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Abstract
Subdural electrodes are frequently used to aid in the neurophysiological assessment of patients with
intractable seizures. We review the indications for these, their uses for localizing epileptogenic
regions and for localizing cortical regions supporting movement, sensation, and language.
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INTRODUCTION
If epilepsy were a straightforward disorder, easily diagnosable with site of seizure onset easily
localized, patients would not need to undergo complex diagnostic evaluations. For example,
removal of mesial temporal structures of patients with mesial temporal lobe epilepsy would
always result in seizure control. Many people do very well, and become seizure-free, but many
others continue to have seizures despite what we think to have been optimal evaluations and
unambiguous localizations of their seizures. Why does this occur? Why don't all of our patients
become seizure-free? In many cases, this is because the epileptogenic region could not be
completely localized with non-invasive methods. For example, a patient may seem to have
temporal lobe seizures, but on scalp electroencephalography (EEG) have involvement that is
bilateral at seizure onset, or movement or have muscle artifact that makes it difficult to know
on which side seizures actually start. In another patient, non-invasive EEG suggests that
seizures come from one lobe, but also suggests that they come from another. In a third patient,
the region of seizure onset appears to vary from one event to the next (Spencer et al., 1990;
Spencer et al., 1992). In a fourth, scalp EEG or MEG defines areas with epileptiform activity
but misses other important areas, perhaps because the areas are located deep below the cortical
surface and therefore, in effect, in a place inaccessible to non-invasive recordings.

Modeling of the EEG can help with this (Ebersole and Hawes-Ebersole, 2007; Plummer et al.,
2007). Structural techniques such as MRI can help us to look for areas of abnormal cortical
morphology (Battaglia et al., 2006; Jansen et al., 2006; Meroni et al., 2009). Often removal of
the lesion can have excellent surgical results even after what once would have been thought
very limited resections (Wieser and Yasargil, 1982; Hori et al., 1993; Schramm, 2008) but not
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always (Sisodiya, 2000; Jansen et al., 2006). Why? Perhaps surgery didn t remove enough of
the target (Siegel et al., 1990). Another possible explanation is that the abnormal area on
imaging may not be the not the same as the area, or all of the area, where the seizures originate.
Morphological methods can point to an area that may need to be removed but can't, so far, tell
us how much tissue around that area to remove, tell us in which abnormality seizures originate
when there is more than one abnormality, or tell us what morphologically normal tissue might
also need to be removed. Positron emission tomographic (PET) scans can show areas of
abnormal, or at least unusual, metabolic activity but doesn t necessarily tell us which part of
that unusual activity arises from where the seizures actually start(Hong et al., 2002).
Techniques based on blood flow such as functional magnetic resonance imaging (fMRI) can
suggest areas of greater cortical activity, if only by inference, but the time frame of fMRI
acquisition is in seconds, and we know that seizure activity can spread widely within seconds.
Furthermore, it is often not practical to record ictal events with fMRI due to unpredictability
of seizure occurrence and because patients often move during seizures. Markers for
neurotransmitters (Fedi et al., 2001; Novotny, Jr. et al., 2003; Savic et al., 2004), and techniques
that correlate findings from multiple modalities (O'Brien et al., 1998; Shih et al., 2004; Salamon
et al., 2008; Moeller et al., 2009; Jacobs et al., 2009b) may improve our chances of non-
invasively defining the epileptogenic region, but these combinations don t always work.

Implanted electrodes are useful when non-invasive methods don t sufficiently define what to
resect in a patient, using them because they can record directly from the brain and therefore
can help determine the site, sites, or regions of seizure onset with greater precision (Diehl and
Lüders, 2000; Koubeissi, 2009). This is a review of subdural electrodes, but sometimes depth
electrodes are a better choice. Penetrating depth electrodes can be placed through relatively
small openings when compared to the openings for subdural grids or even strips. They have
been particularly useful in the case of seizures that appear to arise from archicortex and in
which neocortical recording is less important (Spencer, 1989).

However, subdural electrodes might accurately reflect the side of seizure onset when placed
in or near mesial temporal structures (Wyler et al., 1984; Spencer et al., 1990; Wyler, 1991)
even though the time of onset at subdural electrodes might be later than the time of onset with
simultaneous depth recordings, for example from hippocampus (Spencer et al., 1990). Also,
subdural electrodes, when implanted in arrays, can be useful in determining the extent of an
epileptogenic region. Subdural electrodes can be placed in a variety of locations, including
temporally, subtemporally, frontally, subfrontally, within the interhemispheric fissures, and
posteriorly. On the other hand they are not ideal when recording from highly vascularized
areas, for example, within the sylvian fissure, from subsurface regions such as the insula, or
even from the depth of cortical sulci. Although their predecessors existed years earlier in
Montreal and St. Louis (Penfield and Jasper, 1954; Goldring, 1978), the current use of subdural
electrodes dates back three or four decades (Lesser et al., 1981; Levy et al., 1982; Wyler et
al., 1984; Lesser et al., 1987; Wyler, 1991).

THE ELECTRODES
Subdural electrode arrays come in shapes and sizes that can be customized to the needs of
individual patients (Fig. 1). Strips of electrodes consist of a single line of electrodes; anywhere
from 2–10 electrodes have been used. There is no reason why a longer strip of electrodes
couldn't be placed if the longer strip would fit in the head, and would meet a patient s clinical
need. Subdural electrode arrays consist of multiple rows of electrodes. Two to eight rows of
electrodes are typical, and again depend on clinical circumstances. Electrodes most commonly
are configured in straight rows but curvilinear rows can be useful when placing electrodes in
regions such as the interhemispheric fissure, for example to record from the cingulate gyrus.
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Electrodes typically have 2–5 mm diameter exposed to the cortical surface, with centers
separated by 1 cm from one another.

