectiveness and safety of intraopera-
tive methadone in patients undergoing posterior spinal fusion 
surgery: a randomized, double-blinded, controlled trial. Anes-
thesiology. 2017;126(5):822–33. https://​doi.​org/​10.​1097/​ALN.​
00000​00000​001609.

	168.	 Kharasch ED. Intraoperative methadone: rediscovery, reap-
praisal, and reinvigoration? Anesth Analg. 2011;12(1):13–6. 
https://​doi.​org/​10.​1213/​ANE.​0b013​e3181​fec9a3.

	169.	 Higgs M, Hackworth RJ, John K, Riffenburgh R, Tom-
lin J, Wamsley B. The intraoperative effect of methadone on 
somatosensory evoked potentials. J Neurosurg Anesthesiol. 
2017;29(2):168–74. https://​doi.​org/​10.​1097/​ANA.​00000​00000​
000265.

	170.	 Pathak KS, Brown RH, Cascorbi HF, Nash CL Jr. Effects of 
fentanyl and morphine on intraoperative somatosensory cortical-
evoked potentials. Anesth Analg. 1984;63(9):833–7.

	171.	 Hemmer LB, Zeeni C, Bebawy JF, Bendok BR, Cotton MA, 
Shah NB, et al. The incidence of unacceptable movement with 
motor evoked potentials during craniotomy for aneurysm clip-
ping. World Neurosurg. 2014;81(1):99–104. https://​doi.​org/​10.​
1016/j.​wneu.​2012.​05.​034.

	172.	 Asouhidou I, Katsaridis V, Vaidis G, Ioannou P, Givissis P, 
Christodoulou A, et al. Somatosensory evoked potentials sup-
pression due to remifentanil during spinal operations. A prospec-
tive clinical study. Scoliosis. 2010;5(8):1–6. https://​doi.​org/​10.​
1186/​1748-​7161-5-8.

	173.	 Owolabi LF, Adebisi SS, Danborno BS, Buraimoh AA. Median 
nerve conduction in healthy Nigerians: normative data. Ann Med 
Health Sci Res. 2016;6(2):85–9.

	174.	 Chen JH, Shilian P, Cheongsiatmoy J, Gonzalez AA. Factors 
associated with inadequate intraoperative baseline lower extrem-
ity somatosensory evoked potentials. J Clin Neurophysiol. 
2018;35(5):426–30. https://​doi.​org/​10.​1097/​WNP.​00000​00000​
000494.

	175.	 Koht A, Sloan TB, Hemmer LB. UptoDate [Online]. Waltham, 
MA: Crowley; 2022. https://​www.​uptod​ate.​com/​conte​nts/​neuro​
monit​oring-​in-​surge​ry-​and-​anest​hesia. Accessed 24 Apr 2022.

	176.	 Gonzalez AA, Droker BS, Kim ES, Parikh P. Success rate of 
obtaining baseline somatosensory and motor evoked potentials 
in 695 consecutive cranial and spine surgeries. J Clin Neuro-
physiol. 2022;39(6):513–8. https://​doi.​org/​10.​1097/​WNP.​00000​
00000​000796.

	177.	 Deiner S. Highlights of anesthetic considerations for intraop-
erative neuromonitoring. Semin Cardiothorac Vasc Anesth. 
2010;14(1):51–3. https://​doi.​org/​10.​1177/​10892​53210​362792.

	178.	 Jameson LC, Sloan TB. Monitoring of the brain and spinal cord. 
Anesthesiol Clin. 2006;24(4):777–91. https://​doi.​org/​10.​1016/j.​
atc.​2006.​08.​002.

	179.	 Cui H, Luk KD, Hu Y, Cui H, Luk LD, Hu Y. Effects of physi-
ological parameters on intraoperative somatosensory-evoked 
potential monitoring: results of a multifactor analysis. Med Sci 
Monit. 2009;15(5):CR226–30.

	180.	 Stecker MM, Cheung AT, Pochettino A, Kent G, Patterson T, 
Weiss SJ, et al. Deep hypothermic circulatory arrest: I. Effects 
of cooling on electroencephalogram and evoked potentials. Ann 
Thorac Surg. 2001;71(1):14–21. https://​doi.​org/​10.​1016/​s0003-​
4975(00)​01592-7.

	181.	 Zanatta P, Bosco E, Comin A, Mazzarolo AP, Di Pasquale P, Fort 
IA, et al. Effect of mild hypothermic cardiopulmonary bypass on 
the amplitude of somatosensory-evoked potentials. J Neurosurg 
Anesthesiol. 2014;26(2):161–6. https://​doi.​org/​10.​1097/​ANA.​
00000​00000​000016.

	182.	 Madhok J, Wu D, Xiong W, Geocadin RG, Jia X. Hypothermia 
amplifies somatosensory-evoked potentials in uninjured rats. J 
Neurosurg Anesthesiol. 2012;24(3):197–202. https://​doi.​org/​10.​
1097/​ANA.​0b013​e3182​4ac36c.

	183.	 Ghariani S, Liard L, Spaey J, Noirhomme PH, El Khoury GA, 
de Tourtchaninoff M, et al. Retrospective study of somatosen-
sory evoked potential monitoring in deep hypothermic circula-
tory arrest. Ann Thorac Surg. 1999;67(6):1915–18; discussion 
1919–21. https://​doi.​org/​10.​1016/​s0003-​4975(99)​00413-0.

	184.	 Ghariani S, Matta A, Dion R, Guérit JM. Intra- and postopera-
tive factors determining neurological complications after sur-
gery under deep hypothermic circulatory arrest: a retrospec-
tive somatosensory evoked potential study. Clin Neurophysiol. 
2000;111(6):1082–94. https://​doi.​org/​10.​1016/​s1388-​2457(00)​
00261-3.

	185.	 Nuwer MR. Intraoperative electroencephalography. J Clin Neu-
rophysiol. 1993;10(4):437–44. https://​doi.​org/​10.​1097/​00004​
691-​19931​0000-​00005.

	186.	 Prior PF. EEG Monitoring and evoked potentials in brain 
ischemia. Br J Anaesth. 1985;57(1):63–81. https://​doi.​org/​10.​
1093/​bja/​57.1.​63.

	187.	 Branston NM, Symon L. Cortical EP, blood flow, and potassium 
changes in experimental ischemia. In: Barber C, editor. Evoked 
potentials. Baltimore: University Park Press; 1980. p. 527–30.

	188.	 Yang J, Skaggs DL, Chan P, Shah SA, Vitale MG, Neiss G, 
et  al. Raising mean arterial pressure alone restores 20% of 
intraoperative neuromonitoring losses. Spine (Phila Pa 1976). 
2018;43(13):890–4. https://​doi.​org/​10.​1097/​BRS.​00000​00000​
002461.

	189.	 Singh G. Somatosensory evoked potential monitoring. J Neu-
roanaesthesiol Crit Care. 2016;3(4):S97-104. https://​doi.​org/​10.​
4103/​2348-​0548.​174745.

	190.	 Werndle MC, Saadoun S, Phang I, Czosnyka M, Varsos GV, 
Czosnyka ZH, et al. Monitoring of spinal cord perfusion pressure 
in acute spinal cord injury: initial findings of the injured spinal 
cord pressure evaluation study. Crit Care Med. 2014;42(3):646–
55. https://​doi.​org/​10.​1097/​CCM.​00000​00000​000028.

	191.	 Ledsome JR, Cole C, Sharp-Kehl JM. Somatosensory evoked 
potentials during hypoxia and hypocapnia in conscious humans. 
Can J Anaesth. 1996;43(10):1025–9. https://​doi.​org/​10.​1007/​
BF030​11904.

	192.	 Schubert A, Drummond JC. The effect of acute hypocapnia on 
human median nerve somatosensory evoked responses. Anesth 
Analg. 1986;65(3):240–4.

	193.	 Kalkman CJ, Baezeman EH, Ribberink AA, Oosting J, Deen L, 
Bovill JG. Influence of changes in arterial carbon dioxide tension 

https://doi.org/10.1097/ALN.0000000000004049
https://doi.org/10.1097/ALN.0000000000004049
https://doi.org/10.1007/s10877-013-9506-x
https://doi.org/10.1007/s10877-013-9506-x
https://doi.org/10.1097/MD.0000000000029965
https://doi.org/10.1097/MD.0000000000029965
https://doi.org/10.1016/j.spinee.2017.06.024
https://doi.org/10.1016/j.spinee.2017.06.024
https://doi.org/10.1097/ALN.0000000000001609
https://doi.org/10.1097/ALN.0000000000001609
https://doi.org/10.1213/ANE.0b013e3181fec9a3
https://doi.org/10.1097/ANA.0000000000000265
https://doi.org/10.1097/ANA.0000000000000265
https://doi.org/10.1016/j.wneu.2012.05.034
https://doi.org/10.1016/j.wneu.2012.05.034
https://doi.org/10.1186/1748-7161-5-8
https://doi.org/10.1186/1748-7161-5-8
https://doi.org/10.1097/WNP.0000000000000494
https://doi.org/10.1097/WNP.0000000000000494
https://www.uptodate.com/contents/neuromonitoring-in-surgery-and-anesthesia
https://www.uptodate.com/contents/neuromonitoring-in-surgery-and-anesthesia
https://doi.org/10.1097/WNP.0000000000000796
https://doi.org/10.1097/WNP.0000000000000796
https://doi.org/10.1177/1089253210362792
https://doi.org/10.1016/j.atc.2006.08.002
https://doi.org/10.1016/j.atc.2006.08.002
https://doi.org/10.1016/s0003-4975(00)01592-7
https://doi.org/10.1016/s0003-4975(00)01592-7
https://doi.org/10.1097/ANA.0000000000000016
https://doi.org/10.1097/ANA.0000000000000016
https://doi.org/10.1097/ANA.0b013e31824ac36c
https://doi.org/10.1097/ANA.0b013e31824ac36c
https://doi.org/10.1016/s0003-4975(99)00413-0
https://doi.org/10.1016/s1388-2457(00)00261-3
https://doi.org/10.1016/s1388-2457(00)00261-3
https://doi.org/10.1097/00004691-199310000-00005
https://doi.org/10.1097/00004691-199310000-00005
https://doi.org/10.1093/bja/57.1.63
https://doi.org/10.1093/bja/57.1.63
https://doi.org/10.1097/BRS.0000000000002461
https://doi.org/10.1097/BRS.0000000000002461
https://doi.org/10.4103/2348-0548.174745
https://doi.org/10.4103/2348-0548.174745
https://doi.org/10.1097/CCM.0000000000000028
https://doi.org/10.1007/BF03011904
https://doi.org/10.1007/BF03011904


	 Journal of Clinical Monitoring and Computing

on the electroencephalogram and posterior tibial nerve soma-
tosensory cortical evoked potentials during alfentanil/nitrous 
oxide anesthesia. Anesthesiology. 1991;75(1):68–74. https://​
doi.​org/​10.​1097/​00000​542-​19910​7000-​00012.

	194.	 Kanda F, Jinnai J, Fujita T. Somatosensory evoked potentials in 
patients with hypocalcaemia after parathyroidectomy. J Neurol. 
1988;235(3):136–9. https://​doi.​org/​10.​1007/​BF003​14302.

