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Abstract

Purpose The purpose of this study is to describe common
indications and technique for the application of chronic
invasive electrodes in the pediatric patient suffering from
medically intractable epilepsy.

Methods This chapter was prepared based on a retrospective
review of the literature and personal experience based from a
large tertiary epilepsy center.

Conclusions Invasive subdural recordings are a safe and effi-
cacious tool to identify the epileptogenic zone and its relation-
ship to functional cortex in highly selected patients with
medically refractory epilepsy. The ability to localize the EZ
approaches 90 to 100 %, but seizure-free outcome is more
complex depending greatly on the experience of the surgical
team and the extent of resection.

Keywords Brain - Epilepsy surgery - Chronic invasive
monitoring - Subdural grid

Introduction

The first cortical electrical stimulation studies in humans can
be traced back to a work done by Robert Bartholow in Ohio.
In 1874, he had in his care a patient with a large cranial defect
with exposed cerebral cortex. Needles were inserted into the
dura mater and, upon closing the circuit, right arm and leg
muscular contractions were observed [1, 2]. In 1893, Krause

W. E. Bingaman (D<)

Department of Neurosurgery, Cleveland Clinic, Neurological
Institute, 9500 Euclid Avenue, Desk S60, Cleveland, OH 44195,
USA

e-mail: bingamb@ccf.org

J. Bulacio
Department of Neurology, Cleveland Clinic, Neurological Institute,
Cleveland, OH, USA

performed the first documented case of intraoperative electri-
cal stimulation of the human cerebral cortex to determine
locations of cerebral function and epileptogenic foci as a guide
to cortical resection [1]. Foerster and Altenburger produced
the first intraoperative electrocorticogram in 1934. By the
early 1950s, direct measurement of electrical activity from
the human cerebral cortex during surgery was extensively
used to define the irritative zone and guide surgical resection
[1]. However, the use of chronic intracranial recordings was
not reported until 1939 when Wilder Penfield placed epidural
electrodes in a patient with an old left temporo-parietal frac-
ture [3]. The use of subdural grid electrodes became more
popular after several publications in the 1980s and demon-
strated both safety and efficacy in defining the amount of
human cortex necessary to be removed to stop seizures [4—6].

Materials

Subdural electrode grids consist of stainless steel or platinum
contacts embedded in a thin matrix of biologically inert but
flexible material such as Silastic® or Teflon® (Fig. 1). By
design, each contact and its connecting wire are electrically
isolated from the rest so as to provide precise anatomic local-
ization of seizure foci [7, 8]. These wires extend to insulated
cables that attach to an extra-cranial amplifier. The shape and
size of the subdural electrodes vary from simple strips
consisting of a single row with usually 4 to 11 contacts to
rectangular or square arrays of 16 to 64 electrodes. The
distance between electrodes is approximately 10 mm. The
diameter of the electrode contacts varies between 2 and
5 mm. It is very important that the material in which the
electrodes are embedded is flexible and thin permitting the
array to adopt the shape of the brain it is covering while
minimizing mass effect [9]. The embedding material should
be clear in order to facilitate its placement over specific brain
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Fig. 1 Subdural grid electrodes in various configurations

areas and also to define the relationship of the contacts with
the underlying vessels and other anatomical landmarks such
as sulci and gyri.

Variability in the shape and size of the electrodes permits
tailoring their use to the specific clinical situation. Custom-
designed arrays of subdural electrodes have been configured
for placement in specific anatomical locations. For example,
to record from interhemispheric brain regions, rows of elec-
trodes arranged in curvilinear fashion were designed to follow
the curvature of the corpus callosum. The plate is designed
with contacts on both sides to record from the ipsilateral
mesial cortex and the contralateral mesial region through the
falx [7].

