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34Intraoperative Neurophysiology 
During Intramedullary Spinal Cord 
Tumor Surgery

Alessandro Boaro and Francesco Sala

Key Learning Points

• The pre-operative clinical assessment is 
instrumental in ensuring adequate neurophysi-
ological monitoring during an intramedullary 
spinal cord operation.

• TcMEPs, ideally combined with D wave mon-
itoring, constitute the gold standard to assess 
and preserve motor function during a surgical 
operation to the spinal cord.

• Baseline monitoring features, anesthesia set-
tings, physiological variables, and phase of 
surgery are important factors to consider in 
IONM signal interpretation.

• Efficient communication and common lan-
guage within the OR team are needed to 
ensure prompt surgical strategy adaptation 
and optimization of clinical outcomes.

Intramedullary spinal cord surgery (IMSCS) 
mainly consists of the removal of tumoral lesions 
and, to a lesser extent, of vascular malformations. 

Surgery on the spinal cord is particularly delicate 
due to the very high density of functional tissue 
and the very limited possibility for nervous struc-
ture manipulation [1–3].

Intraoperative neurophysiological monitoring 
(IONM), both in the form of mapping and moni-
toring techniques, proved to be a reliable tool to 
guide surgeons during IMSCS with the aim to 
preserve function (sensory and motor) while 
enabling the most complete resection possible. 
Over the years multiple IONM techniques have 
evolved and the correlations between IONM data 
and clinical outcomes have been addressed in 
various studies [4–10]. The growing experience 
in using these techniques allowed for the defini-
tion of warning IONM criteria that are currently 
used to make IMSCS safer.

The most common monitoring modalities in 
IMSCS are SSEP and TcMEP, which have all 
been covered in detail in other sections of this 
book. The use of free running EMG has also been 
reported [11]. D-wave monitoring is an addi-
tional technique which offers the strongest pre-
diction of long-term motor outcome and, in our 
opinion, should become a standard monitoring 
technique for IMSCS [12]. In terms of spinal 
cord mapping techniques, the mapping of the 
dorsal columns (Chap. 1) is the most used, fol-
lowed by the cortico-spinal tract (CST) mapping 
[13–16].
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Given the very small margin for mistakes, 
good communication and efficient teamwork 
between surgeon, neurophysiologist, and anes-
thesiologist are essential to ensure the best results 
for the patient [17, 18]. In this chapter, we will 
guide the reader through the different phases of 
IMSCS, providing specific insights about each of 
them, reviewing monitoring and mapping 
 techniques and providing useful tips to optimize 
efficiency and safety of each surgical case.

 Preoperative Considerations

 Clinical Picture

The first information to know about a patient 
with a spinal cord lesion with surgical indication 
is the clinical picture. A carefully conducted clin-
ical examination will inform the team on the 
presence of both sensory and motor deficits 
which may affect the recording of IONM base-
lines and monitorability throughout surgery. For 
example, the presence of a significant motor defi-
cit of the abductor pollicis brevis or the tibialis 
anterior will likely correspond to a low amplitude 
or even absent TcMEP, pushing the neurophysi-
ologist to use higher stimulation intensities or 
increase the number of stimuli to obtain a moni-
torable response that can be used during surgery. 
Knowing the clinical picture of the patient and its 
correlation to IONM data allows one to plan the 
monitoring strategy accordingly, ruling out other 
possible causes (technical or physiological) for 
weak or absent signals.

 Tumor Features

The MRI scan of the spinal cord is by far the 
most informative radiological exam when it 
comes to intramedullary lesions [19]. It allows 
the definition of the lesion’s location, extension, 
and morphologic characteristics which will in 
turn, influence the surgical strategy and most 
importantly, the possibility to obtain a complete 
resection versus a partial one. Ependymomas, 
which comprise 45% of all spinal cord tumors, 

are amenable to radical resection thanks to their 
non-infiltrative behavior and the possible pres-
ence of a capsule surrounding the lesion. They 
are usually centrally located and can present sat-
ellite cysts and syrinx. Similar to ependymomas, 
hemangioblastomas are amenable to radical 
resection, but they are much rarer lesions (5%) 
arising from blood vessels and with an increased 
risk of neurophysiological changes compared to 
ependymomas [20]. Astrocytomas, which com-
prise 40% of all spinal cord tumors, present with 
an infiltrative nature which often does not allow a 
complete resection and, especially in high grade 
tumors, results in a poorer prognosis. Their loca-
tion tends to be eccentric, more commonly in the 
thoracic section of the spinal cord and they are 
more common in children [2, 19].