	195.	 York DH, Chabot RJ, Gaines RW. Response variability of soma-
tosensory evoked potentials during scoliosis surgery. Spine (Phila 
Pa 1976). 1987;12(9):864–76. https://​doi.​org/​10.​1097/​00007​632-​
19871​1000-​00007.

	196.	 Apel DM, Marrero G, King J, Tolo VT, Bassett GS. Avoiding 
paraplegia during anterior spinal surgery: The role of somatosen-
sory evoked potential monitoring with temporary occlusion of 
segmental spinal arteries. Spine (Phila Pa 1976). 1991;16(8 
Suppl):S365-70.

	197.	 Coles JG, Wilson GJ, Sima AF, Klement P, Tait GA. Intraop-
erative detection of spinal cord ischemia using somatosensory 
cortical evoked potentials during thoracic aortic occlusion. Ann 
Thor Surg. 1982;34(3):299–306. https://​doi.​org/​10.​1016/​s0003-​
4975(10)​62499-x.

	198.	 Young W, Mollin D. Intraoperative somatosensory evoked poten-
tial monitoring of spinal surgery. In: Desmedt JE, editor. Neu-
romonitoring in surgery. Amsterdam: Elsevier; 1989. p. 165–73.

	199.	 Deletis V, Engler GL. Somatosensory evoked potentials for spi-
nal cord monitoring. In: Bridwell KH, DeWald RL, editors. The 
textbook of spinal surgery. Philadelphia: Lippincott-Raven; 1997. 
p. 85–92.

	200.	 Kelleher MO, Tan G, Sarjeant R, Fehlings MG. Predictive value 
of intraoperative neurophysiological monitoring during cervi-
cal spine surgery: a prospective analysis of 1055 consecutive 
patients. J Neurosurg Spine. 2008;8(3):215–21. https://​doi.​org/​
10.​3171/​SPI/​2008/8/​3/​215.

	201.	 Sala F, Bricolo A, Faccioli F, Lanteri P, Gerosa M. Surgery for 
intramedullary spinal cord tumors: the role of intraoperative 
(neurophysiological) monitoring. Eur Spine J. 2007;16(Suppl 
2):S130–9. https://​doi.​org/​10.​1007/​s00586-​007-​0423-x.

	202.	 Macdonald DB, Al Zayed Z, Al SA. Four-limb muscle motor 
evoked potential and optimized somatosensory evoked potential 
monitoring with decussation assessment: results in 206 thora-
columbar spine surgeries. Eur Spine J. 2007;6(Suppl 2):s171–87. 
https://​doi.​org/​10.​1007/​s00586-​007-​0426-7.

	203.	 Hermans H, Lipfert P, Meier S, Jetzek-Zader M, Krauspe R, 
Stevens MF. Cortical somatosensory-evoked potentials during 
spine surgery in patients with neuromuscular and idiopathic 
scoliosis under propofol-remifentanil anaesthesia. Br J Anaesth. 
2004;98(3):362–5. https://​doi.​org/​10.​1093/​bja/​ael365.

	204.	 Smith PN, Balzer JR, Khan MH, Davis RA, Crammond D, 
Welch WC, et al. Intraoperative somatosensory evoked poten-
tial monitoring during anterior cervical discectomy and fusion 
in nonmyelopathic patients—a review of 1039 cases. Spine J. 
2007;7(1):83–7. https://​doi.​org/​10.​1016/j.​spinee.​2006.​04.​008.

	205.	 Costa P, Bruno A, Bonzanino M, Massaro F, Caruso L, Vin-
cenzo I, et  al. Somatosensory- and motor-evoked potential 
monitoring during spine and spinal cord surgery. Spinal Cord. 
2007;45(1):86–91. https://​doi.​org/​10.​1038/​sj.​sc.​31019​34.

	206.	 Khan MH, Smith PN, Balzer JR, Crammond D, Welch WC, 
Gerszten P, et al. Intraoperative somatosensory evoked potential 
monitoring during cervical spine corpectomy surgery: experi-
ence with 508 cases. Spine (Phila Pa 1976). 2006;13(4):E105-13. 
https://​doi.​org/​10.​1097/​01.​brs.​00002​00163.​71909.​1f.

	207.	 Weigang E, Hartert M, Siegenthaler MP, Pitzer-Hartert K, Luehr 
M, Sircar R, et al. Neurophysiological monitoring during thora-
coabdominal aortic endovascular stent graft implantation. Eur J 

Cardiothorac Surg. 2006;29(3):392–6. https://​doi.​org/​10.​1016/j.​
ejcts.​2005.​11.​039.

	208.	 Thirumala PD, Bodily L, Tint D, Ward WT, Deeney VF, Cram-
mond DJ, et al. Somatosensory-evoked potential monitoring 
during instrumented scoliosis corrective procedures; validity 
revisited. Spine J. 2014;14(8):1572–80. https://​doi.​org/​10.​1016/j.​
spinee.​2013.​09.​035.

	209.	 Stecker MM. A review of intraoperative monitoring for spinal 
surgery. Surg Neurol Int. 2012;3(Suppl 3):S174-87. https://​doi.​
org/​10.​4103/​2152-​7806.​98579.

	210.	 Dennis GC, Dehkordi O, Millis RM, Cole AN, Brown DS, Paul 
OA. Monitoring of median nerve somatosensory evoked poten-
tials during cervical spinal cord decompression. J Clin Neuro-
physiol. 1996;13(1):51–9. https://​doi.​org/​10.​1097/​00004​691-​
19960​1000-​00005.

	211.	 Dinner DS, Lüders H, Lesser RP, Morris HH, Barnett G, Klem G. 
Intraoperative spinal somatosensory evoked potential monitor-
ing. J Neurosurg. 1986;65(6):807–14. https://​doi.​org/​10.​3171/​
jns.​1986.​65.6.​0807.

	212.	 Guerit J, Witdoeckt C, Rubay J, Matta A, Dion R. The usefulness 
of the spinal and subcortical components of the posterior tibial 
nerve SEPs for spinal cord monitoring during aortic coarctation 
repair. Electroencephalogr Clin Neurophysiol. 1997;104(2):115–
21. https://​doi.​org/​10.​1016/​s0168-​5597(97)​96661-2.

	213.	 Nuwer MR, Dawson EG, Carlson LG, Kanim LE, Sherman 
JE. Somatosensory evoked potential spinal cord monitoring 
reduces neurologic deficits after scoliosis surgery: results of a 
large multicenter survey. Electroencepholog and Clin Neuro-
physiol. 1995;96(1):6–11. https://​doi.​org/​10.​1016/​0013-​4694(94)​
00235-d.

	214.	 Robinson LR, Slimp JC, Anderson PA, Stolov WC. The efficacy 
of femoral nerve intraoperative somatosensory evoked poten-
tials during surgical treatment of thoracolumbar fractures. Spine 
(Phila Pa 1976). 1993;18(13):1793–7. https://​doi.​org/​10.​1097/​
00007​632-​19931​0000-​00013.

	215.	 Schramm J. Spinal cord monitoring: Current status and new 
developments. Cent Nerv Syst Trauma. 1985;2(3):207–27. 
https://​doi.​org/​10.​1089/​cns.​1985.2.​207.

	216.	 Spielholz NI, Benjamin MV, Engler GL, Ransohoff J. Soma-
tosensory evoked potentials during decompression and stabiliza-
tion of the spine. Methods and findings. Spine (Phila Pa 1976). 
1979;4(6):500–5. https://​doi.​org/​10.​1097/​00007​632-​19791​
1000-​00008.

	217.	 Spielholz NI. Intraoperative monitoring using somato-sensory 
evoked potentials: a brief overview. Electromyogr Clin Neuro-
physiol. 1994;34(1):29–34.

	218.	 Park P, Wang AC, Sangala JR, Kim SM, Hervey-Jumper S, Than 
KD, et al. Impact of multimodal intraoperative monitoring during 
correction of symptomatic cervical or cervicothoracic kyphosis. 
J Neurosurg Spine. 2011;14(1):99–105. https://​doi.​org/​10.​3171/​
2010.9.​SPINE​1085.

	219.	 Malhotra NR, Shaffrey CI. Intraoperative electrophysi-
ological monitoring in spine surgery. Spine (Phila Pa 1976). 
2010;35(25):2167–79. https://​doi.​org/​10.​1097/​BRS.​0b013​e3181​
f6f0d0.

	220.	 Garcia RM, Qureshi SA, Cassinelli EH, Biro CL, Furey CG, 
Bohlman HH. Detection of postoperative neurologic deficits 
using somatosensory-evoked potentials alone during posterior 
cervical laminoplasty. Spine J. 2010;10(10):890–5.

	221.	 Thuet ED, Winsher JC, Padberg AM, Bridwell KH, Lenke LG, 
Dobbs MB, et al. Validity and reliability of intraoperative moni-
toring in pediatric spinal deformity surgery: a 23-year experience 
of 3436 surgical cases. Spine (Phila Pa 1976). 2010;35(20):1880–
6. https://​doi.​org/​10.​1016/j.​spinee.​2010.​08.​018.

https://doi.org/10.1097/00000542-199107000-00012
https://doi.org/10.1097/00000542-199107000-00012
https://doi.org/10.1007/BF00314302
https://doi.org/10.1097/00007632-198711000-00007
https://doi.org/10.1097/00007632-198711000-00007
https://doi.org/10.1016/s0003-4975(10)62499-x
https://doi.org/10.1016/s0003-4975(10)62499-x
https://doi.org/10.3171/SPI/2008/8/3/215
https://doi.org/10.3171/SPI/2008/8/3/215
https://doi.org/10.1007/s00586-007-0423-x
https://doi.org/10.1007/s00586-007-0426-7
https://doi.org/10.1093/bja/ael365
https://doi.org/10.1016/j.spinee.2006.04.008
https://doi.org/10.1038/sj.sc.3101934
https://doi.org/10.1097/01.brs.0000200163.71909.1f
https://doi.org/10.1016/j.ejcts.2005.11.039
https://doi.org/10.1016/j.ejcts.2005.11.039
https://doi.org/10.1016/j.spinee.2013.09.035
https://doi.org/10.1016/j.spinee.2013.09.035
https://doi.org/10.4103/2152-7806.98579
https://doi.org/10.4103/2152-7806.98579
https://doi.org/10.1097/00004691-199601000-00005
https://doi.org/10.1097/00004691-199601000-00005
https://doi.org/10.3171/jns.1986.65.6.0807
https://doi.org/10.3171/jns.1986.65.6.0807
https://doi.org/10.1016/s0168-5597(97)96661-2
https://doi.org/10.1016/0013-4694(94)00235-d
https://doi.org/10.1016/0013-4694(94)00235-d
https://doi.org/10.1097/00007632-199310000-00013
https://doi.org/10.1097/00007632-199310000-00013
https://doi.org/10.1089/cns.1985.2.207
https://doi.org/10.1097/00007632-197911000-00008
https://doi.org/10.1097/00007632-197911000-00008
https://doi.org/10.3171/2010.9.SPINE1085
https://doi.org/10.3171/2010.9.SPINE1085
https://doi.org/10.1097/BRS.0b013e3181f6f0d0
https://doi.org/10.1097/BRS.0b013e3181f6f0d0
https://doi.org/10.1016/j.spinee.2010.08.018


Journal of Clinical Monitoring and Computing	

	222.	 Ayoub C, Zreik T, Sawaya R, Domloj N, Sabbagh A, Skaf G. 
Significance and cost-effectiveness of somatosensory evoked 
potential monitoring in cervical spine surgery. Neurol India. 
2010;58(3):424–8. https://​doi.​org/​10.​4103/​0028-​3886.​66454.

