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Introduction

The early steps in determining cortical func-
tional organization during neurosurgical pro-
cedures were performed in awake patients and
date back into the early 1930s [12, 30]. At that
time, the identification and assessment of cor-
tical functional organization within the vicinity
of a brain pathology (e.g., tumor, epileptic
foci) was possible only by direct electrical
stimulation of the cerebral cortex. The obser-
vation of the elicited interference with the
awake patient’s behavior, movement, and lan-
guage performance served as guidance for the
surgical tumor resection. Only in the late 1970s
monitoring of somatosensory evoked poten-
tials (SEP) and in the early 1990s monitoring of
motor evoked potentials (MEPs) were intro-
duced into the operating room. It was utilized
in spine and spinal cord surgery and then for
neurovascular procedures, before it was finally
implemented into brain tumor surgery.
Overall, the development of reliable appli-
cation of anesthetics, microsurgical tools and
commercially  available neuromonitoring
equipment did allow for routine and standard-
ized intraoperative neurophysiological moni-
toring in the anesthetized patient. The intraop-
erative methods should help to achieve the aim
of a maximal tumor resection and a minimal -
if any - permanent morbidity. The neurophysi-
ological methods should be sensitive and spe-
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cific towards the neuronal pathways assessed
and easy and safe to perform and should pro-
vide real-time information and online analysis.
An essential prerequisite for successful neuro-
physiological monitoring is the potential to re-
verse changes indicating neurological injury
and thereby to prevent injury to the nervous
tissue, as well as high re-test reliability.

Methods

In the anesthetized patient, intraoperative
neurophysiological monitoring for brain tumor
surgery combines localizing and monitoring
methods. For localization, the phenomenon of
phase-reversed SEP - recorded across the cen-
tral sulcus - and direct cortical stimulation
(DCS) with low-intensity electrical pulses to
elicit MEPs are being used. Monitoring meth-
ods are SEPs and MEPs, as well as - for brain-
stem surgery - auditory evoked potentials .
The complementary use of the quoted poten-
tials allows for safe tumor surgery in the vicin-
ity of the central and insular region.

Somatosensory evoked potentials
Somatosensory evoked potentials were first de-
scribed in 1947 [6], but it took about 30 years of

further technical development before successful
intraoperative utilization was reported [26].
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To elicit SEPs, a peripheral nerve, com-
monly the median nerve at the wrist and the
posterior tibial nerve at the medial malleolus
are stimulated at a frequency of 3.1 to 5.8 Hz.
The response is recorded either directly at ex-
posed cortex or at the scalp of the primary so-
matosensory cortex at C3’, Cz, and C4’ (ac-
cording to the international 10-20 EEG sys-
tem). The simultaneous recording of the re-
sponses generated at the upper cervical level
allows for excluding general effects to the SEPs
such as temperature, peripheral nerve conduc-
tion block due to malpositioning of a limb, or
anesthesia.

Because of the near linear correlation be-
tween the cortical SEP amplitudes and the ce-
rebral perfusion when decreased below 15 ml
per 100 g of brain parenchyma, SEPs are used
in neurovascular procedures. The loss of SEP
amplitude correlates to cortical infarcts in the
territories of the middle cerebral artery and the
internal carotid artery [17]. In contrast, the
relative insensitivity of SEPs to subcortical
ischemia gave rise to concerns and might limit
the use of SEPs in indicating ischemia resulting
from injury of perforating arteries supplying
the internal capsule. The lack of publications
about pure SEP losses in intracranial surgery
should be seen in the light of the introduction
of MEPs.