Along with the tumor features, modifying fea-
tures that affect the “healthy” spinal cord beyond 
the limits of the lesions, such as the presence of 
perilesional edema or the presence of a syrinx, 
should be taken into account. Perilesional edema, 
for example, is known to slow down neural con-
ductance, therefore a longer latency can be 
expected in the TcMEP baseline along with a 
reduced amplitude.

 Monitoring and Mapping 
Techniques

 Monitoring Techniques

IONM monitoring techniques are used during 
IMSCS to assess the integrity of the sensory- 
motor function of the spinal cord.

Somatosensory-evoked potentials (SSEPs) are 
a measure of electrophysiological activity of the 
sensory pathways which propagates rostrally 
from the periphery to the primary sensory cortex, 
passing through the posterior columns of the spi-
nal cord and the higher gateway stations (tha-
lamic nuclei). The stimulation typically consists 
of bipolar, non-noxious, peripheral electric stim-
ulation at the level of ulnar and tibial nerves [4, 5, 
21]. In case of a highly located cervical lesion, it 
can be useful to add the median nerve to the set-
ting in order to obtain a better triangulation of the 
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signal in case a change occurs. While recording 
of the response can be made at multiple sites 
(periphery, spinal cord, and scalp) in the case of 
an IMSCS it is important to record from either 
the cortex or, at least, at the level of C1 in order to 
detect all changes that would happen at the level 
of the spinal cord where the surgery is taking 
place. The initial phase of the myelotomy (see 
below) is the time in which the posterior columns 
are at the highest risk of being injured, while later 
in the surgery the risk progressively moves 
toward damaging the motor tracts, located more 
anteriorly. The most important limitation of 
SSEPs is that they do not provide information on 
motor function. In addition, as SSEPs require 
averaging in order to limit the influence of elec-
tric noise on the actual signal, to rely solely on 
this technique may result in a delay in informing 
the surgeon and the team of a significant change 
in the signal.

Transcranial motor-evoked potentials 
(TcMEPs) are the gold standard for monitoring 
motor function in IMSCS. They consist of elec-
tric activity that propagates through the motor 
pathway starting from the primary motor cortex, 
where the stimulation is provided, through the 
scalp electrodes, travels through the CST into the 
spinal cord, and is recorded at the periphery, at 
the level of muscles [4–8, 21]. The level of the 
spinal cord where the lesion is located as well as 
the preoperative neurological condition of the 
patient, are important variables to consider in 
order to decide which muscles should be moni-
tored during surgery. TcMEPs are generated by a 
train of stimuli which are needed to trigger the 
action potential at the level of lower motor neu-
rons, which are characterized by a higher capaci-
tance compared to the upper motor neuron. In 
terms of montage setting at the scalp level, a 
more medial setting has the advantages to acti-
vate the lower extremities more selectively and to 
reduce the occurrence of unwanted tongue or 
mouth bite injuries [22]; on the other hand, there 
is the risk to sacrifice too much the ability to 
monitor the upper extremities; therefore, all these 
elements should be carefully considered when 
choosing the IONM strategy. TcMEPs are nor-
mally large amplitude, bi-multiphasic, high- 

frequency responses. Latency, useful to 
differentiate between muscles thanks to the dif-
ference in the distance that separates the primary 
motor cortex to each muscle (the farther the mus-
cle the longer the latency), can be abnormally 
prolonged due to the presence of a spinal cord 
lesion due to both direct damage to the motor 
fibers and the presence of perilesional edema. In 
general, recording from a wide variety of mus-
cles is recommended, with two to four muscles 
employed per limb. The most common muscles 
include biceps, extensor digitorum, abductor pol-
licis brevis in the upper limb, and quadriceps, 
tibialis anterior, and abductor hallucis in the 
lower limb.