A large number of electrodes can be placed, 100 or more in some situations, but even though
subdural electrodes do not penetrate the brain, they can exert a mass effect on the brain. With
larger arrays, there can be a shift of several millimeters across the midline. Also, because cables
run externally from the subdural electrodes, there always is a possibility of infection (Lesser
et al., 1991; Arroyo et al., 1993; Salazar and Bingaman, 2008). To reduce the likelihood of
this, it is important to carefully close the dural openings around the exiting electrode cables as
tightly as possible. In addition, the surgeon should tunnel each cable subcutaneously for a
distance from the dura to the scalp opening. Great care should be taken, using meticulous sterile
technique, when adjusting or changing the dressings around the patient's head. Cerebrospinal
fluid leakage is also a concern; the team should be sure that the patient's head is elevated, to
help reduce this likelihood.

Both stainless steel and platinum (usually platinum-iridium) can be used for subdural
electrodes. Platinum-iridium electrodes are not ferromagnetic and this can be an advantage
with magnetoencephalography (MEG) or magnetic resonance imaging (MRI). Also, there are
data suggesting that platinum-iridium might be less prone to electrolysis when electrodes are
used for cortical stimulation: stainless steel electrodes continuously stimulated for a period of
weeks lose considerable weight, but there is little weight change with platinum-iridium
electrodes (White and Gross, 1974). Patients in epilepsy monitoring units are not stimulated
continuously, and not for those lengths of time, but the finding of weight changes with lengthy
stimulation suggests that smaller losses of stainless steel might occur during the much more
limited periods of stimulation that occur clinically.

A limitation of implanted electrodes is that they are fixed in position, separated from one
another, and that there is a distance between electrodes. In principle, epileptiform activity
occurring midway between two electrodes might be missed by both if the activity has a
restricted field. To address this problem, some have used arrays that have both conventionally
spaced electrodes and additional electrodes that are smaller in size and more closely spaced.
In each patient, the advantage of having more electrodes has to be weighed against the risk of
having more wires exiting from the subdural space, but one study found complication rates to
be similar to those for conventional electrode arrays (Van Gompel et al., 2008). As this study
said, we don t yet know whether the additional electrodes will result in improved surgical
results.

Although there are variations among patients and epilepsy centers, fundamentally, one places
subdural electrodes to answer one or both of two questions: What should be taken out? What
should be left in?

WHAT SHOULD BE TAKEN OUT?
From the practical standpoint, we take "spikes"- epileptiform activity - as representatives of
the site at seizure onset, but they often provide an imperfect representation. Implanted
electrodes record only from the limited area adjacent to themselves. We don t know what kind
of activity might be occurring at the same time or earlier, at other locations that could be nearby
or far away. Seizure discharges are more valuable than interictal epileptiform activity in
pointing to the site of seizure onset (Asano et al., 2009), but seizures can originate from more
than one location, and one or more region of seizure onset might be missed due to the location
of implanted electrodes. (Fig. 2) Moreover, not all possibly epileptiform discharges indicate
actually epileptogenic regions - there are both “red spikes” and “green spikes”, but we don t
always know which is which (Engel, Jr., 1999).
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Because they are closer to signal sources, implanted electrodes record brain activity at higher
amplitude than is possible with scalp electrodes. Subdural recordings can show focal high or
low frequency or electrodecremental activity that can point to the region of seizure onset, just
as with scalp recordings, but with greater precision (Alarcon et al., 1995; Ikeda et al., 1996b;
Ikeda et al., 1999; Koubeissi, 2009). Electrocorticography with subdural electrodes is much
like scalp recordings in other ways: one looks for epileptiform activity and electrographic
seizures (Spencer et al., 1992). Normal variants can occur, just as they can with scalp recordings
(Arroyo et al., 1992). Moreover, spikes, or at least spike-like discharges, can occur in the
hippocampus of normal, awake, non-epileptic rats (Suzuki and Smith, 1987; Suzuki and Smith,
1988). Do they occur similarly in people? This kind of discharge may be a normal feature of
brain recordings, at least in some parts of the brain, regardless of whether that brain has
produced epileptic seizures. Once again, we may need to differentiate red spikes from green
spikes. Interference from noise is usually less, in part because of the higher amplitude of the
signal, but contamination from muscle and other artifact sources can occur.

With conventional EEG amplifiers, whether with scalp or implanted electrodes, activity can t
usually be recorded above 70–100 Hz. Because of the increased use of implanted electrodes,
newer EEG systems allow us to look for and, perhaps not surprisingly, demonstrate high
(Fisher et al., 1992; Worrell et al., 2004), or very high (Bragin et al., 1999; Jacobs et al.,
2008; Jacobs et al., 2009a), frequency activity in epileptogenic cortex when using sufficiently
high sampling rates, generally 500–2000 Hz (although higher frequencies might also be useful).
Carefully defined high frequency oscillations (HFOs) localize to the epileptogenic region and
appear to be a useful marker of what needs to be removed to control seizures (Jirsch et al.,
2006; Khosravani et al., 2008; Crépon et al., 2009; Jacobs et al., 2009c). The HFOs were a
better index of epileptogenic cortex than were interictal spikes or the region of seizure onset
as defined by conventional electrocorticographic analysis (Fig. 3.). These HFOs could at times
occur simultaneously at sites separated by centimeters (Crépon et al., 2009; Jacobs et al.,
2009c), which might help explain why some patients are not seizure-free after seizure surgery:
we may be removing part, but not all, of the epileptogenic network.

One study did not record HFO from the neocortex (Crépon et al., 2009), but another did (Jacobs
et al., 2009c). Are these differences due to the nature of the lesions underlying the seizures in
different patients? Did electrode placements differ from the practical perspective? Were the
working definitions of HFOs different? Do HFO only occur in epileptogenic cortex, or can
they occur elsewhere? Perhaps high frequency oscillations of a particular type are a marker of
morphological changes of a particular type in a brain of a particular type. It will be important
to have strict definitions for HFOs that distinguish red from green oscillations. A computer
algorithm based strategy might provide a strict definition of high frequency oscillations and
thus allow us to correlate strictly defined waveforms with particular structural morphologies,
with other markers of epileptogenesis, and with outcome.

Direct current (DC) recordings of epileptogenic cortex can document surface negative DC
shifts at ictal onset, occurring in the locations where electrodecremental changes occur (Ikeda
et al., 1999). These observations occurred before the studies of HFO, but suggest that HFO
and slow DC shifts might occur together within the epileptogenic region.