As the SEPs reflect the activity of the le-
minscal pathways and somatosensory cortex,
reports of false-negative SEPs - i.e., not pre-
dicting motor deficit - have been driven by the
expectation to monitor the motor pathways
alike. As neurosurgical outcome assessment
tends to focus on postoperative motor status,
even studies analyzing the predictive value of
SEPs relate postoperative motor deficits in-
stead of sensory deficits with intraoperative
SEP alterations. In intracranial neurosurgical
procedures, the sensitivity of SEPs to predict
minor postoperative deficits was 64% and the
negative predictive value was 95%; regarding
severe postoperative deficits, the sensitivity
was 81% and the negative predictive value 98%
[39].
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Motor evoked potentials

Transcranial electric stimulation (TES) and
transcranial magnetic stimulation (TMS) be-
came routinely used clinically in the 1980s.
Those devices generated single-pulse outputs
and did not reliably elicit MEPs intraoperative-
ly. The breakthrough was the technical modifi-
cation towards a short train of stimuli in 1993
[38]. The applied train contains a short series of
pulses at high frequency (mostly five pulses
with a duration of 0.5 ms each, 250-500 Hz).
The pulses activate preferentially fast-conduct-
ing axons of the corticospinal tract. Those fast-
conducting neurons are essential for executing
voluntary movements. Studies of monkeys
with direct recordings from the corticospinal
tract demonstrated that the direct activation of
the corticospinal tract (D-wave) occurred after
a single pulse was applied to the motor cortex.
Those results were later confirmed with human
patients during intramedullary tumor surgery
[4, 8, 9, 29]. The multipulse stimulation acti-
vates a series of descending volleys which acti-
vate spinal alpha-motoneurons and thus evoke
muscle responses. When the stimulation is ap-
plied transcranially, the site of neuronal activa-
tion within the white matter is critical (Fig. 1).
With increasing stimulation intensity a shorter
latency of the D-wave is recorded, indicating
an activation of fibers with increasing depth
within the white matter. Only when high-volt-
age stimulation (1000 V) is used, current pen-
etrates as deep as to the level of the foramen
magnum [18, 31]. On the other hand, there is
evidence that moderate anodal suprathreshold
TES, as well as anodal direct cortial stimula-
tion, activates the corticospinal tract close to
the axon hillock [10]. Thus, MEPs are elicited
within the white matter, in contrast to the cor-
tical SEPs, which are generated within the grey
matter.

This knowledge and the distribution of the
vascular territories are of importance for the
intraoperative interpretation of SEP and MEP
data. In the absence of a preexisting motor def-
icit and after establishing the reliable MEP
technique, monitorability is achieved in 95-
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99% of the patients. In insular glioma and cen-
tral-region tumor surgery, MEP alteration
might occur in up to 44% of the patients [27,
28]. Unaltered MEPs with regard to MEP con-
figuration, amplitude, and stimulation thresh-
old correlated with no new motor deficit. This
has to be distinguished from lesions of the sup-
plementary motor area, for which the intraop-
erative preservation of MEPs predicts the full
or nearly complete recovery of a patient’s vol-
untary-movement abilities [32, 42]. The irre-
versible loss of MEPs is always followed by a
severe motor deficit, disabling 42% of the pa-