Indications and advantages

Epilepsy surgery is based on the principle that resection of an
epileptogenic focus can result in seizure freedom. The epilep-
togenic zone (EZ) is defined as the area of brain necessary and
sufficient to generate seizures [9]. Accordingly, accurate lo-
calization of the EZ and its relationship to eloquent cortex is
crucial for the success of epilepsy surgery [10—18]. In defined
and specific clinical situations, invasive electrode recordings
allow for accurate localization of the EZ and mapping of
functional cortical regions. This allows for a meaningful in-
formed consent discussion with the patient and family prior to
undergoing surgical resection. With application in both pedi-
atric and adult patient populations, its use opens the door for
epilepsy surgery for many patients who would otherwise not
be surgical candidates.
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The use of subdural grids in the pediatric population is
limited by age to those more than 2 years old due to the size of
the grids themselves and the relative fullness of the infant
brain. At our center, subdural grid recordings are used
sparingly in the pediatric adolescent population mainly
to identify the relationship of eloquent cortex to the
suspect EZ. This is especially true for language locali-
zation where the adolescent patient is not able to undergo
awake craniotomy. Finally, the surgeon must take into account
the size of the patient as two surgeries are required and blood
loss can be significant enough to require transfusion in the
smaller patient.

The most common indications for intracranial electrodes
include lateralization or localization of an epilepsy and local-
ization of functional/eloquent cortical information. This is
especially true in pediatric patients where intraoperative local-
ization of eloquent motor function can be difficult. In the first
case, preoperative non-invasive studies and semiology often
suggest a focal epilepsy, but scalp electroencephalography
(EEG) is unable to adequately localize or lateralize the
epileptogenic zone [15, 19]. Subdural grids have particular
advantages: they can be in place long enough to record
both spontaneous seizures and interictal activity during
various stages of arousal and they have applicability for
mapping of cerebral function extra-operatively as well as
defining epileptogenic zones over wide areas [9, 20].
These characteristics allow tailored cortical resections
around areas of higher function while minimizing the risk of
permanent neurological deterioration [21, 22]. Intraoperative
electrocorticography and functional mapping, as compared
with chronically implanted subdural grids, is a limited option
because it only provides information of interictal activity and
is time sensitive. Additionally, it requires a cooperative patient
that can tolerate awake surgery under local anesthesia for
definitive mapping; this is particularly difficult in the pediatric
population.

Indications for invasive video-EEG monitoring can be
divided into two overlapping groups (Table 1) [13-16, 18].

Table 1 Major indications for the implantation of subdural grids

1. Determination of extent and distribution of the epileptogenic zone.
Normal imaging data (non-lesional)
Epileptogenic zone that is more widespread than the structural lesion
Discordance of non-invasive data
Epileptogenic zone relationship with structural lesion
Dual pathology

2. Determination of the relationship of the epileptogenic zone to eloquent
cortex

Cortical stimulation
Somatosensory evoked potentials
Cortico-cortical evoked potentials [60]
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Disadvantages and limitations

Invasive monitoring is inherently costly, risky, and not devoid
of limitations. It requires two surgical procedures during one
hospital stay, the first to implant the electrodes and the second
for removal of the grids plus/minus resection of the defined
epileptogenic zone. Also, in order to adequately implant the
electrodes, brain exposure is more extensive, increasing the
risk for complications from craniotomy. Subdural grid evalu-
ation increases the length of stay and has the potential of
causing intracranial mass effect and infection. It is therefore
prudent to consider its use in each particular patient. Invasive
monitoring should not be undertaken as an “exploratory pro-
cedure” (the non-invasive evaluation needs to provide an
approximate location of the epileptogenic zone). Subdural
grids should be used if it is believed that their use will alter
the ultimate surgical strategy and outcome. An attempt must
be made to place adequate electrodes so that the predicted site
of seizure origin and its boundaries are sampled.