	223.	 Kamerlink JR, Errico T, Xavier S, Patel A, Patel A, Cohen A, 
et al. Major intraoperative neurologic monitoring deficits in 
consecutive pediatric and adult spinal deformity patients at one 
institution. Spine (Phila Pa 1976). 2010;35(2):240–5.

	224.	 Vitale MG, Moore DW, Matsumoto H, Emerson RG, Booker 
WA, Gomez JA, et al. Risk factors for spinal cord injury during 
surgery for spinal deformity. J Bone Jt Surg Am. 2010;92(1):64–
71. https://​doi.​org/​10.​1097/​BRS.​0b013​e3181​c7c8f6.

	225.	 Gonzalez AA, Jeyanandarajan D, Hansen C, Zada G, Hsieh PC. 
Intraoperative neurophysiological monitoring during spine sur-
gery: a review. Neurosurg Focus. 2009;27(4):E6. https://​doi.​org/​
10.​3171/​2009.8.​FOCUS​09150.

	226.	 Sloan TB, Jameson LC. Electrophysiologic monitoring during 
surgery to repair the thoraco-abdominal aorta. J Clin Neuro-
physiol. 2007;24(4):316–27. https://​doi.​org/​10.​1097/​WNP.​0b013​
e3181​1ebc66.

	227.	 Devlin VJ, Schwartz DM. Intraoperative neurophysiologic 
monitoring during spinal surgery. J Am Acad Orthop Surg. 
2007;15(9):549–60. https://​doi.​org/​10.​5435/​00124​635-​20070​
9000-​00005.

	228.	 Pajewski TN, Arlet V, Phillips LH. Current approach on spinal 
cord monitoring: the point of view of the neurologist, the anes-
thesiologist and the spine surgeon. Eur Spine J. 2007;16(Suppl 
2):S115–29. https://​doi.​org/​10.​1007/​s00586-​007-​0419-6.

	229.	 Roh MS, Wilson-Holden TJ, Padberg AM, Park JB, Daniel RK. 
The utility of somatosensory evoked potential monitoring during 
cervical spine surgery: how often does it prompt intervention and 
affect outcome? Asian Spine J. 2007;1(1):43–7. https://​doi.​org/​
10.​4184/​asj.​2007.1.​1.​43.

	230.	 Estrera AL, Sheinbaum R, Miller CC, Harrison R, Safi HJ. Neu-
romonitor-guided repair of thoracoabdominal aortic aneurysms. J 
Thorac Cardiovasc Surg. 2010;140(6 Suppl):S131–5; discussion 
S142–6. https://​doi.​org/​10.​1016/j.​jtcvs.​2010.​07.​058

	231.	 ter Wolbeek C, Hartert M, Conzelmann LO, Peivandi AA, 
Czerny M, Gottardi R, et al. Value and pitfalls of neurophysi-
ological monitoring in thoracic and thoracoabdominal aortic 
replacement and endovascular repair. Thorac Cardiovasc Surg. 
2010;58(5):260–4. https://​doi.​org/​10.​1055/s-​0030-​12499​04.

	232.	 Lall RR, Lall RR, Hauptman JS, Munoz C, Cybulski GR, Koski 
T, et al. Intraoperative neurophysiological monitoring in spine 
surgery: Indications, efficacy, and role of the preoperative check-
list. Neurosurg Focus. 2012;33(5):E10. https://​doi.​org/​10.​3171/​
2012.9.​FOCUS​12235.

	233.	 Lesser RP, Raudzens P, Lüders H, Nuwer MR, Goldie WD, Mor-
ris HH 3rd, Dinner DS, Klem G, Hahn JF, Shetter AG, et al. 
Postoperative neurological deficits may occur despite unchanged 
intraoperative somatosensory evoked potentials. Ann Neurol. 
1986;19(1):22–5. https://​doi.​org/​10.​1002/​ana.​41019​0105.

	234.	 Chatrian GE, Berger MS, Wirch AL. Discrepancy between intra-
operative SSEPs and postoperative function. Case report. J Neu-
rosurg. 1988;69(3):450–4. https://​doi.​org/​10.​3171/​jns.​1988.​69.3.​
0450.

	235.	 Dawson EG, Sherman JE, Kanim LE, Nuwer MR. Spinal cord 
monitoring. Results of the Scoliosis Research Society and the 
European Spinal Deformity Society survey. Spine (Phila Pa 
1976). 1991;16(8 Suppl):S361-4.

	236.	 Minahan RE, Sepkudy JP, Lesser RP, Sponseller PD, Kostuik JP. 
Anterior spinal cord injury with preserved neurogenic “motor” 
evoked potentials. Clin Neurophysiol. 2001;112(8):1442–50. 
https://​doi.​org/​10.​1016/​s1388-​2457(01)​00567-3.

	237.	 Jones SJ, Buonamassa S, Crockard HA. Two cases of quadri-
paresis following anterior cervical discectomy with normal 

perioperative somatosensory evoked potentials. J Neurol Neu-
rosurg Psychiatry. 2003;74(2):273–6. https://​doi.​org/​10.​1136/​
jnnp.​74.2.​273.

	238.	 Charalampidis A, Jiang F, Wilson JRF, Badhiwala J, Brodke D, 
Fehlings M. The use of intraoperative neurophysiological moni-
toring in spine surgery. Glob Spine J. 2020;10(1 Suppl):104S-
114S. https://​doi.​org/​10.​1177/​21925​68219​859314.

	239.	 Xu R, Ritzl EK, Sait M, Sciubba DM, Wolinsky JP, Witham 
TF, et al. A role for motor and somatosensory evoked potentials 
during anterior cervical discectomy and fusion for patients with-
out myelopathy: analysis of 57 consecutive cases. Surg Neurol. 
2011;2:133.

	240.	 Epstein NE. The need to add motor evoked potential monitoring 
to somatosensory and electromyographic monitoring in cervical 
spine surgery. Surg Neurol Int. 2013;4(Suppl 5):S383–91. https://​
doi.​org/​10.​4103/​2152-​7806.​120782.

	241.	 Badhiwala JH, Nassiri F, Witiw CD, Mansouri A, Almenawar 
SA, da Costa L, et al. Investigating the utility of intraoperative 
neurophysiological monitoring for anterior cervical discectomy 
and fusion: analysis of over 140,000 cases from the National 
(Nationwide) inpatient sample data set. J Neurosurg Spine. 
2019;31(1):76–86. https://​doi.​org/​10.​3171/​2019.1.​SPINE​
181110.

	242.	 Reddy RP, Chang R, Rosario BP, Sudabi S, Anetakis KM, 
Balzer JR, et al. What is the predictive value of intraoperative 
somatosensory evoked potential monitoring for postoperative 
deficit in cervical spine surgery? A meta-analysis. Spine J. 
2021;21(4):555–70. https://​doi.​org/​10.​1016/j.​spinee.​2021.​01.​
010.

	243.	 Traynelis VC, Abode-Iyamah KO, Leick KM, Bender SM, 
Greenlee JD. Cervical decompression and reconstruction with-
out intraoperative neurophysiological monitoring. J Neurosurg 
Spine. 2012;16(2):107–13. https://​doi.​org/​10.​3171/​2011.​10.​
SPINE​11199.

	244.	 Gonzalez AA, Shilian P, Hsieh P. Spinal cord mapping. J Clin 
Neurophysiol. 2013;30(6):604–12. https://​doi.​org/​10.​1097/​WNP.​
00000​00000​000010.

	245.	 Ajiboye RM, D’Oro A, Ashana AO, Buerba RA, Lord EL, Buser 
Z, et al. Routine use of intraoperative neuromonitoring during 
ACDFs for the treatment of spondylotic myelopathy and radicu-
lopathy is questionable; a review of 15,395 cases. Spine (Phila 
Pa 1976). 2017;422(1):14–9. https://​doi.​org/​10.​1097/​BRS.​00000​
00000​001662.

	246.	 Laratta JL, Ha A, Shillingford JN, Makhni MC, Lombardi JM, 
Thuet E, et al. Neuromonitoring in spinal deformity surgery: a 
multimodality approach. Glob Spine J. 2018;8(1):68–77. https://​
doi.​org/​10.​1177/​21925​68217​706970.

	247.	 Koffie RM, Morgan CD, Giraldo JP, Angel S, Walker CT, Godzik 
J, et al. Should somatosensory and motor evoked potential moni-
toring be used routinely in all posterior cervical operations for 
degenerative conditions of the cervical spine? World Neurosurg. 
2022;162:e86–90. https://​doi.​org/​10.​1016/j.​wneu.​2022.​02.​080.

	248.	 Bose B, Sestokas AK, Schwartz DM. Neurophysiological moni-
toring of spinal cord function during instrumented anterior cervi-
cal fusion. Spine J. 2004;4(2):202–7. https://​doi.​org/​10.​1016/j.​
spinee.​2003.​06.​001.

	249.	 Mobbs RJ, Rao P, Chandran NK. Anterior cervical discectomy 
and fusion: analysis of surgical outcome with and without plat-
ing. J Clin Neurosci. 2007;14(7):639–42. https://​doi.​org/​10.​
1016/j.​jocn.​2006.​04.​003.

	250.	 Bebawy JF, Koht A, Mirkovic S. Anterior cervical spine surgery. 
In: Koht A, Sloan TB, Toleikis JR, editors. Monitoring the nerv-
ous system for anesthesiologists and other health care profession-
als. 2nd ed. Cham: Springer; 2017. p. 473–83.