There is an older, but inconsistent, literature regarding the value of stimulation for identifying
epileptogenic cortex (Jacobs et al., 2010). Recent studies report that single pulse stimulation
can produce single responses after a 100 –1000 milliseconds delay and can produce repetitive
responses, when stimulating epileptogenic brain; these might help identify epileptogenic cortex
in some patients (Valentin et al., 2005a; Valentin et al., 2005b). Another study used 3–4 second
trains of 60 hz stimulation and found that sites at which electrical stimulation provoked seizures
often were sites at which HFO also occurred (Jacobs et al., 2010). These methods of stimulation
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therefore may improve our ability to identify epileptogenic cortex. When these methods are
better understood they could be especially useful when seizures are not occurring during
monitoring, or when seizure localization isn t clear.

WHAT SHOULD BE LEFT IN?
Epileptologists accept the use of surgery to treat medically intractable epilepsy, but know that
surgery can have adverse effects due to removal of functionally important tissue. Functional
mapping through subdural electrodes is a tool to make adverse effects less likely. Its role is to
help the epileptologist decide when, where, if, and how to operate, or not operate, keeping in
mind that certain types of adverse effects, for instance the nonspecific memory difficulties that
patients often report after epilepsy surgery, are not necessarily predicted by cortical mapping
techniques (although some methods of doing this may help). This means that both advantages
and limitations of mapping techniques have to be kept clearly in mind.

There are two ways of using physiologic techniques to assess the safety of resection. The first
way is to alter the brain and then assess if and how behaviors change. The second is to alter
the behaviors and assess if and how brain changes.

Alter the brain - General considerations
Standard mapping with subdural electrodes uses electrical stimulation to determine where
functional (e.g. motor, sensory, cognitive, or language) changes occur, or don't occur, in
response to stimulation. The stimulation typically consists of alternating polarity square wave
pulse trains. Many centers use 0.3-ms duration pulses, repeated at 50 pulses/sec and with train
durations of about 2–5 seconds (Lesser et al., 1994), but pulse duration, pulse repetition rate,
and train duration vary among epilepsy centers and according to specific clinical circumstances
(Lesser et al., 1984b; Ojemann et al., 1993; Jayakar and Lesser, 1997; Zangaladze et al.,
2007; Motamedi et al., 2007; Lucas et al., 2008).

Finite element modeling has shown that stimulation via subdural electrodes largely affects the
area under the stimulated electrodes (Nathan et al., 1993a). (Fig. 4) This is helpful in the sense
that functional changes with stimulation likely relate to changes at the stimulated sites. On the
other hand, finite element modeling also shows that stimulation doesn t necessarily assess what
is occurring midway between two stimulated electrodes, unless they are very close to one
another. For subdural electrodes used in many laboratories, that have 2–3 mm exposed to the
cortical surface, and that have center-to-center distances of 10 cm, current density is much less
half way between the electrodes, compared to that at the edge of the electrodes. This drop in
current density is enough that stimulation might not alter functions modulated by sites midway
between the two electrodes. Arrays such as those mentioned above, with smaller and more
closely spaced electrodes, are one way of addressing this problem.

Cortical stimulation can produce afterdischarges (EEG activity which occurs in response to
stimulation and which resembles spontaneous clinical electroencephalographic seizure
discharges) (Lesser et al., 1984b). From the practical point of view, afterdischarges interfere
with testing. If afterdischarges occur at the same time as a functional change, one often cannot
be sure whether the change is due to alteration of a function modulated by the stimulated site
or if it is occurring because of the afterdischarges, especially if the afterdischarges have spread
to other areas of the brain. On the other hand, the effects of stimulation most likely spread
whether or not there are afterdischarges. Although the results of stimulation have been found
to be quite accurate (Sanes and Donoghue, 2000), this localization ambiguity is inherent in
stimulation testing, may be increased when afterdischarges occur, and should always be
considered when making clinical decisions.
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The intensities for afterdischarges or functional alterations differ among stimulated electrode
sites and among stimulation trials, in one study varying from 2–15 milliamperes, 15 mA being
the limit of the stimulation equipment (Lesser et al., 1984b). In that study, extraoperative
afterdischarge thresholds could vary between adjacent electrodes by as much as 9.5
milliamperes in the frontal, 8 milliamperes in the parietal and 12 milliamperes in the temporal
lobes, and functional alteration thresholds could vary between adjacent electrodes by as much
as 10.5 milliamperes in the frontal, and 5.5 milliamperes in the parietal lobe and temporal lobes.
That study found similar variations when testing two patients intraoperatively (Figs. 5a and
5b) Another group found similar variations in intraoperative settings, with afterdischarge
thresholds varied between adjacent electrodes by as much as 11.5 milliamperes, and functional
alteration thresholds by as much as 12.3 milliamperes (Pouratian et al., 2004).

For these reasons it is best to begin stimulating at each new site at low intensity, and gradually
increase. We usually increase the stimulation intensity by 0.5–1 milliampere at each step. If
afterdischarges occur, we may lower the intensity by 0.5–1 milliampere and stimulate again.
This often helps to avoid additional afterdischarges. Reducing the frequency of the stimulation
train, for example to 5–10 hz, also can reduce afterdischarge occurrence (Zangaladze et al.,
2007). Afterdischarge thresholds can vary within seconds, occurring during one trial, but not
during the next, and the distribution of electrodes showing afterdischarges can vary among
trials, even consecutive trials (Fig. 6) (Lesser et al., 2008), so monitoring for afterdischarges
needs to continue throughout the stimulation session. If afterdischarges occur, brief pulses of
stimulation, lasting less than a second and delivered through the same electrodes that caused
the afterdischarges, can stop the afterdischarges about half the time (Fig. 7) (Lesser et al.,
1999).