tients severely and permanently (Fig. 2 shows
an exemplary MEP loss). MEP alterations
ranging from reversible deterioration over re-
versible loss to irreversible deterioration are
followed by a range of unchanged, transiently
deteriorated to moderate permanent motor
deficits [27, 28, 32]. A critical approach to the
value of MEPs might therefore conclude that
intraoperative MEP alteration is not sensitive
enough to predict postoperative motor out-
come. Whereas for spine surgery, the presence
or disappearance of MEP amplitude criteria is
commonly accepted, it became evident soon
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Fig. 1. Top left: Current flow during TES and direct brain stimulation via grid electrode are presented schematically. During
strong TES, current penetrates deep in the brain, activating both corticospinal tracts. During direct brain stimulation, using a
grid electrode current flow is restricted to a single corticospinal tract if one uses low current intensity and activates only re-
stricted motoneuron pools from selective cortical areas (upper or lower extremities depending on the position of the stimulat-
ing electrode). Top right: Difference in amplitude and latencies of the D-waves record epidurally over the upper thoracic spinal
cord in a patient undergoing surgery for a spinal cord tumor. Note the 1.9 ms difference between latencies of the D-waves when
elicited with low intensity of current and stimulating montage C1/C2 versus high intensity of current and montage C3/C4.
Note the higher amplitude of the D-wave when more axons of the corticospinal tract are recruited and current penetrates deep
in the brain (C3/C4 montage and 240 mA stimulating current). Bottom: D- and I-waves recorded after single electrical stimulus
delivered transcranially (anode at Cz, cathode 6 cm anterior) in a 14-year-old patient with idiopathic scoliosis. As a result of
increasing the intensity of the stimulus, the electrical current activates the corticospinal tract deeper within the brain and the
latency of the D-wave becomes shorter. As current becomes stronger, more I-waves are induced (100% corresponds to 750 V of
stimulator output). Note that at the bottom, the three traces of D-waves have a double peak as a result of corticospinal tract
activation at different depths within the brain. (Reproduced from [7] with permission, © Elsevier)
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after the first experiences that this has to be re-
fined for supratentorial surgery [25]. Even am-
plitude deterioration and prolonged transient
losses were related with postoperative motor
deficit. This empirical experience has led to a
50% amplitude decrement criterion, also being
used for SEPs. This is supported by a data anal-
ysis of 29 patients experiencing only MEP al-
teration during the course of intracranial tu-
mor resection. Irreversible MEP alteration was
significantly more often correlated with post-
operative motor deficit than was reversible

MEP alteration (p < 0.0001) [35]. In those pa-
tients, irreversible MEP alteration was more
often associated with postoperative new signal
alteration in MRI than was reversible MEP al-
teration (p = 0.018). Further, MEP loss was
significantly more often associated with sub-
cortically located new signal alteration (p =
0.006). MEP deterioration was significantly
more often followed by new signal alterations
located in the precentral gyrus (p = 0.036).
This supports the findings of previous studies
by Neuloh et al [27].
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Fig. 2. In the course of a resection of an insular glioma, a subsequent MEP loss was observed, which was followed by a dense
hemiplegia and a capsular infarct in this patient. The MEPs of the unaffected hemisphere remained unchanged, thus serving as
control. (Reproduced from [35] with permission, © Lippincott Williams & Wilkins)
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Visual evoked potentials

Despite some enthusiastic reports about the
intraoperative monitoring of VEPs and good
correlation with postoperative visual function
in surgery around the orbita, the method is
not widely used [15, 34]. For surgeries adja-
cent to the visual pathways and occipital lobe,
there is no strong evidence for a correlation
between amplitude or latency changes and
postoperative visual field defects. The flash
stimulation method to elicit VEPs does not
seem to be appropriate with regard to the
functional organization of the visual path-
ways. This, in combination with the sensitivi-
ty of VEPs to anesthetics, remains a problem
to be solved.

Intraoperative mapping in the anesthetized
patient

Due to tumor-related distorted anatomy, ana-
tomical landmarks for the identification of the
central sulcus are not always helpful. Imaging
data such as 3 T MRI, special projection tech-
niques (Mercator projection [16]), and fMRI
enable the identification of the precentral gy-
rus. But studies of anatomy and function may
demonstrate differing results [22]. This under-
lines that intraoperative DCS remains the gold
standard for intraoperative verification of the
motor cortex.

Phase reversal

The phenomenon of a phase-reversed cortical
SEP potential recorded over the precentral gy-
rus has been implemented in epilepsy surgery
[13] and was transferred to brain tumor sur-
gery. A strip or grid electrode consisting of
plane or spherical electrodes is placed tangen-
tially over the hand knob and presumably the
central sulcus. The reliability to identify the
central sulcus at the hand knob ranges from 90
to 94% [5, 20, 40]. In the absence of a somato-
sensory deficit, the method is reliable, but it
may encounter problems in the presence of so-
matosensory deficits. It further might be diffi-
cult to obtain a phase-reversed potential from

tibial nerve SEPs, which is of importance in
parasagittally located tumors.