	251.	 Mongan PD, Patel VV. Posterior cervical spine surgery. In: Koht 
A, Sloan TB, Toleikis JR, editors. Monitoring the nervous system 

https://doi.org/10.4103/0028-3886.66454
https://doi.org/10.1097/BRS.0b013e3181c7c8f6
https://doi.org/10.3171/2009.8.FOCUS09150
https://doi.org/10.3171/2009.8.FOCUS09150
https://doi.org/10.1097/WNP.0b013e31811ebc66
https://doi.org/10.1097/WNP.0b013e31811ebc66
https://doi.org/10.5435/00124635-200709000-00005
https://doi.org/10.5435/00124635-200709000-00005
https://doi.org/10.1007/s00586-007-0419-6
https://doi.org/10.4184/asj.2007.1.1.43
https://doi.org/10.4184/asj.2007.1.1.43
https://doi.org/10.1016/j.jtcvs.2010.07.058
https://doi.org/10.1055/s-0030-1249904
https://doi.org/10.3171/2012.9.FOCUS12235
https://doi.org/10.3171/2012.9.FOCUS12235
https://doi.org/10.1002/ana.410190105
https://doi.org/10.3171/jns.1988.69.3.0450
https://doi.org/10.3171/jns.1988.69.3.0450
https://doi.org/10.1016/s1388-2457(01)00567-3
https://doi.org/10.1136/jnnp.74.2.273
https://doi.org/10.1136/jnnp.74.2.273
https://doi.org/10.1177/2192568219859314
https://doi.org/10.4103/2152-7806.120782
https://doi.org/10.4103/2152-7806.120782
https://doi.org/10.3171/2019.1.SPINE181110
https://doi.org/10.3171/2019.1.SPINE181110
https://doi.org/10.1016/j.spinee.2021.01.010
https://doi.org/10.1016/j.spinee.2021.01.010
https://doi.org/10.3171/2011.10.SPINE11199
https://doi.org/10.3171/2011.10.SPINE11199
https://doi.org/10.1097/WNP.0000000000000010
https://doi.org/10.1097/WNP.0000000000000010
https://doi.org/10.1097/BRS.0000000000001662
https://doi.org/10.1097/BRS.0000000000001662
https://doi.org/10.1177/2192568217706970
https://doi.org/10.1177/2192568217706970
https://doi.org/10.1016/j.wneu.2022.02.080
https://doi.org/10.1016/j.spinee.2003.06.001
https://doi.org/10.1016/j.spinee.2003.06.001
https://doi.org/10.1016/j.jocn.2006.04.003
https://doi.org/10.1016/j.jocn.2006.04.003


	 Journal of Clinical Monitoring and Computing

for anesthesiologists and other health care professionals. 2nd ed. 
Cham: Springer; 2017. p. 485–95.

	252.	 Gunnarsson T, Krassioukov AV, Sarjeant R, Fehlings MG. 
Real-time continuous intraoperative electromyographic and 
somatosensory evoked potential recordings in spinal surgery: 
correlation of clinical and electrophysiologic findings in a pro-
spective, consecutive series of 213 cases. Spine (Phila Pa 1976). 
2004;29(6):677–84. https://​doi.​org/​10.​1097/​01.​brs.​00001​15144.​
30607.​e9.

	253.	 Hassanzadeh H, Nandyala S, Khanna AJ, An HS. Intraoperative 
neurophysiologic monitoring in adult spine surgery. Semin Spine 
Surg. 2015;27(4):209–13. https://​doi.​org/​10.​1053/j.​semss.​2015.​
04.​005.

	254.	 Wilent WB, Trott JM, Sestokas AK. Roadmap for motor 
evoked potential (MEP) monitoring for patients undergoing 
lumbar and lumbosacral spinal fusion procedures. Neurodiagn 
J. 2021;61(1):27–36. https://​doi.​org/​10.​1080/​21646​821.​2021.​
18669​34.

	255.	 Manning E, Emerson R. Intraoperative monitoring of scoliosis 
surgery in young patients. J Clin Neurophysiol. 2024;41(2):138–
47. https://​doi.​org/​10.​1097/​WNP.​00000​00000​001058.

	256.	 Gorijala VK, Reddy RP, Anetakis KM, Balzer J, Crammond DJ, 
Shandal V, et al. Diagnostic utility of different types of soma-
tosensory evoked potential changes in pediatric idiopathic scolio-
sis correction surgery. Eur Spine J. 2024;33(4):1644–56. https://​
doi.​org/​10.​1007/​s00586-​023-​08063-y.

	257.	 Nair MN, Ramakrishna R, Slimp J, Kinney G, Chesnut RM. 
Left iliac artery injury during anterior lumbar spine surgery 
diagnosed by intraoperative neurophysiological monitoring. 
Eur Spine J. 2010(Suppl 2):S203–5. https://​doi.​org/​10.​1007/​
s00586-​010-​1372-3.

	258.	 Melachuri SR, Stopera C, Melachuri MK, Anetakis K, Cram-
mond DJ, Castellano JF, et al. The efficacy of somatosensory 
evoked potentials in evaluating new neurological deficits after 
spinal thoracic fusion and decompression. J Neurosurg Spine. 
2020;6:1–6. https://​doi.​org/​10.​3171/​2019.​12.​SPINE​191157.

	259.	 Hofler RC, Fessler RG. Intraoperative neuromonitoring and lum-
bar spinal instrumentation: indications and utility. Neurodiagn J. 
2021;61(1):2–10. https://​doi.​org/​10.​1080/​21646​821.​2021.​18742​
07.

	260.	 Alemo S, Sayadipour A. Role of intraoperative neurophysiologic 
monitoring in lumbosacral spine fusion and instrumentation: a 
retrospective study. World Neurosurg. 2010;73(1):72–6. https://​
doi.​org/​10.​1016/j.​surneu.​2009.​04.​024.

	261.	 Jahangiri FR, Sheryar M, Al OR. Neurophysiological monitoring 
of the spinal sensory and motor pathways during embolization of 
spinal arteriovenous malformations—propofol: a safe alternative. 
Neurodiagn J. 2014;54(2):125–37.

	262.	 MacDonald DB, Janusz M. An approach to intraoperative neuro-
physiologic monitoring of thoracoabdominal aneurysm surgery. 
J Clin Neurophysiol. 2022;19(1):43–54. https://​doi.​org/​10.​1097/​
00004​691-​20020​1000-​00006.

	263.	 Korn A, Halevi D, Lidar Z, Biron T, Ekstein P, Constantini S. 
Intraoperative neurophysiological monitoring during resection 
of intradural extramedullary spinal cord tumors: experience with 
100 cases. Acta Neurochir (Wien). 2015;157(5):819–30. https://​
doi.​org/​10.​1007/​s00701-​014-​2307-2.

	264.	 Happel L, Kline D. Intraoperative neurophysiology of the periph-
eral nervous system. In: Deletis V, Shils J, Sala F, Seidel K, edi-
tors. Neurophysiology in neurosurgery; a modern approach. 2nd 
ed. San Diego: Elsevier; 2020. p. 413–29.

	265.	 Schwartz DM, Sestokas AS, Hilibrand AS, Vaccaro AR, Bose B, 
Li M, et al. Neurophysiological identification of position-induced 
neurologic injury during anterior cervical spine surgery. J Clin 
Monit Comput. 2006;20(6):437–44. https://​doi.​org/​10.​1007/​
s10877-​006-​9032-1.

	266.	 Labrom RD, Hoskins M, Reily CW, Tredwell SJ, Wong PK. Clin-
ical usefulness of somatosensory evoked potentials for detection 
of brachial plexopathy secondary to malpositioning in scoliosis 
surgery. Spine (Phila Pa 1976). 2005;30(18):2089–93. https://​
doi.​org/​10.​1097/​01.​brs.​00001​79305.​89193.​46.

	267.	 Shea KG, Apel PJ, Showalter LD, Bell WL. Somatosensory 
evoked potential monitoring of the brachial plexus during a 
Woodward procedure for correction of Sprengel’s deformity. 
Muscle Nerve. 2010;41(2):262–4. https://​doi.​org/​10.​1002/​mus.​
21545.

	268.	 Bethune AJ, Houlden DA, Smith TS, Yee AJ, Midha R, Sin-
grakhia M. Generalized peripheral nerve failure during tho-
racic spine surgery: a case report. J Clin Monit Comput. 
2007;21(1):41–7. https://​doi.​org/​10.​1007/​s10877-​006-​9056-6.

	269.	 Ofiram E, Lonstein JE, Skinner S, Perra JH. The disappearing 
evoked potentials: a special problem of positioning patients 
with skeletal dysplasia: case report. Spine (Phila Pa 1976). 
2006;31(14):E464-70. https://​doi.​org/​10.​1097/​01.​brs.​00002​
22122.​37415.​4d.

	270.	 Kamel IR, Drum ET, Kock SA, Whitten JA, Gaughen JP, Bar-
nette RE, et al. The use of somatosensory evoked potentials 
to determine the relationship between patient positioning and 
impending upper extremity nerve injury during spine surgery: 
a retrospective analysis. Anesth Analg. 2006;102(5):1538–42. 
https://​doi.​org/​10.​1213/​01.​ane.​00001​98666.​11523.​d6.

	271.	 Chung I, Glow JA, Dimopoulos V, Walid MS, Smisson HF, 
Johnston KW, et al. Upper-limb somatosensory evoked potential 
monitoring in lumbosacral spine surgery: a prognostic marker for 
position-related ulnar nerve injury. Spine J. 2009;9(4):287–95. 
https://​doi.​org/​10.​1016/j.​spinee.​2008.​05.​004.

	272.	 Abu-Ata MM, Pasquali C, Sala F. Intraoperative neuromonitor-
ing in tethered cord surgery in children. J Clin Neurophysiol. 
2024;41(2):123–33. https://​doi.​org/​10.​1097/​WNP.​00000​00000​
001056.

	273.	 Cohen BA, Major MR, Huizenga BA. Pudendal nerve evoked 
potential monitoring in procedures involving low sacral fixation. 
Spine (Phila Pa 1976). 1991;16(8 Suppl):S375-8.

	274.	 Kline DG. Surgical repair of peripheral nerve injury. Muscle 
Nerve. 1990;13(9):843–52. https://​doi.​org/​10.​1002/​mus.​88013​
0911.

	275.	 McGillicuddy JE. Clinical decision making in brachial plexus 
injuries. Neurosurg Clin N Am. 1991;2(1):137–50.

	276.	 Lorenzini NA, Schneider JH. Temporary loss of intraoperative 
motor-evoked potential and permanent loss of somatosensory-
evoked potentials associated with a postoperative sensory defi-
cit. J Neurosurg Anesthesiol. 1996;8(2):142–7. https://​doi.​org/​
10.​1097/​00008​506-​19960​4000-​00008.

	277.	 Jahangiri FR, Holmberg A, Vega-Bermudez F, Arlet V. Prevent-
ing position-related brachial plexus injury with intraoperative 
somatosensory evoked potentials and transcranial electrical 
motor evoked potentials during anterior cervical spine surgery. 
Am J Electroneurodiagnostic Technol. 2011;51(3):198–205.

	278.	 Brown DM, McGinnis WC, Mesghali H. Neurophysiologic 
intraoperative monitoring during revision total hip arthroplasty. 
J Bone Jt Surg Am. 2002;84-A(Suppl 2):56–61. https://​doi.​org/​
10.​2106/​00004​623-​20020​0002-​00007.

	279.	 Overzet K, Kazewych M, Jahangiri FR. Multimodality intraop-
erative neurophysiological monitoring (IONM) in anterior hip 
arthroscopic repair surgeries. Cureus. 2018;10(9): e3346. https://​
doi.​org/​10.​7759/​cureus.​3346.