Cortical stimulation, used in this manner to assess the safety of resection, itself seems safe. In
one study, all stimulation occurred between electrodes over sites where functional information
was needed and another electrode, in the anterior temporal lobe, which was known at the time
of testing to be within the boundaries of the planned cortical resection, although the final extent
of the resection was not yet known (Gordon et al., 1990). This site, stimulated a greater number
of times than would occur under usual circumstances, showed no chronic changes suggesting
neuronal injury. There were accumulations of inflammatory cells in the pia arachnoid, as
expected due the presence of the subdural electrode grid, a foreign body.

Could stimulation through subdural electrodes cause kindling - activation of chronic
epileptiform activity due acute or subacute stimulation through the electrodes? Afterdischarge
thresholds can either increase or decrease both during a single testing session and over the days
of testing (Lesser et al., 1987). Afterdischarges can occur at single electrode sites with none
at neighboring sites (Lesser et al., 2008). Stimulation of an electrode pair in seizure monitoring
units recurs over seconds or minutes. In contrast, with the kindling model, the threshold for
afterdischarges gradually decreases, and stimulation usually is more intermittent, for example
occurring once a day (Racine, 1978). Primates often are more difficult to kindle than other
animals (Wada et al., 1978). All of these, taken together, suggest that the stimulation methods
used for functional testing of patients in epilepsy monitoring units are unlikely to result in
permanent changes in the brain excitatory threshold.

Alter the Brain - Methods of Functional Testing
There are two basic paradigms that can be used when stimulating the brain to test for function.
One is to ask the patient to begin a task and then stimulate, seeing whether stimulation interferes
with that patient's ability to perform the task. The second is to begin stimulating and see whether
the patient can perform a task, or can perform several tasks sequentially, during stimulation.
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Motor and sensory testing can use either method. The classic task asks patient to do nothing.
Then stimulation occurs and both the patient and the examining team see whether any motor
or sensory changes occur, such as twitching, increased tone, or tingling of a body part. Also,
one can test for motor inhibition. In this case the examiner asks the patient to begin a task, such
as wiggling of the fingers, or repetitive horizontal movements of the eyes (Lüders et al.,
1988). The examiner then sees whether these activities continue during stimulation. In either
case, if any symptom or sign begins or any activity stops with stimulation, the inference is that
the area stimulated was important in controlling or modulating that activity. Testing of this
type has been performed since the 19th century (Polkey, 2009), but was intensively developed
at the Montreal Neurological Institute in the 20th (Penfield et al., 1954).

The functional map derived from this testing is the well-known homunculus, often cartooned
as a body representation with head, mouth, and tongue closest to the sylvian fissure and arms,
body, and leg occurring as one progresses superiorly and away from the sylvian fissure. The
assumption often is that this is a steady progression from one location to the next, similar to
what we can see when we look in the mirror, but upside down. Fig. 8 shows test results on an
individual patient: the progression of body parts is not quite as neat as might have been expected
from the homunculus. For example there is a head representation superiorly, adjacent to the
representation for trunk and arm. Inferiorly hand, finger, and tongue representations are near
each other and foot representation is near representation for the eye. Table 1 shows findings
in the Penfield and Jasper classic, "Epilepsy and the Functional Anatomy of the Human
Brain" (Penfield et al., 1954). The first column of table 1 shows a summary from that book of
the cortical locations where stimulation produced sensory responses referable to various body
parts. Teeth, gum and jaw representation is superior to that for the tongue and mouth. The
second shows sensory representation in an individual patient; tongue representation is superior
to that of teeth gums and jaw. The third shows representation in another patient; mouth
representation is superior to that for the lower lip, and also inferior to it, but all three are superior
to representation of the tongue. Similar variations occur when checking among a larger number
of patients (Uematsu et al., 1992). In other words there is not a stable and standard
representation of body parts, and an individual patient s functional representation will not
necessarily match the classic homunculus.

This could be because body representations in the brains of persons with epilepsy differ from
those in other people. However basic neuroscience supports the idea that representations of the
body in peri-rolandic cortex are not quite as set as we may have learned in school, and that the
homunculus map is an oversimplification (Schott, 2006). The maps are not static, and
representations of body parts do not separate from one another in a simple way.

This doesn t seem to be an artifact of the testing method. As one review said, “Reservations
about the artificial nature of electrical stimulation are clearly warranted when defining the
organizing features of the motor map. However, evidence from neural recordings,
pharmacological inactivation, and connectional studies all reveal that the distributed nature of
MI subregion organization is consistent with that identified by intracortical electrical
stimulation mapping….The intrinsic horizontal neuronal connections in MI are a strong
candidate substrate for map reorganization: They interconnect large regions of MI, they show
activity-dependent plasticity, and they modify in association with skill learning. These findings
suggest that MI cortex is not simply a static motor control structure…when assembled into a
comprehensive map, sites for any particular body part appear widely distributed, multiple, and
overlapping” (Sanes et al., 2000). Another review said: “It has been clear for almost two
decades that cortical representations in adult animals are not fixed entities, but, rather, are
dynamic and are continuously modified by experience” (Buonomano and Merzenich, 1998).
In keeping with this, a recent paper (Lee et al., 2009) reported a patient in whom body
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representations for motor function, tested with stimulation, varied between two admissions,
two years apart.

Language testing uses a variety of tasks (Fig. 9), including reading, writing, naming,
comprehension, spontaneous speech, and repetition. In some cases, such as naming, stimulation
begins and then the examiner shows objects, or illustrations of objects (Penfield et al.,
1954;Ojemann, 1979;Lesser et al., 1984a;Lesser et al., 1994), or describes the object verbally
(Lesser et al., 1994;Hamberger et al., 2005), and the patient then tries to name the object. In
other cases, such as with spontaneous speech, the patient begins speaking and the examiner
sees whether speech arrest occurs with stimulation (Lesser et al., 1984a;Lesser et al., 1994).
One group stimulated and asked the patient to read a word. They then stimulated again, asking
the patient to read a sentence. They then stimulated a third time and checked whether the patient
could recall the word (Ojemann and Dodrill, 1985). With this method they assessed both
naming and short term verbal memory and found that they could interfere with these functions
at sites beyond the traditional language areas. They also have argued that when surgical
resections come close (within 2 cm) to sites identified this way, a patient is more likely to have
postoperative memory difficulties (Ojemann, 1979;Ojemann et al., 1985). Another group,
however, used visual naming to define language sites and concluded that postoperative visual
naming deficits correlated with hippocampal but not neocortical removal (Hamberger et al.,
2010a), particularly in patients without preoperative hippocampal sclerosis. In a second study,
they confirmed this, compared visual and auditory naming, and concluded that no change in
the latter was likely after anteromesial temporal lobe resections (Sherman and Wiebe,
2010;Hamberger et al., 2010b), if stimulation-identified auditory naming sites were not
removed (Hamberger et al., 2005). Overall, these results indicate that stimulation can predict
some kinds of post-resection memory changes, but that the relationship between stimulation
results and post-operative language function are complex and probably modality specific.