Electromyography (EMG) consists of the 
recording of free muscle activity through the use 
of intramuscular electrodes. In physiological 
conditions, the trace is quiescent with low level 
background activity. The importance of including 
free running EMG in the IONM setting for an 
IMSCS case, is that irritation to the CST fibers 
due to direct manipulation triggers sustained 
bursts of the EMG that can be detected and com-
municated by the neurophysiologist. While the 
clinical relevance of such signal modifications is 
yet to be fully determined, the observation of 
changes can suggest the need to check for integ-
rity of TcMEPs and D wave before proceeding 
with the surgery [2, 11].

 D Wave

Among the IONM techniques, D wave recording 
reflects the electrical activity of the CST fibers at 
the level of the spinal cord following a single stim-
ulus delivered to the primary motor cortex through 
the scalp electrodes. D waves are recorded as near 
field potentials and the ideal setting would entail 
the use of two epidural or subdural electrodes, one 
cranially and one caudally located to the lesion 
[5–8, 12]. In higher cervical tumors, the cranial 
electrode might not be placed due to the lack of 
room. For caudally located thoracic lesions, D 
wave can be monitored roughly down to T11, as 
the progressive reduction in the number of CST 
fibers makes it progressively more difficult to 
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obtain a satisfactory, monitorable signal. 
Differently from TcMEPs, which need a train of 
stimuli able to generate muscle contraction, D 
waves can be monitored continuously because 
single stimuli will not be able to cause unwanted 
movement during the surgery. Another difference 
from TcMEPs is that the stimuli to generate D 
waves are delivered to  activate both left and right 
CST allowing the whole motor axis to be captured. 
In order to permit this, stimulation intensity should 
be increased to obtain maximal response. Similar 
to SSEPs, D waves may need to be averaged in 
order to cancel noise or artifacts. While the latency 
of the D wave can vary based on electrode location 
(the lower the electrode placement, the longer the 
latency), its shape has specific morphological fea-
tures. It is characterized by a large negativity 
(upward spike) bounded by smaller positivity 
(downward spikes); in case a higher intensity of 
stimulation is used, D waves may bifurcate or even 
trifurcate. With regard to amplitude, it progres-
sively reduces the more distal the D wave is 
recorded, due to the progressively lower number 
of fibers that compose the CST. There are some 
physiological conditions in which D waves might 
be difficult to obtain due to dispersion of the sig-
nal, as in the case of infants of 18 months of age or 
younger, in which myelination is still not com-
plete. In cases where D wave recording is chal-
lenging due to artifacts or noise, possible strategies 
to be employed include reduction of stimulus 
intensity, the use of low dose of muscle relaxants 
(although this may affect TcMEPs recordings), or 
increasing anesthesia. Being an asynaptic record-
ing, D waves are quite resistant to anesthetic type 
and concentration, while SSEPs and TcMEPs are 
not, and any change in anesthesia setting during 
the surgery might heavily impact the recordings of 
both these monitoring modalities [23, 24].

 Mapping Techniques

Mapping the spinal cord is of crucial importance 
for the localization and preservation of both sen-
sory and motor functions. Dorsal column mapping 
is helpful during the first phase of the myelotomy 
because it allows the localization of the posterior 

median sulcus which will be the entry point to the 
cord itself; CST mapping is helpful during the 
advanced phases of surgery in which tumor deb-
ulking and dissection progressively bring the sur-
geon closer to the motor pathways.

Dorsal column mapping, as extensively 
explained in Chap. 1, is a method of distinguish-
ing between the right and left gracile fasciculi 
and it can employ different techniques. We will 
briefly describe here the two most commonly 
used [16, 25].

The first method consists in measuring a regu-
lar SSEP at the level of the spinal cord, following 
stimulation of the tibialis anterior or median nerve 
[25]. A micro-grid electrode is positioned perpen-
dicular to the long axis of the cord. The posterior 
median sulcus is localized between the two elec-
trodes that record the highest amplitude signals 
after the respective stimulation of the left and right 
nerves. The assessment of such signals needs a 
trained eye to accurately determine the difference.