	280.	 Sedgwick EM, Katifi HA, Docherty TB, Nicpon K. Dermato-
mal somatosensory evoked potentials in lumbar disc disease. 
In: Morocutti C, Rizzo PA, editors. Evoked potentials. Neuro-
physiological and clinical aspects. New York: Elsevier; 1985. p. 
77–88.

https://doi.org/10.1097/01.brs.0000115144.30607.e9
https://doi.org/10.1097/01.brs.0000115144.30607.e9
https://doi.org/10.1053/j.semss.2015.04.005
https://doi.org/10.1053/j.semss.2015.04.005
https://doi.org/10.1080/21646821.2021.1866934
https://doi.org/10.1080/21646821.2021.1866934
https://doi.org/10.1097/WNP.0000000000001058
https://doi.org/10.1007/s00586-023-08063-y
https://doi.org/10.1007/s00586-023-08063-y
https://doi.org/10.1007/s00586-010-1372-3
https://doi.org/10.1007/s00586-010-1372-3
https://doi.org/10.3171/2019.12.SPINE191157
https://doi.org/10.1080/21646821.2021.1874207
https://doi.org/10.1080/21646821.2021.1874207
https://doi.org/10.1016/j.surneu.2009.04.024
https://doi.org/10.1016/j.surneu.2009.04.024
https://doi.org/10.1097/00004691-200201000-00006
https://doi.org/10.1097/00004691-200201000-00006
https://doi.org/10.1007/s00701-014-2307-2
https://doi.org/10.1007/s00701-014-2307-2
https://doi.org/10.1007/s10877-006-9032-1
https://doi.org/10.1007/s10877-006-9032-1
https://doi.org/10.1097/01.brs.0000179305.89193.46
https://doi.org/10.1097/01.brs.0000179305.89193.46
https://doi.org/10.1002/mus.21545
https://doi.org/10.1002/mus.21545
https://doi.org/10.1007/s10877-006-9056-6
https://doi.org/10.1097/01.brs.0000222122.37415.4d
https://doi.org/10.1097/01.brs.0000222122.37415.4d
https://doi.org/10.1213/01.ane.0000198666.11523.d6
https://doi.org/10.1016/j.spinee.2008.05.004
https://doi.org/10.1097/WNP.0000000000001056
https://doi.org/10.1097/WNP.0000000000001056
https://doi.org/10.1002/mus.880130911
https://doi.org/10.1002/mus.880130911
https://doi.org/10.1097/00008506-199604000-00008
https://doi.org/10.1097/00008506-199604000-00008
https://doi.org/10.2106/00004623-200200002-00007
https://doi.org/10.2106/00004623-200200002-00007
https://doi.org/10.7759/cureus.3346
https://doi.org/10.7759/cureus.3346


Journal of Clinical Monitoring and Computing	

	281.	 Toleikis JR, Skelly JP, Carlvin AO, Toleikis SC, Bernard 
TN, Burkus JK, et  al. The usefulness of electrical stimula-
tion for assessing pedicle screw placements. J Spinal Disord. 
2000;13(4):283–9.

	282.	 Herron LD, Trippi AC, Gonyeau M. Intraoperative use of derma-
tomal somatosensory-evoked potentials in lumbar stenosis sur-
gery. Spine. 1987;12(4):379–83. https://​doi.​org/​10.​1097/​00002​
517-​20000​8000-​00003.

	283.	 Owen JH, Padberg AM, Spahr-Holland L, Bridwell KH. Clinical 
correlation between degenerative spine disease and dermatomal 
somatosensory-evoked potentials in humans. Spine (Phila Pa 
1976). 1991;16(6 Suppl):S201-5. https://​doi.​org/​10.​1097/​00007​
632-​19910​6001-​00005.

	284.	 Tsai RY, Yang RS, Nuwer MR, Kanim LE, Delamarter RB, Daw-
son EG. Intraoperative dermatomal evoked potential monitoring 
fails to predict outcome from lumbar decompression surgery. 
Spine (Phila Pa 1976). 1997;22(17):1970–5. https://​doi.​org/​10.​
1097/​00007​632-​19970​9010-​00005.

	285.	 Macdonald DB, Skinner S, Shils JL, Yingling C. Intraopera-
tive motor evoked potential monitoring—a position statement 
by the American Society of Neurophysiological Monitoring. 
Clin Neurophysiol. 2013;124(12):2291–316. https://​doi.​org/​10.​
1016/j.​clinph.​2013.​07.​025.

	286.	 Leppanen RE. Intraoperative monitoring of segmental 
spinal nerve root function with free-run and electrically-
triggered electromyography and spinal cord function 
with reflexes and F-responses. A position statement by 
the American Society of Neurophysiological Mon. J Clin 
Monit Comput. 2005;19(6):437–61. https://​doi.​org/​10.​1007/​
s10877-​005-​0086-2.

	287.	 Sala F, Squintani G, Tramontano V, Arcaro C, Faccioli F, Mazza 
C. Intraoperative neurophysiology in tethered cord surgery: 
techniques and results. Childs Nerv Syst. 2013;29(9):1611–24. 
https://​doi.​org/​10.​1007/​s00381-​013-​2188-3.

	288.	 Bowman RM, Mohan A, Ito J, Seibly JM, McLone DG. Tethered 
cord release: a long-term study in 114 patients. J Neurosurg Pedi-
atr. 2009;3(3):181–7. https://​doi.​org/​10.​3171/​2008.​12.​peds0​874.

	289.	 Sala F, Tramontano V, Squintani G, Arcaro C, Tot E, Pinna G, 
et al. Neurophysiology of complex spinal cord untethering. J Clin 
Neurophysiol. 2014;31(4):326–36. https://​doi.​org/​10.​1097/​wnp.​
00000​00000​000115.

	290.	 Kothbauer KF, Novak K. Intraoperative monitoring for teth-
ered cord surgery: an update. Neurosurg Focus. 2004;16(2):E8. 
https://​doi.​org/​10.​3171/​foc.​2004.​16.2.1.

	291.	 Pasquali C, Tramontano V, Sala F. Intraoperative neurophysi-
ological monitoring in tethered cord surgery. In: Deletes V, Shils 
J, Sala FSK, editors. Neurophysiology in neurosurgery; a modern 
approach. 2nd ed. San Diego: Elsevier; 2020. p. 365–79.

	292.	 Sonoo M, Shimpo T, Takeda K, Genba K, Nakano I, Mannen 
T. SEPs in two patients with localized lesions of the postcentral 
gyrus. Electroencephalogr Clin Neurophysiol. 1991. https://​doi.​
org/​10.​1016/​0168-​5597(91)​90136-l.

	293.	 Nuwer MR, Aminoff M, Desmedt J, Eisen AA, Goodin D, Mat-
suoka S, et al. IFCN recommended standards for short latency 
somatosensory evoked potentials. Report of an IFCN committee. 
International Federation of Clinical Neurophysiology. Electroen-
cephalogr Clin Neurophysiol. 1994; 91(1): 6–11. https://​doi.​org/​
10.​1016/​0013-​4694(94)​90012-4

	294.	 Carter LP, Raudzens PA, Gaines C, Crowell RM. Somatosensory 
evoked potentials and cortical blood flow during craniotomy for 
vascular disease. Neurosurgery. 1984;15(1):22–8. https://​doi.​org/​
10.​1227/​00006​123-​19840​7000-​00006.

	295.	 Djurić S, Milenković Z, Klopcić-Spevak M, Spasić M. Soma-
tosensory evoked potential monitoring during intracranial sur-
gery. Acta Neurochir (Wien). 1992;119(1–4):85–90. https://​doi.​
org/​10.​1007/​bf015​41787.

	296.	 Friedman WA, Kaplan BL, Day AL, Sypert GW, Curran MT. 
Evoked potential monitoring during aneurysm operation: obser-
vations after fifty cases. Neurosurgery. 1987;20(5):678–87. 
https://​doi.​org/​10.​1227/​00006​123-​19870​5000-​00002.

	297.	 Grundy BL, Nelson PB, Lina A, Heros RC. Monitoring of corti-
cal somatosensory evoked potentials to determine the safety of 
sacrificing the anterior cerebral artery. Neurosurgery. 1982;11(1 
Pt 1):64–7. https://​doi.​org/​10.​1227/​00006​123-​19820​7010-​00014.

	298.	 Jacobs LA, Brinkman SD, Morrell RM, Shirley JG, Ganji S. 
Long-latency somatosensory evoked potentials during carotid 
endarterectomy. Am Surg. 1983;49(6):338–44.

	299.	 Schramm J. Intraoperative Monitoring with evoked potentials in 
cerebral vascular surgery and posterior fossa surgery. In: Des-
medt J, editor. Neuromonitoring in Surgery. New York: Elsevier; 
1989. p. 243–62.

	300.	 Schramm J, Koht A, Schmidt G, Pechstein U, Taniguchi M, Fahl-
busch R. Surgical and electrophysiological observations during 
clipping of 134 aneurysms with evoked potential monitoring. 
Neurosurgery. 1990;26(1):61–70. https://​doi.​org/​10.​1097/​00006​
123-​19900​1000-​00009.

	301.	 Anastasian ZH, Ramnath B, Komotar RJ, Bruce JN, Sisti MB, 
Gallo EJ, et al. Evoked potential monitoring identifies possible 
neurological injury during positioning for craniotomy. Anesth 
Analg. 2009;109(3):817–21. https://​doi.​org/​10.​1213/​ane.​0b013​
e3181​b086bd.

	302.	 Lopez JR. Neurophysiologic intraoperative monitoring of pediat-
ric cerebrovascular surgery. J Clin Neurophysiol. 2009;26(2):85–
94. https://​doi.​org/​10.​1097/​wnp.​0b013​e3181​a03381.

	303.	 Friedell ML, Clark JM, Graham DA, Isley MR, Zhang XF. 
Cerebral oximetry does not correlate with electroencephalog-
raphy and somatosensory evoked potentials in determining the 
need for shunting during carotid endarterectomy. J Vasc Surg. 
2008;48(3):601–6. https://​doi.​org/​10.​1016/j.​jvs.​2008.​04.​065.

	304.	 Fielmuth S, Uhlig T. The role of somatosensory evoked poten-
tials in detecting cerebral ischemia during carotid endarterec-
tomy. Eur J Anaesthesiol. 2008;25(8):648–56. https://​doi.​org/​10.​
1017/​s0265​02150​80039​67.

	305.	 Woodworth GF, McGirt MJ, Than KD, Huang J, Perler BA, 
Tamargo RJ. Selective versus routine intraoperative shunting 
during carotid endarterectomy; A multivariate outcome analysis. 
Neurosurgery. 2007;61(6):1170–6; discussion 1176–7. https://​
doi.​org/​10.​1227/​01.​neu.​00003​06094.​15270.​40.

	306.	 Sala F, Beltramello A, Gerosa M. Neuroprotective role of neuro-
physiological monitoring during endovascular procedures in the 
brain and spinal cord. Neurophysiol Clin. 2007;37(6):415–21. 
https://​doi.​org/​10.​1016/j.​neucli.​2007.​10.​004.

	307.	 Chang SD, Lopez JR, Steinberg GK. The usefulness of elec-
trophysiological monitoring during resection of central nerv-
ous system vascular malformations. J Stroke Cerebrovascular 
Dis. 1999;8(6):412–22. https://​doi.​org/​10.​1016/​s1052-​3057(99)​
80049-4.

	308.	 Stejskal L, Kramár F, Ostrý S, Benes V, Mohapl MLB. Experi-
ence of 500 cases of neurophysiological monitoring in carotid 
endarterectomy. Acta Neurochir (Wien). 2007;149(7):681–8, 
discussion 689. https://​doi.​org/​10.​1007/​s00701-​007-​1228-8.