Direct cortical stimulation

DCS subsumes two techniques. First, the 60 Hz
technique was introduced to the broader neu-
rosurgical community by Penfield in 1937 [30].
For this, a stimulation at 50 to 60 Hz is applied
with a bipolar probe. The technique is com-
monly performed for mapping of cortical areas
representing motor and language function in
surgery of awake patients. In 1991, LeRoux
et al [23] demonstrated its application in anes-
thetized patients. As minimal movement re-
mains easily unrecognized in anesthetized pa-
tients, the additional recording of evoked mus-
cle activity with a multichannel electromyo-
gram proved advantageous [41].

Second, the technique with a train of five
stimuli, a technical modification as described
by Taniguchi et al in 1993 [38], can be applied
for mapping and continuous monitoring of
cortical and subcortical motor pathways. This
method is predominantly applied with a mo-
nopolar anodal stimulation cortically and cath-
odal stimulation subcortically. Just recently the
application for language testing was described,
although the routine clinical application will
need further development [2]. Performing
DCS according to Taniguchi with a short series
of high-frequency pulses, the stimulation pa-
rameters are the same as for TES except the
limitation of the maximum stimulation inten-
sity to 25 mA (see below for side effects).

In a comparison of the two methods, three
major differences have to be highlighted: (1)
the duration of stimulation, (2) the frequency
of stimulation, and (3) the type of probe being
used. The 50 Hz technique has to be applied for
more than 0.5 s in order to observe an effect of
the stimulation and thus it is commonly ap-
plied for 1-4 s. The resulting charge (stimulus)
exceeds the one necessary to elicit MEPs by
the train of five pulses. This might well explain
the higher incidence of seizures compared to
that with the train of five pulses [36]. The in-
duced tonic movement and the high probabili-
ty of seizures limit the use the 50 Hz technique
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as a continuous monitoring method and thus it
is used only for mapping. Stimulation with a
bipolar probe creates a more focal electric field
compared to that with a monopolar probe. It is
thought that the stimulation with the bipolar
probe provides more precise results in localiz-
ing. With the monopolar probe 69% of all mo-
tor responses were elicited by DCS in the pre-
central gyrus and 23% in the premotor area
compared to 54% and 38%, respectively, when
stimulation was done with the bipolar probe.
By stimulation of the motor cortex with the
monopolar probe, 96% of all stimulation sites
elicited MEPs compared to 95% with the bipo-
lar probe; when the premotor cortex was stim-
ulated with the monopolar probe, that rate was
only 15%, whereas it was 27% when the bipolar
probe was used [21].

Side effects and safety

TES has a low incidence of side effects. For
about 1% of patients, seizures are reported
[37]. With the application of bite blocks and
moderate stimulation techniques, serious
tongue bite injuries and airway obstruction can
easily be avoided [24].

When directly applying electric current to
the brain, side effects and safety have to be ad-
dressed. The most likely side effect is the oc-
currence of a focal or secondary generalized
seizure. This is usually self-terminating. As the
bolus administration of sedatives reduces the
excitability of the nervous system, this alters
the further mapping and monitoring proce-
dure. This is avoided by the administration of
cold Ringer solution directly onto the cortex,
which will terminate the seizure [33]. Long-
term stimulation in animal experiments re-
vealed that the application of a charge of 40 uC
per phase is safe without introducing kindling
or lesioning of brain tissue [1]. There are no re-
ports for humans which relate intraoperative
DCS with histopathological findings or kin-
dling, although in daily practice the applied
charge per phase exceeds 40 pC [14]. This
might well be explained by the fact that intra-
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operatively the duration and frequency of stim-
ulation is timely limited.