The second method is called phase reversal 
method [16]. It entails the direct stimulation of the 
spinal cord using a hand-held bipolar stimulator 
and recording the response at the level of the scalp 
electrodes where the activity of the primary sen-
sory cortex is recorded. Starting on one side of the 
posterior aspect of the spinal cord and identified 
the gracile fasciculus on that side, the stimulation 
is then progressively moved toward the other side 
of the cord until the phase of the trace is reversed, 
which determines the position of the gracile fas-
ciculus on the other side (Fig. 34.1). The posterior 
median sulcus is localized in the point where the 
scalp potentials flatten.

CST mapping can be useful to determine the 
distance between the surgical plane on which the 
surgeon is working and the motor fibers; such 
information is precious as it contributes to the 
decision on how aggressive to be in removing a 
tumor, which is of particular importance in the 
case of an infiltrative lesion where boundaries of 
the tumor are less clear or completely nonexistent 
[13, 26]. One method of CST mapping consists in 
the use of a hand-held bipolar micro-stimulator 
that delivers electric pulses in a range intensity of 
0.1–1  mA.  The response is recorded in the 
periphery at the level of the monitored muscles. 
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Fig. 34.1 Dorsal column mapping. Top row. On the left, 
intraoperative photograph of the monopolar probe stimu-
lating the right dorsal column; on the right the correspon-
dent evoked potential. Middle row. On the left, 
intraoperative photograph of the monopolar probe stimu-
lating the left dorsal column; on the right the correspon-

dent evoked potential which demonstrates phase reversal. 
Bottom row. On the left, intraoperative photograph of the 
monopolar probe locating the dorsal midline guided by 
the mapping which finds an area with correspondent iso-
electric activity (on the right)

In order to have a reliable result, it is crucial to 
have a wide set of recording muscles, otherwise 
there would be the risk of obtaining a false 
 negative, where a functional bundle is stimulated 
but no response is recorded, therefore leading to 
the possibility of damaging the bundle during the 
surgery. Some authors have recently proposed the 
use of an electrified ultrasonic aspirator for a con-
tinuous dynamic mapping of the CST [13]. 
However, unless a double stimuli mapping tech-
nique is used, as recently proposed by Deletis 
et al., it is not possible to differentiate whether a 
muscle response following direct cord stimula-
tion is truly elicited by orthodromic stimulation 
of the CST rather than antidromic stimulation of 
the dorsal columns [14].

Additional methods of CST mapping entail 
the possibility to measure the “electrical colli-
sion” between signals coming from direct spinal 
cord stimulation and D waves [27]. While some 
of these CST mapping methods have been sci-
entifically validated in terms of reliability in 

truly reflecting CST activity, it should be pointed 
out that there are only anecdotal reports with 
regard to the correlation with clinical outcome 
and the true value of these techniques in improv-
ing the safety of IMSCS remained undeter-
mined. All in all, for IMSCS monitoring of 
SEPs, Tc-MEPs, and D-wave still play, by far, 
the most important role when compared to map-
ping techniques.

 Patient Positioning and Baseline 
Determination

The most common approach for IMSCS is poste-
riorly with the patient positioned prone. After 
induction and intubation by the anesthesiologist 
and careful positioning of scalp and muscle/
peripheral electrodes by the neurophysiologist, 
the patient is ready to be positioned.

According to the location of the tumor, the 
prone position can have specific positional 
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nuances. In the case of a cervical or upper tho-
racic lesion, the head would be preferably held by 
a Mayfield head clamp to minimize unwanted 
movement during surgery and during electrical 
stimulation. The arms should be tucked along the 
sides of the body wrapped and secured with an 
overriding sheet and with the thumbs in anatomi-
cal position pointing downward. It is worth men-
tioning a couple of considerations with regard to 
the placement of the Mayfield head clamp which 
involve both the neurophysiologist and the anes-
thesiologist. On one hand, when placing the scalp 
electrodes, the neurophysiologist must foresee 
the position of the Mayfield’s pins, which will 
coincide with the superior temporal line on both 
side of the head; on the other hand, the anesthesi-
ologist must always be warned when the surgeon 
intends to place the Mayfield in order to allow for 
adjustment of the anesthesia setting, to avoid 
causing pain, tachycardia, and blood pressure 
spikes.