	309.	 Penchet G, Arné P, Cuny E, Moneil P, Loiseau H, Castel JP. 
Use of intraoperative monitoring of somatosensory evoked 
potentials to prevent ischaemic stroke after surgical exclu-
sion of middle cerebral artery aneurysms. Acta Neuro-
chir (Wien). 2007;149(4):357–64. https://​doi.​org/​10.​1007/​
s00701-​007-​1119-z.

	310.	 Baton O, Szym P, Hoffmann JJ, Borne M, Diraison Y, Baranger 
B. Cerebral monitoring of somatosensory evoked potentials 
during carotid surgery: a review of 100 cases. Ann Vasc Surg. 
2007;21(1):30–3. https://​doi.​org/​10.​1016/j.​avsg.​2006.​10.​006.

https://doi.org/10.1097/00002517-200008000-00003
https://doi.org/10.1097/00002517-200008000-00003
https://doi.org/10.1097/00007632-199106001-00005
https://doi.org/10.1097/00007632-199106001-00005
https://doi.org/10.1097/00007632-199709010-00005
https://doi.org/10.1097/00007632-199709010-00005
https://doi.org/10.1016/j.clinph.2013.07.025
https://doi.org/10.1016/j.clinph.2013.07.025
https://doi.org/10.1007/s10877-005-0086-2
https://doi.org/10.1007/s10877-005-0086-2
https://doi.org/10.1007/s00381-013-2188-3
https://doi.org/10.3171/2008.12.peds0874
https://doi.org/10.1097/wnp.0000000000000115
https://doi.org/10.1097/wnp.0000000000000115
https://doi.org/10.3171/foc.2004.16.2.1
https://doi.org/10.1016/0168-5597(91)90136-l
https://doi.org/10.1016/0168-5597(91)90136-l
https://doi.org/10.1016/0013-4694(94)90012-4
https://doi.org/10.1016/0013-4694(94)90012-4
https://doi.org/10.1227/00006123-198407000-00006
https://doi.org/10.1227/00006123-198407000-00006
https://doi.org/10.1007/bf01541787
https://doi.org/10.1007/bf01541787
https://doi.org/10.1227/00006123-198705000-00002
https://doi.org/10.1227/00006123-198207010-00014
https://doi.org/10.1097/00006123-199001000-00009
https://doi.org/10.1097/00006123-199001000-00009
https://doi.org/10.1213/ane.0b013e3181b086bd
https://doi.org/10.1213/ane.0b013e3181b086bd
https://doi.org/10.1097/wnp.0b013e3181a03381
https://doi.org/10.1016/j.jvs.2008.04.065
https://doi.org/10.1017/s0265021508003967
https://doi.org/10.1017/s0265021508003967
https://doi.org/10.1227/01.neu.0000306094.15270.40
https://doi.org/10.1227/01.neu.0000306094.15270.40
https://doi.org/10.1016/j.neucli.2007.10.004
https://doi.org/10.1016/s1052-3057(99)80049-4
https://doi.org/10.1016/s1052-3057(99)80049-4
https://doi.org/10.1007/s00701-007-1228-8
https://doi.org/10.1007/s00701-007-1119-z
https://doi.org/10.1007/s00701-007-1119-z
https://doi.org/10.1016/j.avsg.2006.10.006


	 Journal of Clinical Monitoring and Computing

	311.	 Stetkárová I, Stejskal L, Kofler M. Tumors localized near the 
central sulcus may cause increased somatosensory evoked poten-
tials. Clin Neurophysiol. 2006;117(6):1359–66. https://​doi.​org/​
10.​1016/j.​clinph.​2006.​03.​009.

	312.	 Alsallom F, Simon MV. Pediatric intraoperative neurophysi-
ologic mapping and monitoring in brain surgery. J Clin Neuro-
physiol. 2024;41(2):96–107. https://​doi.​org/​10.​1097/​wnp.​00000​
00000​001054.

	313.	 Florence G, Guerit JM, Gueguen B. Electroencephalography 
(EEG) and somatosensory evoked potentials (SEP) to prevent 
cerebral ischaemia in the operating room. Neurophysiol Clin. 
2004;34(1):17–32. https://​doi.​org/​10.​1016/j.​neucli.​2004.​01.​001.

	314.	 Müller MD, Seidel K, Peschi G, Piechowiak E, Mosimann PJ, 
Schucht P, et al. Arterial collateral anatomy predicts the risk for 
intra-operative changes in somatosensory evoked potentials in 
patients undergoing carotid endarterectomy: a prospective cohort 
study. Acta Neurochir (Wien). 2021;163(6):1799–805. https://​
doi.​org/​10.​1007/​s00701-​020-​04624-y.

	315.	 Park D, Kim BH, Lee SE, Jeong E, Cho K, Park JK, et al. Useful-
ness of intraoperative neurophysiological monitoring during the 
clipping of unruptured intracranial aneurysm: diagnostic efficacy 
and detailed protocol. Front Surg. 2021;8: 631053. https://​doi.​
org/​10.​3389/​fsurg.​2021.​631053.

	316.	 Weinzierl MR, Reinacher P, Gilsbach JM, Rohde V. Combined 
motor and somatosensory evoked potentials for intraopera-
tive monitoring: Intra- and postoperative data in a series of 69 
operations. Neurosurg Rev. 2007;30(2):109–16; discussion 116. 
https://​doi.​org/​10.​1007/​s10143-​006-​0061-5.

	317.	 Yeon JY, Seo DW, Hong SC, Kim JS. Transcranial motor evoked 
potential monitoring during the surgical clipping of unruptured 
intracranial aneurysms. J Neurol Sci. 2010;293(1–2):29–34. 
https://​doi.​org/​10.​1016/j.​jns.​2010.​03.​013.

	318.	 Schramm J, Watanabe E, Strauss C, Fahlbusch R. Neurophysi-
ologic monitoring in posterior fossa surgery. I. Technical prin-
ciples, applicability and limitations. Acta Neurochir (Wein). 
1989;98(1–2):9–18. https://​doi.​org/​10.​1007/​bf014​07170.

	319.	 Mehta AI, Mohrhaus CA, Hussein AM, Karikari IO, Hughes 
B, Hodges T, et al. Dorsal column mapping for intramedullary 
spinal cord tumor resection decreases dorsal column dysfunction. 
J Spinal Disord Tech. 2012;25(4):205–9. https://​doi.​org/​10.​1097/​
bsd.​0b013​e3182​15953f.

	320.	 Pace CJ. Monitoring and mapping of the spinal cord. In: Davis 
SF, Kaye AD, editors. Principles of neurophysiologic assess-
ment, mapping and monitoring. 2nd ed. Cham: Springer; 2020. 
p. 195–219.

	321.	 Seidel K, Deletis V, Raabe A, Lutz K, Schucht P. Intraoperative 
neurophysiologic monitoring and mapping during surgery on 
intramedullary spinal cord tumors in children and adolescents. J 
Clin Neurophysiol. 2024;41(2):116–22. https://​doi.​org/​10.​1097/​
wnp.​00000​00000​001049.

	322.	 Quinones-Hinojosa A, Gulati M, Lyon R, Gupta N, Yingling C. 
Spinal cord mapping as an adjunct for resection of intramedullary 
tumors: surgical technique with case illustrations. Neurosurgery. 
2002;51(5):1199–206. https://​doi.​org/​10.​1097/​00006​123-​20021​
1000-​00015.

	323.	 Russman SM, Cleary DR, Tchoe Y, Bourhi AM, Stedelin B, 
Martin J, et al. Constructing 2D maps of human spinal cord 
activity and isolating the functional midline with high-density 
microelectrode arrays. Sci Transl Med. 2022;14(664):eabq4744. 
https://​doi.​org/​10.​1126/​scitr​anslm​ed.​abq47​44.

	324.	 Muncie LM, Ellens NR, Tolod-Kemp E, Feler CA, Winestone JS. 
Intraoperative electrophysiological monitoring for C1–2 spinal 
cord stimulation. J Neurosurg Spine. 2017;26(2):183–9. https://​
doi.​org/​10.​3171/​2016.7.​spine​16103.

	325.	 Choi JG, Ha SW, Son BC. Multimodal, intraoperative monitor-
ing during paddle lead placement for cervicothoracic spinal cord 

stimulation. Stereotact Funct Neurosurg. 2015;93(4):271–81. 
https://​doi.​org/​10.​1159/​00043​3444.

	326.	 Le S, Nguyen V, Lee L, Cho SC, Malvestio C, Jones E, et al. 
Direct brainstem somatosensory evoked potentials for cavernous 
malformations. J Neurosurg. 2021;5:1–7. https://​doi.​org/​10.​3171/​
2021.7.​jns21​317.

	327.	 Cheek JC. Posterior fossa intraoperative monitoring. J Clin Neu-
rophysiol. 1993;10(4):412–24. https://​doi.​org/​10.​1097/​00004​
691-​19931​0000-​00003.

	328.	 Singh H, Vogel RW, Lober RM, Doan AT, Matsumoto CI, Tyler 
JK, et al. Intraoperative neurophysiological monitoring for endo-
scopic endonasal approaches to the skull base: a technical guide. 
Scientifica (Cairo). 2016;2016:1751245. https://​doi.​org/​10.​1155/​
2016/​17512​45.

	329.	 Slotty PJ, Abdulazim A, Kodama K, Javadi M, Hänggi D, Seif-
ert V, et al. Intraoperative neurophysiological monitoring during 
resection of infratentorial lesions: the surgeon’s view. J Neuro-
surg. 2017;126(1):281–8. https://​doi.​org/​10.​3171/​2015.​11.​jns15​
991.

	330.	 Bejjani GK, Nora PC, Vera PL, Broemling L, Sekhar LN. 
The predictive value of intraoperative somatosensory evoked 
potential monitoring: review of 244 procedures. Neurosurgery. 
1998;43(3):491–8. https://​doi.​org/​10.​1097/​00006​123-​19980​
9000-​00050.

	331.	 Li F, Deshaies EM, Allott G, Canute G, Gorji R. Direct corti-
cal stimulation but not transcranial electrical stimulation motor 
evoked potentials detect brain ischemia during brain tumor resec-
tion. Am J Electroneurodiagn Technol. 2011;51(3):191–7.

	332.	 Kodama K, Jayadi M, Seifert V, Szelényi A. Conjunct SEP 
and MEP monitoring in resection of intratentorial lesions: 
lessons learned in a cohort of 210 patients. J Neurosurg. 
2014;121(6):1453–61. https://​doi.​org/​10.​3171/​2014.7.​jns13​1821.

	333.	 Deletis V, Seidel K, Fernández-Conejero I. Intraoperative neu-
rophysiologic monitoring and mapping in children undergoing 
brainstem surgery. J Clin Neurophysiol. 2024;41(2):108–15. 
https://​doi.​org/​10.​1097/​wnp.​00000​00000​001037.

	334.	 Sala F, Krsan MJ, Deletis V. Intraoperative neurophysiological 
monitoring in pediatric neurosurgery: why, when, how? Childs 
Nerv Syst. 2002;18(6–7):264–87. https://​doi.​org/​10.​1007/​
s00381-​002-​0582-3.