Limitation in both the area of cortex to be covered and
distinct regions of cortex exists. In areas such as the inter-
hemispheric and basal temporal and basal surfaces of the
brain, the grids are placed without direct visualization. This
makes precise cortical coverage difficult. The use of intraop-
erative stereotaxis can make this more accurate by displaying
the grid’s position on the three-dimensional reconstruction of
the cortical surface. The relatively common presence of bridg-
ing veins in these regions is also a limiting factor for a safe
implantation of grids. Additionally, in the interhemispheric
region, it is common to find adhesions between the cortex
and dura that makes grid placement difficult. Finally,
subdural grid coverage of the mesial temporal lobe struc-
tures is not optimal since the grids/strips have to be placed
deeply to the subtemporal region without direct visualiza-
tion and likely cover the parahippocampal gyrus and not
the hippocampus [23].

Surgical technique

Placement of subdural grid electrodes is carried out by means
of a craniotomy in a standard fashion under general anesthesia
[20]. The technique is similar in both the adult and pediatric
populations. Our preference is to use careful head positioning,
intravenous steroids (dexamethasone), and hyperventilation in
order to obtain adequate brain relaxation and sufficient sub-
dural space for the placement of the electrodes. Before prep-
ping, the skin incision should be marked. Localization can be
performed with simple craniometric measurement in accom-
paniment of MRI, or frameless navigation can be used as an
aid [24]. The scalp and bone flaps should be of generous
proportions, exposing areas of cortex needing coverage and
taking into account the requirements of any definitive surgical

procedure [25]. The goal of surgery is to maximize the chance
of fully documenting seizure foci and to be able to identify
functionally important cortex by brain mapping techniques.
Thus, the location of electrodes is a synthesis of the preoper-
ative information and the surgical limitations on the amount of
cortex that can or needs to be covered [26].

The plates are inserted with a smooth bayonet forceps,
directing them towards the desired cortical region using a
steady stream of irrigation allowing it to slide smoothly over
the surface of the brain and preventing trauma. The grids can
be “slid” beyond the edges of the craniotomy to cover adjacent
areas, including basal temporal, basal frontal, and interhemi-
spheric regions. Areas of resistance may include bridging
cortical veins or adhesions that should be avoided to prevent
hemorrhage. Whenever possible, the electrodes should be
placed under direct visualization to prevent this complication.
Occasionally, when large plates are used over the convexity,
there is a tendency for them to buckle. This can be overcome
by dividing the grid along lines of electrodes to give a better fit
over the brain. If the grids are cut to a smaller size to fit in the
region of interest, edges should be trimmed to avoid cortical
laceration [27]. Care must also be taken to ensure that the
edges of large grids do not compress and impede the outflow
of major draining vessels as they enter the dural venous
sinuses [28]. Care should be taken when implanting electrodes
in patients with mass lesions, in re-operations (there is usually
adhesions of the dura to the cortex), and in arecas of
encephalomalacia (grids may be difficult to secure). Once in
place, the electrode cables are secured to the dura with suture.
A digital photograph of the brain is taken; this provides a
reference between gyral anatomy and electrode placement that
cannot be obtained with three-dimensional reconstructed
scans (Fig. 2). A watertight dural closure around the electrode
cables reduces the possibility of cerebrospinal fluid leakage.
Electrode leads are tunneled a minimum of 10 cm from the
craniotomy margin and attached to the skin with a purse-string
suture. The bone flap is replaced and secured to minimize the
risk of electrode movement during seizures.
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Computer software has been developed to aid the surgeon
intraoperatively in the placement of the subdural grids. A
preoperative stereotactic volume acquisition MRI with scalp
fiducial markers in place is obtained, and the patient’s head
position at the time of surgery is co-registered. The stereotac-
tic pointing tool is then used to register the positions of as
many exposed electrodes on a grid as possible, and a mathe-
matical model of the subdural grid can be calculated and
displayed as pseudocolored spheres in conjunction with the
surface reconstruction. This allows the surgeon to have im-
mediate intra-operative feedback demonstrating the anatomic
position of the subdural grid [29, 30].