Principles of clinical application

The intraoperative workflow in functional-
monitoring-guided resection of central-region
tumors utilizes intraoperative monitoring with
transcranially elicited MEPs and recorded
SEPs. The unaffected hemisphere serves as
control and helps to judge intraoperative signal
alteration. Comparable to testing in awake pro-
cedures, the first step after dura opening is the
localization. The central sulcus is determined
by the phase reversal, which is followed by a
targeted mapping of the motor cortex. A strip
electrode (disc electrodes embedded in sili-
cone) is placed over the cortex for a stimula-
tion at the intensity of the lowest motor thresh-
old. The selection of muscles is determined by
the tumor location and should cover the area
with the greatest risk of damage. Electrodes
not being used for stimulation might be used
for electrocorticography or SEP. Alternatively,
the exposed motor cortex is mapped first with
a stimulating probe, and the strip electrode is
being placed parallel over the precentral gyrus
thereafter.

During tumor resection, SEPs and MEPs
are recorded in an alternating fashion, provid-
ing real-time information in less than a minute
about the functional integrity of the somato-
sensory and motor cortex and their related
pathways. In the Frankfurt setting, for dissec-
tions close to the pyramidal tract any deterio-
ration of MEPs is indicated. Comparable to
those groups using only mapping methods, tu-
mor resection is further guided by intermittent
cortical and subcortical stimulation to delin-
eate the extension of the resection. The deci-
sion when to stop resection in the presence of
MEPs is highly dependent on the stimulation
parameters being used, the aspect of the resec-
tion cavity, and the surgeon’s experience.
When clinical outcome and imaging results of
experienced groups are compared, especially
lesions resulting from subcortical ischemia due
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to perforator injury appear to contribute to
permanent morbidity 3, 11, 19, 27, 28].

Conclusion

The combined use of mapping and monitoring
techniques in supratentorial surgery and espe-
cially in tumor surgery in the vicinity of the

References

[1] Agnew WF, McCreery DB (1987) Considerations for
safety in the use of extracranial stimulation for motor
evoked potentials. Neurosurgery 20: 143-147

[2] Axelson HW, Hesselager G, Flink R (2009) Successful
localization of the Broca area with short-train pulses in-
stead of “Penfield“ stimulation. Seizure 18: 374-375

[3] Berger MS, Deliganis AV, Dobbins J, Keles GE. The ef-
fect of extent of resection on recurrence in patients with
low grade cerebral hemisphere gliomas. Cancer 74:
1784-1791

[4] Burke D, Hicks RG, Stephen JPH (1990) Corticospinal
volleys evoked by anodal and cathodal stimulation of
the human motor cortex. J Physiol 425: 283-299

[5] Cedzich C, Taniguchi M, Schafer S, Schramm J (1996)
Somatosensory evoked potential phase reversal and di-
rect motor cortex stimulation during surgery in and
around the central region. Neurosurgery 38: 962-970

[6] Dawson GD (1947) Investigations on a patient subject
to myoclonic seizures after sensory stimulation. J Neu-
rol Neurosurg Psychiatry 10: 141-162

[7] Deletis V, Sala F (2008) Corticospinal tract monitoring
with D- and I-waves from the spinal cord and muscle
MEPs from the limb muscles. In: Nuwer MR (ed) Intra-
operative monitoring of neural function. Handbook of
clinical neurophysiology, vol 8. Elsevier, Amsterdam,
pp 235-251

[8] Deletis V, Isgum V, Amassian VE (2001) Neurophysio-
logical mechanisms underlying motor evoked poten-
tials in anesthetized humans. Part 1. Recovery time of
corticospinal tract waves elicited by pairs of transcranial
electrical stimulation. Clin Neurophysiol 112: 438-444

[9] Deletis V, Rodi Z, Amassian VE (2001) Neurophysiolog-
ical mechanisms underlying motor evoked potentials in
anesthetized humans. Part 2. Relationship between epi-
durally and muscle recorded MEPs in man. Clin Neuro-
physiol 112: 445-452

[10] Di Lazzaro V, Oliviero A, Profice P, Saturno E, Pilato F,
Insola A, Mazzone P, Tonali P, Rothwell JC (1998) Com-
parison of descending volleys evoked by transcranial

motor cortex, corticospinal tract, somatosen-
sory cortex, and lemniscal pathway allows for
tumor resection in brain areas previously being
considered unresectable. Further studies ana-
lyzing not only functional outcome but also tu-
mor recurrence and progression in compari-
son with their history in patients not being op-
erated on will help for treatment decision.