	335.	 Shima F, Morioka T, Tobimatsu S, Kavaklis O, Kato M, Fukui 
M. Localization of stereotactic targets by microrecording of 
thalamic somatosensory evoked potentials. Neurosurgery. 
1991;28(2):223–9; discussion 229–230. https://​doi.​org/​10.​1097/​
00006​123-​19910​2000-​00008.

	336.	 Suzuki A, Yoshioka K, Nishimura H, Yasui N. Functional locali-
zation of sensorimotor cortex by somatosensory evoked poten-
tials produced by femoral nerve stimulation. Neurosurg Focus. 
1996;1(3): e3. https://​doi.​org/​10.​3171/​foc.​1996.1.​3.7.

	337.	 Neuloh G, Schramm J. Intraoperative neurophysiological map-
ping and monitoring for supratentorial procedures. In: Deletes 
V, Shils J, editors. Neurophysiology in neurosurgery, a modern 
intraoperative approach. New York: Academic Press; 2002. p. 
339–401.

	338.	 Allison T, McCarthy G, Luby M, Puce A, Spencer DD. Localiza-
tion of functional regions of human mesial cortex by somatosen-
sory evoked potential recording and by cortical stimulation. Elec-
troencephalogr Clin Neurophysiol. 1996;100(2):126–40. https://​
doi.​org/​10.​1016/​0013-​4694(95)​00226-x.

	339.	 Woolsey CN, Erickson TC, Gilson WE. Localization in somatic 
sensory and motor areas of human cerebral cortex as determined 
by direct recording of evoked potentials and electrical stimula-
tion. J Neurosurg. 1979;51(4):476–506. https://​doi.​org/​10.​3171/​
jns.​1979.​51.4.​0476.

	340.	 Kombos T, Suess O, Funk T, Kern BC, Brock M. Intra-opera-
tive mapping of the motor cortex during surgery in and around 

https://doi.org/10.1016/j.clinph.2006.03.009
https://doi.org/10.1016/j.clinph.2006.03.009
https://doi.org/10.1097/wnp.0000000000001054
https://doi.org/10.1097/wnp.0000000000001054
https://doi.org/10.1016/j.neucli.2004.01.001
https://doi.org/10.1007/s00701-020-04624-y
https://doi.org/10.1007/s00701-020-04624-y
https://doi.org/10.3389/fsurg.2021.631053
https://doi.org/10.3389/fsurg.2021.631053
https://doi.org/10.1007/s10143-006-0061-5
https://doi.org/10.1016/j.jns.2010.03.013
https://doi.org/10.1007/bf01407170
https://doi.org/10.1097/bsd.0b013e318215953f
https://doi.org/10.1097/bsd.0b013e318215953f
https://doi.org/10.1097/wnp.0000000000001049
https://doi.org/10.1097/wnp.0000000000001049
https://doi.org/10.1097/00006123-200211000-00015
https://doi.org/10.1097/00006123-200211000-00015
https://doi.org/10.1126/scitranslmed.abq4744
https://doi.org/10.3171/2016.7.spine16103
https://doi.org/10.3171/2016.7.spine16103
https://doi.org/10.1159/000433444
https://doi.org/10.3171/2021.7.jns21317
https://doi.org/10.3171/2021.7.jns21317
https://doi.org/10.1097/00004691-199310000-00003
https://doi.org/10.1097/00004691-199310000-00003
https://doi.org/10.1155/2016/1751245
https://doi.org/10.1155/2016/1751245
https://doi.org/10.3171/2015.11.jns15991
https://doi.org/10.3171/2015.11.jns15991
https://doi.org/10.1097/00006123-199809000-00050
https://doi.org/10.1097/00006123-199809000-00050
https://doi.org/10.3171/2014.7.jns131821
https://doi.org/10.1097/wnp.0000000000001037
https://doi.org/10.1007/s00381-002-0582-3
https://doi.org/10.1007/s00381-002-0582-3
https://doi.org/10.1097/00006123-199102000-00008
https://doi.org/10.1097/00006123-199102000-00008
https://doi.org/10.3171/foc.1996.1.3.7
https://doi.org/10.1016/0013-4694(95)00226-x
https://doi.org/10.1016/0013-4694(95)00226-x
https://doi.org/10.3171/jns.1979.51.4.0476
https://doi.org/10.3171/jns.1979.51.4.0476


Journal of Clinical Monitoring and Computing	

the motor cortex. Acta Neurochir (Wien). 2000;142(3):263–8. 
https://​doi.​org/​10.​1007/​s0070​10050​034.

	341.	 Sato S, Shibahara I, Inukai M, Komai H, Hide T, Kumabe T. 
Anatomical and neurophysiological localization of the leg 
motor area at the medial central sulcus. Clin Neurophysiol. 
2022;143:67–74. https://​doi.​org/​10.​1016/j.​clinph.​2022.​08.​021.

	342.	 Cedzich C, Taniguchi M, Schäfer S, Schramm J. Somatosensory 
evoked potential phase reversal and direct motor cortex stimu-
lation during surgery in and around the central region. Neuro-
surgery. 1996;38(5):962–70. https://​doi.​org/​10.​1097/​00006​123-​
19960​5000-​00023.

	343.	 Simon MV. Intraoperative neurophysiologic sensorimotor map-
ping and monitoring in supratentorial surgery. J Clin Neurophy-
iol. 2013;30(6):571–90. https://​doi.​org/​10.​1097/​01.​wnp.​00004​
36897.​02502.​78.

	344.	 Yildrim S, Appel E, Exeji NA, Jahangiri FR. Chapter 20: Sensory 
mapping of the brain-median versus tibial nerve. In: Jahangiri 
F, editor. Introduction to neurophysiology. 1st ed. Dubuque: 
Kendall-Hunt Publishing; 2022. p. 277–84.

	345.	 Allison T, McCarthy G, Wood CC, Jones SJ. Potentials evoked 
in human and monkey cerebral cortex by stimulation of the 
median nerve. A review of scalp and intracrainal recordings. 
Brain. 1991;114(6):2465–503. https://​doi.​org/​10.​1093/​brain/​
114.6.​2465.

	346.	 Allison T, McCarthy G, Wood CC, Williamson PD, Spencer DD. 
Human cortical potentials evoked by stimulation of the median 
nerve. II. Cytoarchitectonic areas generating long latency activ-
ity. J Neurophysiol. 1989;62(3):711–22. https://​doi.​org/​10.​1152/​
jn.​1989.​62.3.​711.

	347.	 Arezzo JC, Vaughan HGJ, Legatt AD. Topography and intracra-
nial sources of somatosensory evoked potentials in the monkey. 
II. Cortical components. Electroencephalogr Clin Neurophys-
iol. 1981;51(1):1–18. https://​doi.​org/​10.​1016/​0013-​4694(81)​
91505-4.

	348.	 Lesser RP, Lüders H, Dinner DS, Hahn J, Morris H, Wyllie 
E, et al. The source of ‘paradoxical lateralization’ of cortical 
evoked potentials to posterior tibial nerve stimulation. Neurol-
ogy. 1987;37(1):82–8. https://​doi.​org/​10.​1212/​wnl.​37.1.​82.

	349.	 Cruse R, Klem G, Lesser RP, Lueders H. Paradoxical laterali-
zation of cortical potentials evoked by stimulation of posterior 
tibial nerve. Arch Neurol. 1982;39(4):222–5. https://​doi.​org/​10.​
1001/​archn​eur.​1982.​00510​16002​8005.

	350.	 Tsuji S, Murai Y. Variability of initial cortical sensory evoked 
potentials to posterior tibial nerve stimulation. J UOEH. 
1987;9(3):287–98. https://​doi.​org/​10.​7888/​juoeh.9.​287.

	351.	 Seyal M, Emerson RG, Pedley TA. Spinal and early scalp-
recorded components of the somatosensory evoked potential 
following stimulation of the posterior tibial nerve. Electroen-
cephalogr Clin Neurophysiol. 1983;55(3):320–30. https://​doi.​
org/​10.​1016/​0013-​4694(83)​90210-9.

	352.	 Giampiccolo D, Parisi C, Tramontano V, Sala F. Chapter 20: 
Surgery of brain tumors asleep. In: Deletis V, Shils J, Sala F, 
Seidel K, editors. Neurophysiology in neurosurgery, a modern 
approach. 2nd ed. Cambridge: Academic Press; 2020. p. 271–82.

	353.	 Lesser RP, Lee HW, Webber WR, Prince B, Crone NE, Miglio-
retti DL. Short-term variations in response distribution to cortical 
stimulation. Brain. 2008;131(Pt 6):1528–39. https://​doi.​org/​10.​
1093/​brain/​awn044.

	354.	 Brown RH, Nash CL, Berilla JA, Amanddio MD. Cortical evoked 
potential monitoring; A system for intraoperative monitoring of 
spinal cord function. Spine (Phila Pa 1976). 1984;9(3):256–61.

	355.	 More RC, Nuwer MR, Dawson EG. Cortical evoked potential 
monitoring during spinal surgery: sensitivity, specificity, reli-
ability, and criteria for alarm. J Spinal Disord. 1988;1(1):75–80.

	356.	 Keith RW, Stambough JL, Awender SH. Somatosensory cortical 
evoked potentials: a review of 100 cases of intraoperative spinal 
surgery monitoring. J Spinal Disord. 1990;3(3):220–6.

	357.	 Worth RM, Markand ON, DeRosa GP, Warren CH. Intraopera-
tive somatosensory evoked response monitoring during spinal 
cord surgery. In: Courjon J, Mauguiere FRM, editors. Clinical 
applications of evoked potentials in neurology. New York: Raven 
Press; 1982. p. 367–73.

	358.	 Brown RH, Nash CL. Current status of spinal cord monitoring. 
Spine (Phila Pa 1976). 1979;4(6):466–70. https://​doi.​org/​10.​
1097/​00007​632-​19791​1000-​00003.

	359.	 Lubicky JP, Spadaro JA, Yuan HA, Fredrickson BE, Hender-
son N. Variability of somatosensory cortical evoked poten-
tial monitoring during spinal surgery. Spine (Phila Pa 1976). 
1989;14(8):790–8. https://​doi.​org/​10.​1097/​00007​632-​19890​
8000-​00003.

	360.	 Taylor AJ, Combs K, Kay RD, Bryman J, Tye EY, Rolfe K. Com-
bined motor and sensory intraoperative neuromonitoring for cer-
vical spondylotic myelopathy surgery causes confusion: a level-1 
diagnostic study. Spine (Phila Pa 1976). 2021;46(22):E1185-91. 
https://​doi.​org/​10.​1097/​brs.​00000​00000​004070.

	361.	 Lee J, Hilibrand AS, Lim MR, Zavatsky J, Zeiller S, Schwartz 
DM, et  al. Characterization of neurophysiologic alerts dur-
ing anterior cervical spine surgery. Spine (Phila Pa 1976). 
2006;31(17):1916–22. https://​doi.​org/​10.​1097/​01.​brs.​00002​
28724.​01795.​a2.