Primary language areas are usually near the traditional locations such as Broca's area and
Wernicke's area, but regions with language function can be found in other cortical sites.
Language sites may reorganize in patients with cortical lesions (Lucas et al., 2008), but no
reorganization occurred in one patient who underwent two surgical resections, two years apart,
to treat intractable seizures (Lee et al., 2009).

There is a third language area, sometimes called the basal temporal language area, described
by Penfield and Roberts (Penfield and Roberts, 1959) as well as more recently (Lüders et al.,
1986b). This area includes the inferior temporal, fusiform, and parahippocampal gyri, and can
be anterior to lateral temporal speech areas (Burnstine et al., 1990). Penfield and Roberts
(Penfield et al., 1959) described a patient who had temporary aphasia when her resection
occurred in the mid to posterior basal temporal region. In another study, a patient had one year
of post-operative dyslexia after resection of portions of the basal temporal language area during
temporal lobectomy (Burnstine et al., 1990). It is possible that some of the memory or language
deficits that occur after standard temporal lobectomies could be related to resection of this area.

Alter the behavior
Cortical stimulation briefly alters brain activity and assesses behavioral changes caused by
this. Testing with event-related potentials and event related frequency analysis record a
particular behavior when it occurs, and then assess the activity of the brain during that behavior.
Event-related potentials assess these brain changes by averaging recorded potentials or fields
in the time domain; spectral analysis methods assess brain changes in both the time and
frequency domains, but the time resolution is typically less than with event-related potentials.

With standard evoked potential methods, the signal to the computer is simultaneous with
electrical stimulation of a nerve such as the median nerve, to flash or pattern stimulation of
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vision, or to sound or click stimulation of hearing (Lüders et al., 1986a). In the case of event-
related potentials, the signal to begin averaging is tied to a timed instruction to the patient, but
may precede it. The patient may be instructed to move a particular muscle or muscle group, or
to read, name, or remember. Averaging is used to determine whether there is a common brain
response before, during, and/or after the signal to the patient.

For example, perirolandic pre-movement potentials can occur with voluntary finger
movements, and (probably) post-rolandic pre- and post-movement responses, with both active
and passive movement (Lee et al., 1986). These locations are consistent with the idea that the
former relates to motor preparation before, and the latter to sensory feedback after, a movement.
Movements of body parts including tongue, fingers, hand, and foot can produce contingent
negative variations and Bereitschaftspotentials. Just as the motor map is more widespread than
might have been anticipated from the standard homunculus, these responses can occur in
multiple discrete cortical regions, which most likely cooperate in generating the motor
response, and may reflect different aspects of decision making, motor preparation and
execution, and sensory feedback (Ikeda et al., 1996a; Hamano et al., 1997; Satow et al.,
2003).

The easiest way to evaluate responses with this kind of paradigm is first to see whether or not
a response occurs and then see where and when the response is largest. The assumption is that
where the response is largest correlates with where the experimental paradigm causes maximal
brain activation. This, however, assumes that largest = most important. It is equally possible
that earliest = most important, even if lower in voltage. Both possibilities need to be kept in
mind. Second, the testing paradigm might result in either enhancement or suppression of a
particular neurophysiologic activity; see below. Third, the locations of sites where responses
are evoked can be widespread and overlapping, just as is the case with cortical stimulation
(Farrell et al., 2007). Fourth, as might be expected from widespread activation, and from the
results of stimulation, a given site can respond to more than one type of stimulus. In one study
of somatosensory, auditory, and visual evoked potentials, single electrodes could respond to
up to 5 different modalities (Matsuhashi et al., 2004). These possible ambiguities need to be
considered when interpreting results.

The brain also can be studied using spectral analysis(Pfurtscheller and Andrew, 1999;
Pfurtscheller and Lopes da Silva, 1999; Pfurtscheller, 2001). This involves first converting
electrophysiological signals into the frequency domain. One then can average results across
experimental trials. Conversion into the frequency domain can be accomplished with many
different algorithms (Fourier transform, wavelets, complex demodulation, matching pursuit,
etc), each having unique strengths and weaknesses. As with event-related potentials, this was
first used with scalp EEG and MEG, but has since been used to study intracranial EEG signals.
This approach usually looks for event-related increases or decreases in time- and frequency-
specific signal energy, or power (signal amplitude squared), averaged over a series of trials.
Because such power changes were originally observed in relatively narrow frequency bands
and were thought to depend on synchronization of neural activity in narrow-band oscillations,
power increases and decreases were commonly termed event-related synchronization (ERS)
and desynchronization (ERD), respectively. Either can occur, so that the neurophysiologic
signature for a particular behavior might be “less” activity within a particular frequency band.

Using this method, event-related changes during visually paced isometric muscle contractions
performed by different body parts often overlapped with sites where responses in the same
body parts occurred with cortical stimulation (Crone et al., 1998a; Crone et al., 1998b).
However the two were not the same (Fig. 10). Responses of a particular body part to cortical
stimulation of a site could occur despite little or no change in the event related EEG, and event-
related spectral responses to movement of a body part could occur at sites where stimulation

Lesser et al. Page 9

Clin Neurophysiol. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



did not affect function of that same body part. Consistent with this, another study found
significant coherence between electrocorticographic and electromyographic recordings at
specific frequencies, but electrodes showing coherence were not necessarily those where
stimulation had affected the same body part (Marsden et al., 2000) With some methods, spectral
responses at high frequencies (e.g. 70–100 Hz) may be more specific for the place and timing
of expected brain activation than responses at lower frequencies (e.g. 8–13 Hz) (Crone et al.,
1998a; Crone et al., 1998b; Sinai et al., 2005). It is possible that synchronization at specific
frequencies at specific sites might reflect linking of those sites as they prepare for or execute
specific tasks (Marsden et al., 2000).