In case of a lesion located in the mid-lower 
thoracic spinal cord, the head clamp can be 
avoided, and the head can simply rest on a pad-
ded doughnut. In this case, the arms should be 
placed in the “superman” position, parallel to the 
ground, with a 90° angle between the sides of the 
body and the arms, and again a 90° angle between 
arm and forearm, with forearm and hands resting 
on two arm holders attached to the OR bed.

In both types of positioning, a careful check of 
the electrodes on arms and legs should be done 
before wrapping and securing is complete 
because later access to them will be very 
limited.

With regard to the IONM baseline determi-
nation, both pre-positioning and post-position-
ing baseline should be part of the IONM strategy 
in order to allow the neurophysiologist and the 
whole team to address potential causes of signal 
reduction or disappearance. Once again, the 
awareness of the patient’s neurological condi-
tion becomes crucial in order to know what to 
expect and explain the findings of the baseline. 
In general, the more “damaged” the spinal cord 
and the worse the clinical condition, the more 
difficult it will be to obtain a monitorable base-
line response.

 Surgical Technique

Once a satisfactory (or the best possible) baseline is 
obtained and with the patient correctly positioned, 
the surgery can begin. In the initial phase of muscle 
dissection to reveal the posterior bony elements of 
the spine, the use of muscle relaxants may be 
needed to reduce the tension on the tissue and facil-
itate the opening. While the use of muscle relaxants 
does not affect the SSEP, it will affect TcMEPs. In 
general, it would be best to avoid their use alto-
gether in these surgeries, but in case the surgeon 
deems them necessary, the whole team should be 
aware of the request, and specifically the anesthesi-
ologist should communicate the dosage used, so 
the neurophysiologist is aware of what to expect in 
terms of changes in the signals and when a return to 
the original baseline can be expected. The train-of-
four technique can be used to assess the degree of 
recovery following muscle relaxation.

Muscle dissection is followed by laminotomy 
or laminectomy depending on patient anatomy 
and surgeon’s preference. The exposure of the 
spinal canal is extended cranially and caudally to 
the limits of the lesions to allow sufficient room 
for a comfortable working space. Once exposure 
and hemostasis are satisfactory, SSEPs and 
TcMEPs are checked before durotomy. This is 
important as the opening of the dura itself can 
cause a change in the signals as the pressure on 
the spinal cord starts to be relieved. Durotomy 
usually starts by performing a small hole with a 
scalpel, paying attention to not pierce the arach-
noid, which now serves as a protective layer for 
the spinal cord. The rest of the durotomy is usu-
ally completed with the same blade and then trac-
tion is applied to the two dural flaps using 
multiple anchor points on both edges. Sutures 
can be tied to the homolateral muscles or clamped 
with hemostatic forceps. Once the dura is opened, 
the arachnoid is incised, and its flaps are secured 
to the dural edges through small hemostatic clips.

In the case D wave monitoring is involved, in 
this phase of the surgery the electrode is placed 
epidurally or subdurally, caudal to the lesion. If 
possible, an additional electrode is placed crani-
ally to the lesion. It is of paramount importance to 
have enough space above and below the working 
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area in order to avoid inadvertent mobilization of 
these electrodes as the D wave is notoriously 
affected by electrode displacement. In order to 
minimize this risk, the cables that connect the elec-
trodes to the IONM machine should be stabilized 
using sutures of surgical clamps but always paying 
attention not to clamp the cable directly, as it can 
cause damage to the wires which would result in 
suboptimal or biased electrical recordings. For 
obvious reasons, D wave monitoring is the only 
technique for which the baseline is obtained in the 
middle of the surgery and therefore attention must 
be paid to the current anesthesia settings which 
can be different from the ones present during pre-
positioning baseline determination [12].

Once a satisfactory D wave is obtained, the 
intradural part of the surgery can begin. First, the 
midline is identified to properly access the tumor 
between the two dorsal columns. Usually, the 
dorsal median raphe is clearly identified by small 
vessels diving into the pia at 90°. If the anatomy 
is not clear, then dorsal column mapping can be 
done, as described above.