Postoperative management

The patient is sent to a pediatric intensive care unit for the first
postoperative night. The next day, the patient is transferred to
the pediatric epilepsy monitoring unit where the electrodes are
connected for continuous digital EEG recording along with
video imaging. Intravenous antibiotics are prescribed through-
out the entire monitoring period. A cephalosporin is the agent
of choice for most patients. Following removal of the subdural
grids, at least one of the plates is sent for culture (even in the
absence of signs of infection). In cases of positive cultures,
antibiotics are continued based on these results. Steroids are
administered during the first 48 h after surgery to avoid
increases in intracranial pressure and allow brain compliance.
In some patients, severe headache can develop following
surgery requiring the use of intravenous analgesics. Postoper-
atively, any change in the level of consciousness or neurolog-
ical function is evaluated with computed tomographic (CT)
scanning. The period of implantation is variable with a range
between 9 and 26 days and an average of 12 days [21].
Traditionally, the method of localizing implanted elec-
trodes is based on a skull X-ray after implantation, and from
this, an electrode map is drawn on a standard hard-copy
template of the brain. In this map, electrodes involved in
interictal epileptiform activity, ictal onset, and spread patterns
can be marked along with the functional brain map obtained
during cortical stimulation and evoked potentials (Fig. 3). The
main limitation of this method is the difficulty correlating the
electrode positions to the actual sulcal and gyral surface
anatomy. The clinical value of subdural electrodes can be
further enhanced by postimplantation CT of the brain and
co-registration to the preoperative MRI [31]. This allows a
more precise understanding of the anatomic relationships
between the ictal onset zone, eloquent cortex, and the under-
lying brain anatomy and allows more accurate discussions of
the proposed operative resection and its risks/benefits. For
this, a stereotactic CT scan is obtained immediately after the
surgery to verify grid placement and to supplement drawings
or photographs made intraoperatively. The preoperative MRI
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is fused with the postoperative CT scan in order to obtain a
surface reconstruction of the brain and the relationship of the
grids with the particular anatomy of the patient [32]. Rou-
tinely, postoperative MRI is not utilized because it has been
shown that the oscillating magnetic field can induce elec-
trical currents in any metallic implants and potentially cause
heating and/or electrical damage to the brain cortex [33].
Unfortunately, CT scan images often show extensive streak
artifact which is especially pronounced with alloy grids, as
compared with MRI imaging where the artifact is more
localized. MR imaging allows for superior evaluation of
the plates and possible complications; in this case, however,
the risks outweigh the benefits [8].

At time of re-operation for cortical resection, the critical
sites over which the electrodes lie has traditionally been
marked by the surgeon by small pieces of numbered paper.
The precise positioning of these markers may be difficult
intraoperatively and may be displaced during the operation.
This can be overcome with the use of image-guided technol-
ogy displaying a representation of the electrode position based
on postimplantation imaging [34].

Complications

Subdural monitoring with grids has historically been shown to
have low permanent morbidity (0—3 %) compared with intra-
cerebral electrodes (3—6 %) [35]. Adverse events caused by
subdural grid implantation can be categorized as either surgi-
cal or neurological. For purposes of this chapter, emphasis is
placed on the surgical and neurological complications related
to the implantation of the grids separate from the resective
stage. Resections performed after the monitoring period can
also cause neurological complications, either transient or per-
manent. These sequelac can be variable depending on the
amount of cortex resected and are predicted based on the
information obtained during the stimulation period. Risk
factors for complications related to the invasive recordings
include a greater number of electrodes implanted, longer
duration of monitoring, dominant side grid insertion, and
earlier age at time of monitoring [36].