Although most recent studies have focused on power increases in high frequency intracranial
signals (Crone et al., 2006), power changes in lower frequencies may also provide useful
information. For example, during simple language-related tasks such as picture naming or
auditory word repetition, cortical activation reflected by alpha ERD may be observed to rapidly
move from one brain region to another over the course of 1–2 seconds. With picture naming
(Fig. 11), superior temporal cortex is involved, perhaps because the patient uses this to think
about the required word; later frontal operculum is involved perhaps because the patient is
speaking the word; then superior temporal cortex is involved again, when the patient hears the
word spoken. This is expected, given the tasks performed.

There needs to be continued refinements of these kinds of methods, but they are developing
into useful clinical tools (Sinai et al., 2005; Brunner et al., 2009). For example, using machine
learning classification methods, analysis of frequencies above 50 hz were accurate about 88%
of the time in discriminating between movements of different fingers during single trials
(Scherer et al., 2009). The method could discriminate not only contralateral but also ipsilateral
hand movements, suggesting that the method might be useful for developing brain-computer
interfaces for persons who have lost motor control due to damage to a hemisphere. It is possible
that a combination of spectral responses in different frequencies will be needed to achieve the
most accurate maps of functional brain activation.

COMMENTS
Subdural electrodes have disadvantages. Subdural arrays can exert a mass effect on the brain.
There can be cerebrospinal fluid leakage through the openings in the dura where the electrode
cables exit, and these openings can be sources of infection. The electrodes don t necessarily
tell us enough to insure complete seizure control, in part because implanted electrode placement
is based on what we learned about the patient beforehand, and this information may also be
imperfect.

Despite these limitations, their use allows recordings directly from the brain and often allows
detailed mapping of epileptogenic regions, of regions important for motor, sensory, or language
function, and of the relationship between them. In some patients, this allows larger than usual
resections to occur, in others smaller than usual resections. The goals of these are more precise
surgical resections, with improved post-operative seizure control and reduced risk of post-
operative deficits.

Experience with implanted electrodes has highlighted questions that need to be answered in
the future. Neither epileptogenic nor functional regions are static entities (Spencer et al.,
1990; Spencer et al., 1992; Lesser et al., 2008; Lee et al., 2009). From the practical point of
view we need to better understand whether areas of concern are those where activity initially
occurs in recordings, where there is a certain amount or type of neurophysiologic activity or
inactivity, or where some other combination occurs. We need to better understand how regions
coordinate both in producing seizures and in controlling normal function, how and why the

Lesser et al. Page 10

Clin Neurophysiol. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



location of these regions may change over time, and why seizure continue after seemingly
optimal resections.

Nonetheless, in the proper setting, and with carefully obtained and properly analyzed data,
testing with subdural electrodes can help the epileptologist to determine the safe boundaries
for a cortical resection, and can help the investigator in understanding the functional anatomy
and neurophysiology of the brain.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Subdural electrode placements can vary with the individual. In this patient a large array is
present in the center of the figure. On the left of the figure are two “pigtail” wires that come
from two subdural strips anterior to the grid. At the bottom are two pigtails from subdural
arrays placed below to temporal lobe. Left is anterior, right posterior, cortex. The vertex is
superior and basal hemisphere regions inferior. Electrode centers are separated by 1 cm.

Lesser et al. Page 17

Clin Neurophysiol. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Two seizure onsets from two different cortical sites. Fig. 2a shows a seizure originating from
the left rolandic region, electrodes LFT23, 31 (filled circles, Fig. 2c) with reflection at and
spread to adjacent electrodes. Fig. 2b shows a seizure originating from the left anterior temporal
lobe, LBT57, again with spread to adjacent electrodes. Recording was at 200 samples/second
and used a 0.5 Hz high pass and 70 Hz low pass filter; the filters were single pole RC filters
with 6db/octave rolloff. Fig. 2c shows electrode locations. A 64 electrode grid was in place,
with the top 6 rows over the lateral, primarily suprasylvian, cortex and the bottom two rows
over the temporal lobe, directed towards, and with the anterior three electrodes in each row
wrapped around, the temporal tip. The grid was cut between row 6 and 7 to facilitate placement.
Numbering goes from 1 at the upper left, to 8 at the upper right, to 48 at the lower right of the
superior six rows (LFT in Fig. 2a and 2b). Numbering for the inferior 2 rows (LBT) goes from
57 for the anterior electrode in the top row to 64 for the posterior electrode in the bottom row.
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Electrodes LFT 23 and 31 are filled, and electrode LBT57 has an X through it. The “boot”
around electrodes LFT 23 and 31 plus two other electrodes indicates where stimulation
mapping found motor cortex. Recording display is to a system reference. The patient was 15
years old, with a history of meningoencephalitis 5 years earlier. Seizures began with arousal
from sleep and head deviation to the right.