	362.	 Hilibrand AS, Schwartz DM, Sethuraman V, Vaccaro AR, Albert 
TJ. Comparison of transcranial electric motor and somatosen-
sory evoked potential monitoring during cervical spine surgery. 
J Bone Jt Surg Am. 2004;86(6):1248–53. https://​doi.​org/​10.​2106/​
00004​623-​20040​6000-​00018.

	363.	 Holdefer R, MacDonald D, Skinner S. Somatosensory and motor 
evoked potentials as biomarkers for post-operative neurological 
status. Clin Neurophysiol. 2015;126(5):857–65. https://​doi.​org/​
10.​1016/j.​clinph.​2014.​11.​009.

	364.	 Grundy BL. Monitoring of sensory evoked potentials during neu-
rosurgical operations: methods and applications. Neurosurgery. 
1982;11(4):556–75.

	365.	 Skinner S, Holdefer R. Intraoperative neuromonitoring alerts 
that reverse with intervention: treatment paradox and what to do 
about it. J Clin Neurophysiol. 2014;31(2):118–26. https://​doi.​org/​
10.​1097/​wnp.​00000​00000​000030.

	366.	 Isley MR, Edmonds HLJ, Stecker M. Guidelines for intraopera-
tive neuromonitoring using raw (analog or digital waveforms) 
and quantitative electroencephalography: a position statement 
by the American Society of Neurophysiological Monitoring. J 
Clin Monit Comput. 2009;23(6):369–90. https://​doi.​org/​10.​1007/​
s10877-​009-​9191-y.

	367.	 American Clinical Neurophysiology Society. Guideline 11A: 
Recommended standards for neurophysiologic intraoperative 
monitoring—principles. American Clinical Neurophysiology 
Society. 2009. https://​www.​acns.​org/​pdf/​guide​lines/​Guide​line-​
11A.​pdf. Accessed 29 Apr 2024

	368.	 Stecker MM, Patterson T, Netherton BL. Mechanisms of elec-
trode induced injury. Part 1: theory. Am J Electroneurodiagnostic 
Technol. 2006;46(4):315–42.

	369.	 Patterson T, Stecker MM, Netherton BL. Mechanisms of elec-
trode induced injury. Part 2: clinical experience. Am J Elec-
troneurodiagnostic Technol. 2007;47(2):93–113.

	370.	 Netherton BL, Stecker MM, Patterson T. Mechanisms of elec-
trode induced injury. Part 3: practical concepts and avoidance. 
Am J Electroneurodiagnostic Technol. 2007;47(4):257–63.

	371.	 International Organization of Societies for Electrophysiologi-
cal Technology (OSET). Guidelines for performing EEG and 
evoked potential monitoring during surgery. Am J END Technol. 
1999;39(4):257–77.

https://doi.org/10.1007/s007010050034
https://doi.org/10.1016/j.clinph.2022.08.021
https://doi.org/10.1097/00006123-199605000-00023
https://doi.org/10.1097/00006123-199605000-00023
https://doi.org/10.1097/01.wnp.0000436897.02502.78
https://doi.org/10.1097/01.wnp.0000436897.02502.78
https://doi.org/10.1093/brain/114.6.2465
https://doi.org/10.1093/brain/114.6.2465
https://doi.org/10.1152/jn.1989.62.3.711
https://doi.org/10.1152/jn.1989.62.3.711
https://doi.org/10.1016/0013-4694(81)91505-4
https://doi.org/10.1016/0013-4694(81)91505-4
https://doi.org/10.1212/wnl.37.1.82
https://doi.org/10.1001/archneur.1982.00510160028005
https://doi.org/10.1001/archneur.1982.00510160028005
https://doi.org/10.7888/juoeh.9.287
https://doi.org/10.1016/0013-4694(83)90210-9
https://doi.org/10.1016/0013-4694(83)90210-9
https://doi.org/10.1093/brain/awn044
https://doi.org/10.1093/brain/awn044
https://doi.org/10.1097/00007632-197911000-00003
https://doi.org/10.1097/00007632-197911000-00003
https://doi.org/10.1097/00007632-198908000-00003
https://doi.org/10.1097/00007632-198908000-00003
https://doi.org/10.1097/brs.0000000000004070
https://doi.org/10.1097/01.brs.0000228724.01795.a2
https://doi.org/10.1097/01.brs.0000228724.01795.a2
https://doi.org/10.2106/00004623-200406000-00018
https://doi.org/10.2106/00004623-200406000-00018
https://doi.org/10.1016/j.clinph.2014.11.009
https://doi.org/10.1016/j.clinph.2014.11.009
https://doi.org/10.1097/wnp.0000000000000030
https://doi.org/10.1097/wnp.0000000000000030
https://doi.org/10.1007/s10877-009-9191-y
https://doi.org/10.1007/s10877-009-9191-y
https://www.acns.org/pdf/guidelines/Guideline-11A.pdf
https://www.acns.org/pdf/guidelines/Guideline-11A.pdf


	 Journal of Clinical Monitoring and Computing

	372.	 CMS-Medicare. Medical record maintenance & access require-
ments. https://​www.​cms.​gov/​files/​docum​ent/​mln48​40534-​medic​
al-​record-​maint​enance-​and-​access-​requi​remen​ts.​pdf. Accessed 
23 Oct 2023.

	373.	 Isley MR, Pearlman RC. Credentialing and competency policy 
statement for intraoperative neuromonitoring staff: American 
Society of Neurophysiological Monitoring position statement. 
Synergy. 2006;34:38–41.

	374.	 Skinner SA, Cohen BA, Morledge DE, McAuliffe JJ, Hastings 
JD, Yingling CD, et al. Practice guidelines for the supervising 
professional: Intraoperative neurophysiological monitoring. J 
Clin Monit Comput. 2014;28(2):103–11. https://​doi.​org/​10.​1007/​
s10877-​013-​9496-8.

	375.	 Gertsch JH, Moreira JJ, Lee GR, Hastings JD, Ritzl E, Eccher 
MA, et  al. Practice guidelines for the supervising profes-
sional: intraoperative neurophysiological monitoring. J Clin 
Monit Compu. 2019;33(2):175–83. https://​doi.​org/​10.​1007/​
s10877-​018-​0201-9.

	376.	 ASET - The Neurodiagnostic Society. 2022. https://​www.​aset.​
org/​wp-​conte​nt/​uploa​ds/​2022/​01/​IONM_​Natio​nal_​Compe​tency_​
Skill_​Stand​ards_​Appro​ved_​2011.​pdf. Accessed 21 Mar 2024

	377.	 López JR, Ahn-Ewing J, Emerson R, Ford C, Gale C, Gertsch JH, 
et al. Guidelines for qualifications of neurodiagnostic personnel: 

a joint position statement of the American Clinical Neurophysiol-
ogy Society, American Association of Neuromuscular & Electro-
diagnostic Medicine, and American Society of Neurophysiologi-
cal Monitoring, and ASET—The Neurodiagnostic Society. J Clin 
Neurophysiol. 2023;40(4):271–85. https://​doi.​org/​10.​1097/​wnp.​
00000​00000​001004.

	378.	 American Audiology Board of Intraoperative Monitoring. What 
is the value of specialty board certification in IOM for an audi-
ologist? https://​www.​aabiom.​com/. Accessed 2024 Jan 29.

	379.	 ABRET Neurodiagnostic Credentialing and Accreditation. 
(2022) https://​abret.​org/. Accessed 2024 Apr 24.

	380.	 Morledge DE, Stecker M. The American Society of Neuro-
physiological Monitoring position statements project. J Clin 
Monit Comput. 2006;20(1):43–6. https://​doi.​org/​10.​1007/​
s10877-​005-​9000-1.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://www.cms.gov/files/document/mln4840534-medical-record-maintenance-and-access-requirements.pdf
https://www.cms.gov/files/document/mln4840534-medical-record-maintenance-and-access-requirements.pdf
https://doi.org/10.1007/s10877-013-9496-8
https://doi.org/10.1007/s10877-013-9496-8
https://doi.org/10.1007/s10877-018-0201-9
https://doi.org/10.1007/s10877-018-0201-9
https://www.aset.org/wp-content/uploads/2022/01/IONM_National_Competency_Skill_Standards_Approved_2011.pdf
https://www.aset.org/wp-content/uploads/2022/01/IONM_National_Competency_Skill_Standards_Approved_2011.pdf
https://www.aset.org/wp-content/uploads/2022/01/IONM_National_Competency_Skill_Standards_Approved_2011.pdf
https://doi.org/10.1097/wnp.0000000000001004
https://doi.org/10.1097/wnp.0000000000001004
https://www.aabiom.com/
https://abret.org/
https://doi.org/10.1007/s10877-005-9000-1
https://doi.org/10.1007/s10877-005-9000-1

	Intraoperative somatosensory evoked potential (SEP) monitoring: an updated position statement by the American Society of Neurophysiological Monitoring
	Abstract
	1 ASNM position statement endorsement
	2 Introduction
	2.1 History
	2.2 Previous guidelines
	2.3 Rationale and clinical basis for SEP monitoring

	3 Anatomy and blood supply
	3.1 Anatomy
	3.2 Blood supply

	4 Methodologies
	4.1 Equipment standards
	4.2 Technical parameters
	4.2.1 Number of channels
	4.2.2 Filters
	4.2.3 Time bases

	4.3 Set-up procedures
	4.4 Patient preparation
	4.4.1 Stimulation electrodes
	4.4.2 Stimulation sites
	4.4.3 Recording electrodes
	4.4.4 Recording sites

	4.5 Data acquisition
	4.5.1 Stimulation technique
	4.5.2 Recording technique
	4.5.3 Averaging


	5 Electrophysiology
	5.1 SEP response origins
	5.2 Peripheral responses
	5.3 Segmental and subcortical responses
	5.4 Cortical responses
	5.5 SEPs in neonates and children

	6 Anesthesia and physiological considerations
	6.1 Anesthesia considerations
	6.1.1 Inhalational anesthetic agents
	6.1.2 Intravenous analgesic agents
	6.1.3 Opioids
	6.1.4 Muscle relaxants
	6.1.5 Selection of anesthetic maintenance regimens

	6.2 Physiological considerations
	6.2.1 Temperature
	6.2.2 Blood pressure
	6.2.3 Metabolic factors


	7 Applicationsindications
	7.1 SEP monitoring
	7.1.1 Spinal cord monitoring
	7.1.1.1 Cervical spinal cord monitoring 
	7.1.1.2 Thoraco-lumbosacral and cauda equina monitoring 

	7.1.2 Peripheral nerve and plexus monitoring
	7.1.3 Nerve root monitoring
	7.1.4 Brain monitoring

	7.2 SEP mapping
	7.2.1 Spinal cord mapping
	7.2.2 Brainstem and thalamic mapping
	7.2.3 Cortical mapping


	8 Interpretation and correlation with outcomes
	8.1 Alarm or alert criteria
	8.2 Confounding factors
	8.3 Clinical outcome analysis

	9 Safety and technical considerations
	9.1 Electrical safety and maintenance
	9.2 General infection control guidelines
	9.3 Risks

	10 Documentation
	10.1 Chart note
	10.2 Monitoring data
	10.3 Structure of the neuromonitoring team
	10.3.1 Staffing practice patterns
	10.3.2 Credentials of the neuromonitoring team


	11 Summary and recommendations
	References