One of the most common complications is cerebrospinal
fluid leakage. Transient cerebrospinal fluid leakage through
the electrode exit site has been reported to be between 13 and
31 % of the patients despite careful watertight dural closures,
adequate subcutaneous tunneling, and tight skin closure [28,
37]. This occurs most frequently after motor seizures or bouts
of vomiting. Use of a lumbar subarachnoid drain has been
reported to significantly reduce the incidence of CSF leak
[38]. However, since no conclusive correlation has been made
between the incidence of transient CSF leakage and infection,
we do not support the routine use of lumbar drains. More
recently, dural sealants have been available. We now routinely
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Fig. 3 Cortical surface
reconstruction demonstrating
the relative position of the grids
and the recorded activity

of its electrodes and the results
of functional mapping

(cortical stimulation and
evoked potentials)

use these in subdural grid implantation cases to help reduce
the incidence of postoperative CSF leaking around the elec-
trode exit site. Finally, one must take into consideration that
some CSF leaking may help to reduce the intracranial pressure
in the first few days after surgery and actually help to avoid
more serious complications.

Infectious complications are also reported in several inva-
sive monitoring series. Postoperative wound infections after
clean neurosurgical procedures have been quoted to be 0.6 to
11 %. Meningitis has been reported in 0.34 to 2 % of patients
[39]. Considering these percentages, a 6 to 8 % rate of infec-
tion is not unrealistic for a procedure that leaves several
foreign bodies implanted with cables exiting the scalp for
seven or more days. The duration of recording following
implantation is also found to correlate significantly with in-
fection rate; duration exceeding 14 days is more likely to
result in an infectious complication [37]. This can occur
acutely during the monitoring period or chronically after
removal of the grids. During the invasive video-EEG evalua-
tion period wound infection, meningitis or epidural abscess
can appear. Except for cases with superficial localized wound
infection, the grids should be removed and aggressive intra-
venous antibiotic treatment initiated immediately. Subse-
quently, the treatment plan is modified based on culture results
and clinical response. Osteomyelitis is a rare complication that
has been described in 3 % of the patients; it usually is a
late infection, occurring weeks or months after the initial
surgery that requires removal of the bone flap and treat-
ment with intravenous antibiotics [28]. Brain abscess has
been described as a potential complication, but its inci-
dence is very low [40]. Bacteria that have been isolated in
patients with clinically relevant infections have included

RIGHT U/E motor &
Face/ Tongue motor @

Negative PY
Motor

Language O

Stimulated

different species of Staphylococcus, Streptococcus, Bacillus,
and Diptheroid mainly [36].

Cerebral edema and mass effect of the grids is a potentially
serious complication. Factors that might favor its development
are patients with multiple plates, tumoral lesions, and pediatric
patients. Its precise incidence is not well defined because
many times the only manifestation is headache with or without
nausea that is successfully treated with analgesics and anti-
emetics. Severe cases in which the cerebral edema causes
somnolence or stupor, focal neurological deficit, brain shift,
or impending herniation are infrequent and require immediate
removal of the electrodes. Large duraplasties and hinging the
bone with sutures has been reported to prevent clinically
significant cerebral edema in patients with risk factors. Also,
some centers report to leave the bone flap out during the
monitoring period to avoid this complication [41].

One of the most concerning complications with invasive
monitoring is intracranial hemorrhage. Unlike intracerebral
electrodes, intracerebral bleeding is a rare occurrence during
placement of subdural grids. It is related more to venous
occlusion or laceration of cortex caused by the edges of
the plates. Subdural hematomas can be more frequently
encountered with an incidence around 8 %; they can lie
between the cortex and grids or superficial to the elec-
trodes [40]. Infrequently, the subdural hematoma can cause
significant mass effect with clinical symptoms or deterio-
ration requiring removal.

As a result of the requirement for large craniotomies and
multiple grid implantation, these patients have a significant
risk for blood loss during surgery and may require blood
transfusion. This risk is increased in the pediatric patient
whose smaller blood volume makes them vulnerable to the
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blood loss that occurs during the two craniotomies necessary
to carry out invasive recordings.

In a small number of patients, neurological deficits or
neuropsychological disturbances after subdural grid place-
ment have been observed. These can be caused by increased
intracranial pressure, cerebral edema, intracranial hemorrhage,
or infection (empyema or cerebral abscess). Hemiparesis, mild
aphasia, Gerstmann syndrome, and visual field deficits have
been described. Left-sided (dominant hemisphere) and bilat-
eral subdural grid insertion appears to be associated with a
higher rate of these neurological deficits. If present before
resection, these symptoms are transient. New seizure patterns
can develop due to cortical compression or contusion and if
not properly identified lead to mis-localization of the epilep-
togenic focus; this may be related to subdural hematoma under
the plates [42, 43].