Lesser et al. Page 19

Clin Neurophysiol. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Lesser et al. Page 20

Clin Neurophysiol. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Lesser et al. Page 21

Clin Neurophysiol. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Figure 3a shows onset of a seizure from the left anterior frontal lobe. In recordings from this
region there were almost constant interictal bursts from LFP1-5 and LOF3-8. The first two
dots between the EEG channels from LFP7 and LFP8 occur at the same time as the last interictal
discharges before a spontaneous seizure starts. Seizure onset is just before the time of the third
dot, particularly at electrodes LFP1-5 and LOF 3-8, and manifested by much faster activity
than occurred during the interictal discharges. Voltage appears to decrease at LFP7-8, between
the times of dots 3 and 4. We use the four dots to help in orienting between figures; they indicate
the same points in time in each of the figures in which they appear. Recording was at 1000
samples/second and used a 0.5 Hz high pass and 300 Hz low pass filter. The filters were second
order Butterworth with 12 db/Oct rolloff. Figure 3b shows a time expansion of a portion of the
recording in Fig. 3a. In addition to the fast activity just described, there is still faster activity
at LFP7-8, where there appeared to be voltage decrement before. This is best seen when voltage
is increased. (Compare channels 6 and 8 - showing the EEG at the same amplification as in the
other channels - versus channels 7 and 9 - showing the EEG at higher amplification.) Figure
3c shows electrode placement. The numbering for electrodes in each strip is 1–8. Electrode 1
is the most inferior electrode for RLF-RFP-LFP, the most mesial electrode for LOF, and the
most anterior electrode for LAT. For LFG, 1 is the most anterior and 8 the most posterior
electrode on the top row; the most anterior and posterior electrode for the fifth row are 33 and
40 respectively. The 64 electrode grid was cut between rows 5 and 6, and the most anterior
electrode for row 6 is 41, the most anterior electrode for row 8 is 57, and the most posterior
electrode for row 8 is 64. In this patient, electrode LOF1 was used as the ground; LFP4 was
not functioning properly. Recording display is to a system reference. Seizures persisted after
resection of the region showing conventional epileptiform activity in Fig. 3A. The patient
became seizure free after a second resection 18 months later, that was posterior to the first, and
included LFP7-8 and LOF8.
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Figures 3d and 3e are visualizations of the contributions of higher frequencies to the EEG in
this instance. Fig. 3d shows 70–200 Hz and Fig. 3e 214-300 Hz activity. There is a gap between
200 and 214 Hz to avoid frequency overlap. Activity in the 70–200 Hz frequency range begins
about 200 msec before the third dot in a number of channels, particularly LFP1-3, LOF7-8.
Some activity in the 214-300 Hz range appears at LFP2 at the same time, but this becomes
widespread at about the time of the third dot and in particular is at LFP7-8 and LOF8, lasting
about 3 seconds. These figures use an enhanced display method to preserves the amplitude of
the high frequency information at conventional time resolutions. First we use a high pass digital
filter to suppress low frequency signals. This then sets the bandwidth of our high frequency
observation. Next for each successive group of ten samples we note the maximum and
minimum values. The display process then draws a vertical between each maximum and
minimum pair for each group of ten original data points. Thus the range of amplitudes is
preserved even as the data rate for the data stream is reduced. Other methods of display at
standard time resolutions can in effect filter out this information. For example, typical computer
screens can only manage 100 pixels per second of data when displaying EEG traces
conventional resolutions analogous to 30 mm/second for paper EEG. This is due to the pixel
size of the display monitor. When sampling the original EEG at 1000 sample/second, the
display can only show one data point in ten. In effect this down samples the EEG by a factor
of ten because of the screen display rate. Any data above the Nyquist frequency (i.e. half sample
rate) of the screen display rate is lost or distorted. Typically there are two other display methods
used to reduce high sample rate data for display. Decimation uses only one sample in 10 and
results in aliasing of frequency components above Nyquist frequency. Averaging of successive
groups of 10 samples produces a data stream of one tenth the sample rate and effectively filters
out any high frequency components. Neither method is ideal for showing the amplitude of any
high frequency information present in the EEG.
Fig. 3f shows activity at LFP8. EEG activity is at the top. The bottom uses a color display to
show that activity in different frequency ranges appears and disappears at different times during
the recording. The Y axis indicates frequency using a logarithmic scale. The X axis indicates
elapsed time in seconds. The colors indicate amplitude in log microvolt units, as shown at the
bottom.
Fig. 3g and Fig. 3h show progressively more channels of the recording, with fig. 3h showing
all the recorded channels.
The patient was 39 years old, with seizures since age 20; there was no known cause. Seizures
began with anxiety, tingling in the shoulders and loss of ability to interact appropriately. An
MRI had shown possible increased T2 signal in, and decreased size of, left mesial temporal
structures. PET scan had shown bilateral hypometabolism sparing an area in the left temporal
lobe at a time with frequent seizures, and mildly reduced fluorodeoxyglucose uptake in the left
mesial temporal region in a second study 19 months later, but before the first grid placement
and frontal resection. Seizure onset did not include the mesial temporal lobe, temporal lobe
was not removed, and the patient became seizure free after the second frontal resection.
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Fig. 4.
Finite element modeling, showing the normalized change in potential in response to current
applied between a pair of adjacent electrodes, separated by 1 cm. The colors indicate
normalized change in voltage, with red +1, blue -1. From Nathan et al., unpublished data, Fig.
4 is © 1993 The Johns Hopkins University. For more details on this, see Nathan et al.
(1993a); Nathan et al. (1993b).
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Fig. 5.
a) Comparison of extraoperative and intraoperative afterdischarge thresholds in a patient.
During surgery, stimulation was as close as possible to the sites stimulated by the grid
electrodes, doing this by placing ball electrodes directly over the subdural grid electrodes, then
removing the grid, and placing the ball electrodes on the brain. In that patient extra-operative
afterdischarge thresholds could vary by as much as 9.5 milliamperes and intraoperative
thresholds by as much as 11 milliamperes between adjacent electrodes. The underlined
numbers indicate thresholds 5 minutes after discontinuation of nitrous oxide. b) Intraoperative
thresholds during functional testing in another patient. There was a 4.5 milliampere difference
in functional thresholds between electrode pairs that were diagonally adjacent to one another.
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From Lesser et al., Epilepsia 25:615–621, 1984. With permission, Wiley-Blackwell (Lesser
et al., 1984b).