magnetic and electric stimulation in conscious humans.
Electroencephalogr Clin Neurophysiol 109: 397-401

[11] Duffau H (2009) A personal consecutive series of surgi-
cally treated 51 cases of insular WHO grade II glioma:
advances and limitations. ] Neurosurg 110: 696-708

[12] Foerster O, Penfield W (1930) The structural basis of
traumatic epilepsy and results of radical operations.
Brain 53: 99-119

[13] Goldring S (1978) A method for surgical management
of focal epilepsy, especially as it relates to children.
J Neurosurg 49: 344-356

[14] Gordon B, Lesser RP, Rance NE, Hart J, Jr., Webber R,
Uematsu S, Fisher RS (1990) Parameters for direct cor-
tical electrical stimulation in the human: histopatho-
logic confirmation. Electroencephalogr Clin Neuro-
physiol 75: 371-377

[15] Harding GF, Bland JD, Smith VH (1990) Visual evoked
potential monitoring of optic nerve function during sur-
gery. ] Neurol Neurosurg Psychiatry 53: 890-895

[16] Hattingen E, Hattingen J, Clusmann H, Meyer B, Koe-
nig R, Urbach H (2004) Planar brain surface reforma-
tions for localization of cortical brain lesions. Zentralbl
Neurochir 65: 75-80

[17] Holland NR (1998) Subcortical strokes from intracrani-
al aneurysm surgery: implications for intraoperative
neuromonitoring. J Clin Neurophysiol 15: 439-446

[18] Katayama Y, Tsubokawa T, Maejima S, Hirayama T, Ya-
mamoto T (1988) Corticospinal direct response in hu-
mans: identification of the motor cortex during intra-
cranial surgery under general anesthesia. ] Neurol Neu-
rosurg Psychiatry 51: 50-59

[19] Keles GE, Lundin DA, Lamborn KR, Chang EF, Ojemann
G, Berger MS (2004) Intraoperative subcortical stimula-
tion mapping for hemispherical perirolandic gliomas lo-
cated within or adjacent to the descending motor path-
ways: evaluation of morbidity and assessment of function-
al outcome in 294 patients. J Neurosurg 100: 369-375

[20] King RB, Schell GR (1987) Cortical localization and
monitoring during cerebral operations. ] Neurosurg 67:
210-219

293



A. Szelényi

[21] Kombos T, Suess O, Kern BC, Funk T, Hoell T,
Kopetsch O, Brock M (1999) Comparison between mo-
nopolar and bipolar electrical stimulation of the motor
cortex. Acta Neurochir (Wien) 41: 1295-1301

[22] Krishnan R, Raabe A, Hattingen E, Szelenyi A, Yahya H,
Hermann E, Zimmermann M, Seifert V (2004) Func-
tional magnetic resonance imaging-integrated neuro-
navigation: correlation between lesion-to-motor cortex
distance and outcome. Neurosurgery 55: 904-914

[23] LeRoux PD, Berger MS, Haglund MM, Pilcher WH,
Ojemann GA (1991) Resection of intrinsic tumors from
nondominant face motor cortex using stimulation map-
ping: report of two cases. Surg Neurol 36: 44-48

[24] MacDonald DB (2002) Safety of intraoperative tran-
scranial electrical stimulation motor evoked potential
monitoring. J Clin Neurophysiol 19: 416-429

[25] MacDonald DB (2006) Intraoperative motor evoked po-
tential monitoring: overview and update. J Clin Monit
Comput 20: 347-377

[26] Nash CL Jr, Lorig RA, Schatzinger LA, Brown RH
(1977) Spinal cord monitoring during operative treat-
ment of the spine. Clin Orthop Relat Res 126: 100-105

[27] Neuloh G, Pechstein U, Cedzich C, Schramm J (2004)
Motor evoked potential monitoring in supratentorial
surgery. Neurosurgery 54: 1061-1072