Accidental removal or displacement of grids is a potential
complication that can be seen more commonly in patients with
severe motor seizures or during periods of postictal confusion
where the exiting cables can be pulled. If there is any suspi-
cion of displacement, an immediate skull X-ray and a CT scan
should be performed in order to evaluate movement of the
grids or possible hemorrhage. When the information obtained
during the monitoring shows that the ictal onset zone is at the
edge of a grid or is suspected to be in an area not covered by
the grids, repositioning of the plates may be necessary in order
to obtain adequate coverage of the area of interest. Sometimes,
an invasive evaluation fails to localize seizure origin. In se-
lected patients where invasive monitoring fails to identify the
site of seizure origin, reinvestigation can achieve localization
of the seizure onset and allow a successful surgical treatment
[44-46]. Due to the relatively prolonged period of reduced
activity in these patients, other serious complications such as
deep venous thrombosis, pulmonary embolism, pneumonia,
and other sequelae of immobility can develop. Appropriate
diagnostic and therapeutic measures should be initiated.

Outcomes

In evaluating outcomes after the application of subdural grids,
several important factors should be mentioned. It has been
reported that patients selected for intracranial monitoring with
subdural grids are less likely to have excellent outcomes
because of their inherent complexity (non-concordant preop-
erative data, non-lesional MRI, or close relationship with
eloquent cortex) [47-51]. This population of patients is het-
erogeneous, and the analysis process itself is dynamic and
changes over time. Additionally, the invasive monitoring is
frequently a combination of subdural grids and strips, depth
electrodes, and scalp electrodes making comparison of tech-
niques difficult [52, 53]. Finally, the success of any invasive
recording operation should be measured by the localization of
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the EZ and not a seizure-free outcome, as perhaps the most
important variable in obtaining a seizure free outcome is the
surgical resection following invasive EEG identification of
the epileptogenic zone. Successful localization of the EZ
with the application of subdural grid recordings is
achieved in the vast majority of cases, ranging from 83
to 100 % [54-57]. In a recent paper, Bulacio et al.
reported that 91 % of 414 patients had the EZ success-
fully localized [54]. Interestingly, this paper also failed to
demonstrate a difference in outcome between the lesional
and non-lesional groups [54, 55]. Factors important in
outcome following invasive recording include a focal on-
set of ictal activity within the margins of the grids and
completeness of resection of ictal onset electrodes [58].

Surgical resection is a key factor in deciding seizure
freedom after invasive recordings. This is highly depen-
dent on the skill and experience of the surgical team. A
consistent factor in the literature is the extent of resection
with more tissue removal correlating with improved out-
comes [54, 59]. The recent paper by Chung demonstrated
significantly improved outcomes when the ictal onset plus
early spread cortex (within 5 s) was resected as compared
with the ictal onset cortex alone [59].

Despite adequate and prolonged invasive monitoring with
subdural grids, up to 10 % of the patients are found not to be
candidates for surgical resections. In most of these cases, the
epileptogenic zone is overlapping with eloquent cortex that if
resected will cause neurological deficit that is not acceptable
to the patient or family. At other times, it is found that the ictal
onset zone is widespread or cannot be localized thus impeding
surgical treatment.

Conclusion

Invasive subdural recordings are a safe and efficacious tool to
identify the epileptogenic zone and its relationship to func-
tional cortex in highly selected patients with medically refrac-
tory epilepsy. The ability to localize the EZ approaches 90 to
100 %, but seizure-free outcome is more complex depending
greatly on the experience of the surgical team and the extent of
resection. For these reasons, the application of subdural grid
recordings should be undertaken only at those centers experi-
enced in the surgical treatment of epilepsy.
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