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Fig. 6.
Afterdischarge responses at three stimulated electrode pairs. Within each of the three
subfigures, each rectangle, with enclosed dots, blue circles and red diamonds, plots the location
of afterdischarges after a single stimulation trial. Each subfigure shows all trials with
afterdischarges due to stimulation of that electrode pair. There are numbers between each pair
of plots. These numbers indicate how many trials without afterdischarges occurred between
that pair of trials. The numbers under each plot indicate minutes (m) or seconds (s) between
that trial and its predecessor. Red diamonds=stimulated pair. Blue circles=sites with
afterdischarges. Responses vary in (A) and (B), whereas stimulation intensity remained stable.
It was 15mA for all plots in (A), 14mA for all plots in (B). Responses vary little in (C), even
though stimulation intensities did: 11, 14 and 13mA for plots 1, 2 and 3, respectively. Therefore,
afterdischarge distribution is not explained by stimulation intensity alone. At times, plots can
resemble one another, for example, the second and third plots in (A), and the last two plots in
(B), but we saw no systematic overall pattern of recurrence, for example explainable by
stimulation order or intensity. From: Lesser RP, Lee HW, Webber WR, Prince B, Crone NE,
Miglioretti DL. Short-term variations in response distribution to cortical stimulation. Brain
2008 131:1528–1539, by permission of Oxford University Press.
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Fig. 7.
a) Afterdischarges (AD) occurred in this patient in response to stimulation. The two dots at the
bottom indicate when each of two brief pulses of stimulation (BPS) were applied. The first was
unsuccessful, but the second successful in stopping the afterdischarges. This method can
terminate ADs, but works only about half the time, as shown in Fig. 7b.
b) Duration and treatment latency of each individual trial during which a brief burst of pulse
stimulation (BPS) was applied. Each horizontal line indicates a separate trial. The x-axis
indicates the time after BPS application. The responses are arranged from top to bottom by
total afterdischarge (AD) duration. Left: Duration of each individual trial during which BPS
was applied. The dot represents the time that BPS was applied. The horizontal line extends 2
seconds past the dot in all cases because of blocking of the amplifier channels, lasting about
two seconds after stimulation ended, during which time we could not know whether ADs were
or were not continuing. Right: Duration of each individual trial during which BPS was not
applied. BPS could stop ADs regardless of the treatment latency, might not stop ADs regardless
of the treatment latency, and might stop spontaneously. However, ADs were significantly more
likely to stop after BPS.
c) Examples of types of afterdischarges that can occur in response to stimulation. (A)
Continuous rhythmic epileptiform activity (epileptiform activity with an overall sinusoidal or
semisinusoidal appearance); (B) rapidly repeated spikes without an overall appearance of a
simple sinusoidal waveform; and (C) discrete individual spikes or polyspikes (discharges
separated by at least several hundred milliseconds).
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Figures 7b and 7c are from Lesser RP, Kim SH, Beyderman L, Miglioretti DL, Webber WRS,
Bare M, Cysyk B, Krauss G, and Gordon B. Brief bursts of pulse stimulation terminate
afterdischarges caused by cortical stimulation. Neurology 1999. 53:2073–2081, with
permission, Lippincott Williams & Wilkins.
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Fig. 8.
Responses to stimulation of the right peri-rolandic cortex. The figures indicate the body part
stimulated. The green circle indicates that motor inhibition occurred, the yellow circle indicates
where stimulation produced a sensory change. Other responses to stimulation were clonic or
tonic movements. Each circle indicates an electrode. Circles filled red indicate where seizures
began, those filled pink indicate seizure spread, in this patient with seizures originating in the
motor cortex.
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Fig. 9.
Results from mapping the left lateral neocortex. This is the same patient as shown in figure 3,
and shows electrode placement during the second surgical admission. The brown area
anteriorly indicates the first resection and the cross-hatched brown area the second cortical
resection eventually performed. C, comprehension; L, lip; M, mouth; N, naming; R, reading;
S, spontaneous speech; T, tongue; y, respiratory inhibition; #, psychic change but not typical
seizure. Psychic changes were manifested by hearing voices during the first admission
(electrode labelled CNRS#), by a feeling of separation. Upper case means a positive change,
such as muscle twitching, or tingling sensation with stimulation. Lower case means negative
change, such as inhibition of movement. With the exception of y, all motor and sensory findings
were on the other side of the body. Reproduced from J Neurol Neurosurg Psychiat, Lee et al.
80:285–290, © 2009, with permission from BMJ Publishing Group Ltd.
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Fig. 10.
Comparison of sites where stimulation produced movement of the right arm or hand (jagged
lines) with event-related spectral responses in the alpha band (power suppression, i.e. ERD, at
8–13 Hz) generated by finger wiggling. There is considerable overlap, but the sites are not
identical. From: Crone NE, Miglioretti DL, Gordon B, Sieracki JM, Wilson MT, Uematsu S,
and Lesser RP. Functional mapping of human sensorimotor cortex with electrocorticographic
spectral analysis I. Alpha and beta event-related desynchronization. Brain 1998121:2271–
2299, by permission of Oxford University Press.
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Fig. 11.
This figure diagrams the distribution of alpha suppression (ERD) during naming, as mapped
using a subdural grid. The continuous color map is interpolated: actual data was from the 6x8
electrode array. The figure uses a standard “rainbow” color scale, where red indicates the
greatest and blue the least suppression. At 400 and 500 msec suppression is present at the
posterior inferior portion of the grid, perhaps during retrieval of the name of the object in the
picture presented to the patient. At 1300 msec suppression is marked over the anterior-superior
portion of the grid, perhaps corresponding to cortical control of articulation, and there is
suppression over the more central portion of the grid, overlying the temporal auditory cortex,
perhaps because the auditory system hears the word being articulated (self-speech). At 1900
msec alpha suppression is less marked anteriorly, but continues to be present in the central
portion of the grid. See the Supplementary Videos S1 and S2 for animations of cortical
responses during naming and auditory word repetition.
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Table 1

The table compares the overall distribution of the sensory map posited in Epilepsy and the Functional Anatomy
of the Human Brain (Penfield et al., 1954) with maps of two individual patients, reported in the same book. The
relationship between specific functional areas on page 71 is similar to that found in the two patients, but the
sequences are not identical.

Sensory Map Case L.G. Case E.C.

Page 71 page 135 page 139

upper lip mouth

lips lips lower lip

lower lip lower lip mouth

teeth gums jaw tongue tongue

tongue teeth gums jaw

mouth
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