Myelotomy is usually started through bipolar 
coagulation of the superficial small veins located 
above the posterior median sulcus. Progressive 

opening of the spinal cord is then performed to 
and beyond the limits of the lesion using a scal-
pel. From this moment on, coagulation should be 
limited as much as possible while irrigation and 
gentle pressure to ensure adequate hemostasis 
should be preferred in order to minimize damage 
to the “healthy” spinal cord tissue.

Tumor removal is usually performed through 
a combination of debulking and, when possible, 
direct dissection from the surrounding healthy 
tissue. The surgeon can use a combination of sur-
gical forceps, coagulation, aspiration, or Cavitron 
Ultrasonic Surgical Aspirator (CUSA) to remove 
the tumor piece by piece or en-block. As during 
the opening phase, coagulation on the healthy tis-
sue surrounding the tumor should be limited as 
much as possible, favoring the use of foam-based 
hemostatics, irrigation with warm saline, and 
gentle pressure. Working at the edges of the 
tumor is the most critical phase of the surgery 
where D-wave and TcMEPs monitoring are cru-
cial. When the tumor is completely removed or 
criteria for stopping the surgery are met (see 
below), careful hemostasis is performed, fol-
lowed by watertight dural closure (Fig. 34.2). D 
wave monitoring should continue until the dura is 

a b

c d

Fig. 34.2 Four key moments of the intradural phase of 
the tumor removal operation. (a) Opening of the spinal 
cord at the midline using a scalpel. The midline, while 
anatomically clear, has been confirmed through the map-
ping of the dorsal columns (see Fig. 34.1). (b) The open-
ing of the spinal cord progressively reveals the posterior 
aspect of the tumor. The opening should extend for the 
whole length of the tumor. (c) The tumor should be pro-
gressively and carefully dissected from the surrounding 

healthy tissue. The dissection will allow the tumor to 
slowly emerge from the surgical opening on the spinal 
cord. (d) Once the tumor has been removed, careful 
hemostasis should be performed, and the cavity explored 
for possible residues. On the bottom of the surgical field, 
the anterior vascular structures of the spinal cord can be 
appreciated, proof that a complete split of the spinal cord 
was needed to ensure radical resection
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closed, then the electrodes can be removed. At 
this stage, the surgeon may ask the anesthesiolo-
gist to perform a Valsalva maneuver on the patient 
in order to confirm adequate, watertight closure. 
TcMEPs and SSEPs monitoring should continue 
until skin closure is completed [28].

 IONM Changes: Contributing 
Factors, Warning Criteria, 
and Reaction Strategies

 Contributing Factors

As the only functional guidance during IMSCS, 
the neurophysiologist is the team member who 
sets the pace of the surgery when unexpected 
changes in the IONM happen. It is of paramount 
importance to be able to correctly evaluate these 
changes in order to minimize the occurrence of 
false negatives, which would lead to the develop-
ment of postoperative deficits, as well as false 
positives, which would in turn reduce the oppor-
tunity to completely eradicate a lesion. Several 
factors need to be considered when evaluating a 
change in monitoring signals:

• Quality of the signal
• Characteristics of the baseline for that patient
• Anesthesia protocol and current setting (medi-

cations and ventilation settings)
• Physiological variables (blood flow, 

temperature)
• Phase of the surgery

The thorough assessment of these factors 
involves all the team members. Once an alarm is 
raised the surgeon should stop and irrigate the 
surgical field with warm saline (see details 
below). The one element that mostly helps dif-
ferentiate between a surgically induced versus a 
change due to systemic causes is the presence of 
a localized change versus the presence of a wide-
spread alteration on the IONM signal panel. 
Particularly in the second scenario, the anesthesi-
ologist should readily check the anesthesia set-
tings. As explained in Chap. 17, different 
anesthetic medications have different influences 