[28] Neuloh G, Pechstein U, Schramm J (2007) Motor tract
monitoring during insular glioma surgery. ] Neurosurg
106: 582-592

[29] Patton HD, Amassian VE (1954) Single and multiple-
unit analysis of cortical state of pyramidal tract activa-
tion. J Neurophysiol 17: 345-363

[30] Penfield W, Boldrey E (1937) Somatic motor and sen-
sory representation in the cerebral cortex of man as
studied by electric stimulation. Brain 60: 389-443

[31] Rothwell J, Burke D, Hicks R, Stephen J, Woodforth I,
Crawford M (1994) Transcranial electrical stimulation
of the motor cortex in man: further evidence for the site
of activation. J Physiol 481: 243-250

[32] Sala F, Lanteri P (2003) Brain surgery in motor areas:
the invaluable assistance of intraoperative neurophysi-
ological monitoring. ] Neurosurg Sci 47: 79-88

[33] Sartorius CJ, Berger MS (1998) Rapid termination of
intraoperative stimulation-evoked seizures with appli-
cation of cold Ringer’s lactate to the cortex. Technical
note. J Neurosurg 88: 349-351

294

[34] Sasaki T, Itakura T, Suzuki K, Kasuya H, Munakata R,
Muramatsu H, Ichikawa T, Sato T, Endo Y, Sakuma J,
Matsumoto M (2010) Intraoperative monitoring of vi-
sual evoked potential: introduction of a clinically useful
method. J Neurosurg 112: 273-284

[35] Szelenyi A, Hattingen E, Weidauer S, Seifert V, Zie-
mann U (2010) Intraoperative motor evoked potential
alteration in intracranial tumor surgery and its relation
to signal alteration in postoperative magnetic resonance
imaging. Neurosurgery 67: 302-313

[36] Szelenyi A, Joksimovic B, Seifert V (2007) Intraopera-
tive risk of seizures associated with transient direct cor-
tical stimulation in patients with symptomatic epilepsy.
J Clin Neurophysiol 24: 39-43

[37] Szelenyi A, Kothbauer K, de Camargo AB, Langer D,
Flamm ES, Deletis V (2005) Motor evoked potential
monitoring during cerebral aneurysm surgery: techni-
cal aspects and comparison of transcranial and direct
cortical stimulation. Neurosurgery 57 (Suppl 4): 331-
338

[38] Taniguchi M, Cedzich C, Schramm J (1993) Modifica-
tion of cortical stimulation for motor evoked potentials
under general anesthesia: technical description. Neuro-
surgery 32: 219-226

[39] Wiedemayer H, Sandalcioglu IE, Armbruster W, Regel
J, Schaefer H, Stolke D (2004) False negative findings in
intraoperative SEP monitoring: analysis of 658 consec-
utive neurosurgical cases and review of published re-
ports. ] Neurol Neurosurg Psychiatry 75: 280-286

[40] Wood CC, Spencer DD, Allison T, McCarthy G, Wil-
liamson PD, Goff WR (1988) Localization of human
sensorimotor cortex during surgery by cortical surface
recording of somatosensory evoked potentials. ] Neuro-
surg 68: 99-111

[41] Yingling CD, Ojemann S, Dodson B, Harrington M]J,
Berger MS (1999) Identification of motor pathways dur-
ing tumor surgery facilitated by multichannel electro-
myographic recording. ] Neurosurg 91: 922-927

[42] Zentner ], Hufnagel A, Pechstein U, Wolf HK, Schramm
J (1996) Functional results after resective procedures
involving the supplementary motor area. ] Neurosurg
85: 542-549



	Intraoperative neurophysiological monitoring under general anesthesia
	Introduction
	Methods
	Somatosensory evoked potentials
	Motor evoked potentials
	Visual evoked potentials
	Intraoperative mapping in the anesthetized patient

	Side effects and safety
	Principles of clinical application
	Conclusion
	References