on IONM signals [23, 24]. Halogenated inhala-
tional agents increase latency and reduce ampli-
tude of SSEPs while easily abolishing TcMEPs; 
conversely, D wave is highly resistant to such 
medications being an non-synaptic pathway (the 
effect of anesthetics increases with the number of 
synapses present between stimulating and record-
ing electrodes). With regard to intravenous 
agents, propofol and opioids present minor influ-
ence on both SSEPs and TcMEPs and a combina-
tion of these medications is considered adequate. 
As reported above, muscle relaxants, with their 
direct action on the neuromuscular junction, have 
a significant effect on TcMEPs while leaving 
SSEPs and D-waves substantially unaltered. The 
anesthesiologist is also in charge of evaluating 
additional physiological variables such as 
patient’s blood flow and temperature. The pres-
ence of systemic or local events that reduce blood 
flow of the spinal cord can produce reduction of 
both SSEPs and TcMEPs, with SSEPs remaining 
normal to approximately 20  mL/min/100  g. 
Ventilation itself can contribute to variation on 
blood flow to the spinal cord and subsequent sig-
nal alteration, and specifically in case of very low 
values of carbon dioxide, which have been sug-
gested to induce ischemia due to vasoconstric-
tion. Change in body and local temperature can, 
as well, induce changes in the IONM signals, and 
specifically both general (due to exposure) and 
local (due to cold water irrigation) hypothermia 
will tend to slow down both SSEPs and TcMEPs 
conduction. Finally, the neurophysiologist should 
always consider the possibility of a technical 
issue and check the different components of the 
monitoring setting.

 Warning Criteria

In general, abrupt changes in the signals are more 
worrisome than gradual ones, as these usually 
reflect vascular more than mechanical injury. 
With regard to SSEPs, the gold standard refers to 
reduction of 50% in amplitude and increase of 
10% in latency as a warning criterion. While it is 
rare to abort a surgery only based on SSEPs 
change, as it is the status of motor-related 
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Table 34.1 What to do when MEPs deteriorate?

D-wave Muscle MEPs Corrective measures Predicted outcome
Unchanged Present None Unchanged
Unchanged or 
above 50%

Present with minor 
changes (decreased 
amplitude or 
increased threshold)

Transiently move surgical manipulation to a 
different area; warm irrigation; correct 
hypotension

Unchanged

Unchanged or 
above 50%

Lost uni- or 
bilaterally

All the above, then transiently stop surgery and/
or improve spinal cord blood flow (local 
irrigation with papaverine). If mMEPs do not 
re-appear, abandon surgery in selective cases; as 
a rule surgery can proceed.

Transient motor 
deficit (affecting the 
involved extremity)

Decreased >50% Lost bilaterally Stop surgery immediately. If D-wave does not 
recover, abandon surgery.

Permanent motor 
deficit

Unmonitorable Lost bilaterally All the above. If mMEPs do not recover, abandon 
surgery.

Cannot differentiate 
between transient and 
permanent motor 
deficit

responses that mostly inform the decision, it must 
be kept in mind that the ability to walk and prop-
erly use and coordinate the different body seg-
ments heavily rely on the very sensory 
information that is monitored through SSEPs, 
therefore every effort to try and preserve them 
should be made [29].

As said, motor-related signals, specifically 
tcMEPs and D waves, are the signals that contrib-
ute most to the decision to continue, temporarily 
stop or permanently stop the surgery. The reason 
for this is the body of evidence that correlates the 
change of intra-operative motor signals with the 
presence of temporary or permanent postopera-
tive motor deficits. For this reason, both TcMEPs 
and D waves should be sampled frequently, in 
order to detect changes with the least possible 
delay. TcMEPs warning criteria can be deter-
mined by different modalities. They can be based 
on a presence/absence criterion [7, 8], a reduc-
tion in amplitude criterion, or a change in mor-
phology criterion [10]. Of the three, the change in 
amplitude is the most widely used, with the rais-
ing of an alarm in case of a reduction of 50–80% 
in amplitude [30, 31]. The neurophysiologist 
may concomitantly apply the morphology crite-
rion where a reduction in the complexity of the 
trace (from polyphasic to biphasic) reflects a 
deterioration of the signal. However, in our opin-
ion, morphology criteria are very sensitive and 
may result in suboptimal tumor resection. The 

presence/absence criteria are potentially the less 
sensitive and the one that requires the greatest 
and most ready reaction of the team. Nevertheless, 
as long as the D-wave is recordable and not 
decreased below 50% of its baseline amplitude, it 
is acceptable to consider absence/presence crite-
ria only for the Tc-MEPs, as this strategy would 
offer the best chance of a total resection of the 
tumor [7, 8, 32] (Table 34.1). It should be empha-
sized that the absence/presence criteria for 
Tc-MEPs should apply only when the D-wave is 
preserved and exclusively for IMSCS, not for 
other spine procedures.

So, in the context of predicting motor outcome 
and avoiding irreversible severe paresis, TcMEPs 
and D waves are best evaluated together. In case 
of loss of Tc-MEP with full preservation of D 
wave surgery could continue as only a temporary 
deficit is expected. Vice versa, in case of a loss of 
Tc-MEPs and reduction of D wave amplitude 
more than 50% of baseline values, there is a sub-
stantial risk of permanent deficit. In this case, 
surgery should be promptly stopped and if cor-
rective measures are not efficient, abandoned. 
Typically, progressive D-wave decrement antici-
pates or parallels progressive loss of Tc-MEPs 
uni- or bi-laterally.

Although D-wave preservation is the strongest 
predictor of long-term motor outcome, D-wave 
does not predict short-term outcome and does not 
differentiate between right and left side changes. 
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Therefore, TcMEPs retain a great value in IMSCS 
because they predict the short-term motor out-
come and allow to differentiate between left and 
right loss, therefore offering an important infor-
mation to the neurosurgeon for the fine tuning of 
the surgical strategy.

Free-running EMG usually does not present 
specific warning parameters; in general, the pres-
ence of bursts in relation to surgical maneuvers 
and prolonged discharge should be communi-
cated, and assessment of TcMEPs and D waves 
should be readily performed.

 Reaction Strategies

When a significant IONM change occurs, com-
munication should be fast and specific, and ade-
quate reaction strategies should follow. In this 
scenario, a practical checklist to “assess, commu-
nicate and execute” is useful to readily address 
any type of change in IONM [1, 5, 8, 25, 28]. 
Years ago we established the T (time), I (irriga-
tion), P (pressure/papaverine) protocol to sum-
marize the corrective measures in case of signal 
deterioration [33].

The first step consists in pausing the surgery, 
as this simple act may be enough to allow the 
 nervous system to re-establish its balance, for as 
long as it is needed for the signals to recover. 
Along with halting the surgery, irrigation of the 
surgical field with warm saline helps re-establish 
the ionic equilibrium; during the surgery in fact, 
the extracellular concentration of potassium ions 
tends to increase and this change in ionic equilib-
rium has been observed to impair the local elec-
trical conduction, resulting in suboptimal 
monitoring outputs. The use of warm saline can 
also be used to stabilize the temperature as local 
hypothermia during the surgery may occur. It is 
important to observe how this strategy of trying 
to improve neural function through warm saline 
irrigation is in perfect contrast with the strategy 
of reducing excessive neuronal firing using cold 
ringer in case of an emerging seizure following 
cortical stimulation during the removal of brain 
tumors. In both these scenarios, the readiness of 
the OR nurse staff becomes critical in order to 

have both solutions readily available at the right 
temperature. An additional action that can be 
taken is to release tension on the spinal cord if 
traction was maintained for a long period of time.

From the systemic perspective, the most com-
mon strategy to address a change in IONM sig-
nals is to increase perfusion. Blood flow can be 
reduced both systemically and locally, and 
accordingly both systemic and local strategies to 
restore it can be applied. The anesthesiologist can 
increase perfusion through pharmacological 
intervention and/or optimizing ventilation param-
eters, while the surgeon can irrigate the surgical 
field with papaverine, a smooth muscle relaxant 
that increases blood flow locally through 
vasodilation.

The use of intravenous steroids can be used in 
case of persistent reduction in IONM signals, but 
its value is undetermined.

Finally, after performing all possible and ade-
quate measures to resolve a change in IONM 
data, if recurrent severe deterioration occurs or 
no significant result is obtained, the possibility to 
permanently stop the surgery must be considered. 
Once the postoperative neurological condition is 
assessed and in case the surgical indication per-
sists, there could be the option to return to the 
operating theater.
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