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Abstract

Objective: Traditional electrocortical stimulation (ECS) map-
ping is limited by the lengthy serial investigation (one loca-
tion at a time) and the risk of afterdischarges in localizing
eloquent cortex. Electrocorticographic frequency alteration
mapping (EFAM) allows the parallel investigation of many
cortical sites in much less time and with no risk of afterdis-
charges because of its passive nature. We examined its use
with ECS in the context of language mapping during an
awake craniotomy for a tumor resection. Clinical Presenta-
tion: The patient was a 61-year-old right-handed Caucasian
male who presented with headache and mild aphasia. Imag-
ing demonstrated a 3-cm cystic mass in the posterior tem-
poral-parietal lobe. The patient underwent an awake crani-
otomy for the mapping of his speech cortex and resection of
the mass. Intervention: Using a 32-contact electrode array,
electrocorticographic signals were recorded from the ex-
posed cortex as the patient participated in a 3-min screen-
ing task involving active (patient naming visually presented
words) and rest (patient silent) conditions. A spectral com-
parison of the 2 conditions revealed specific cortical loca-

tions associated with activation during speech. The patient
was then widely mapped using ECS. Three of 4 sites identi-
fied by ECS were also identified passively and in parallel by
EFAM, 2 with statistical significance and the third by qualita-
tive inspection. Conclusion: EFAM was technically achieved
in an awake craniotomy patient and had good concordance
with ECS mapping. Because it poses no risk of afterdischarg-
es and offers substantial time savings, EFAM holds promise
for future development as an adjunct intraoperative map-
ping tool. Additionally, the cortical signals obtained by this
modality can be utilized for localization in the presence of a
tumor adjacent to the eloquent regions.

Copyright © 2009 S. Karger AG, Basel

Background

The established practice of electrical stimulation to
create transient lesions in the cortex or evoke motor re-
sponses, both extra- and intraoperatively, is the ‘gold stan-
dard’ for delineating cortical areas of eloquent function
[1-4]. Its role in minimizing functional loss during neu-
rosurgical resection of seizure foci, tumors and vascular
malformations is well documented [5-8]. Specifically, the
use of electrocortical stimulation (ECS) to localize speech
areas is known to improve functional outcomes [7]. More
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Fig. 1. MRI showing a 3-cm, heterogeneously enhancing, cystic mass in the posterior temporal lobe. Final pa-
thology of the tumor was glioblastoma multiforme.

recently, its use to identify negative speech areas as a guide
for resection, in conjunction with tailored craniotomies
limiting cortical exposure, has been shown to produce
equally favorable functional outcomes [8]. However, ECS
has several known limitations. The generation of stimula-
tion afterdischarges in 71% of mapped patients leads to a
risk of seizure or misleading functional responses as a re-
sult of distally stimulated cortex [9]. Additionally, inade-
quate stimulation may leave eloquent cortical areas mis-
identified. Further, stimulation mapping during awake
craniotomies necessitates consistent patient participa-
tion, which is not trivial. Given these shortcomings of
ECS mapping, the usefulness of electrocorticographic
(ECoG) signal analysis as an adjunct approach to cortical
mapping has been demonstrated [10, 11].

The brain’s oscillating electrical signals, recorded ex-
tracranially via electroencephalography or subdurally by
electrocorticography, are constituted by a broad range of
frequencies. Breaking this signal down into its frequency
components allows an analysis of how the magnitude, or
power, of those components is changing over time. There
are several notable distinct frequency bands which are
thought to represent different underlying cortical physi-
ologies. Characteristic frequency bands such as mu (8-12
Hz) and beta (18-26 Hz) are believed to be produced by
thalamocortical circuits, and are known to decrease in
power during speech, auditory perception, and real or
imagined movements [12-14]. This is known as event-re-
lated desynchronization. Conversely, the gamma frequen-
cy band (>30 Hz) is thought to be produced by smaller
cortical ensembles that demonstrate event-related syn-
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chronization or increases in power in association with
speech, auditory perception, and real or imagined move-
ments [15-19]. These alterations in the frequency power
spectrum associated with cortical activation have been in-
vestigated as a tool for identifying and delineating regions
of the motor cortex [10]. Here, we extend this ECoG
frequency alteration mapping (EFAM) technique to the
speech cortex in the context of an awake craniotomy.

Case Report

The patient was a 61-year-old right-handed Caucasian male
with a left temporal/parietal lobe lesion scheduled for resection
during awake craniotomy (fig. 1). The patient was given moni-
tored anesthesia care with propofol and dexmedetomidine. After
the bone flap was removed and the dura was reflected, the patient
was taken off propofol and allowed to wake up. A monitor on
which language cues were delivered was placed 2-3 feet in front of
the patient’s eyes. The patient was instructed to say the word that
was presented to him on the screen while it was present on the
screen (active condition) and to remain quiet during the intervals
when no word was presented (rest condition). An4 X 8 electrode
array (AdTech, Racine, Wisc., USA) was placed over the exposed
cortex (fig. 2a). The electrodes were connected to a data acquisi-
tion system which recorded the ECoG signal as the patient was
performing the task. The system consisted of optical amplifiers by
Guger Technologies and a Dell PC running BCI2000, which pre-
sented the stimulus and recorded the ECoG signal simultaneously
[20]. BCI2000 is a general-purpose system for data acquisition,
stimulus presentation, brain-computer interfacing and brain
monitoring [20]. It supports acquisition from a number of hard-
ware devices, can process different types of brain signals, and can
feed back the output of that processing to a variety of output de-
vices. In the context of brain mapping, it supports the program-
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Fig. 2. Relationship between sites identified by passive mapping
and ECS. Shapes denote sites identified by EFAM (a, b) and by
ECS (c). The corresponding sites between the modalities are
shape-matched (circles, squares and triangles). a Grid of 32 elec-
trodes placed over the cortex in preparation for the patient per-
forming the speech task to identify language cortex. The circle
and the triangle denote significant sites as activating during
speech. The square denotes a qualitatively identified site (see b).
b Plot of the coefficient of determination (r?) for each frequency
across all electrodes. A notable decrease in low frequency ampli-
tude (5-20 Hz) is identified at the location of electrode 10 (circle;
r2=0.174; p = 0.01). Similarly, notable increases in high frequency
amplitude (75-100 Hz) were identified qualitatively at the loca-

mable presentation of auditory/visual stimuli and receipt of device
input. BCI2000 associates the timing of these stimuli with the re-
corded ECoG signals, which facilitates time-locked analyses.

After a trial run, 3 min of data (36 trials) were collected while
the patient performed the speech task. The ECoG signal was con-
verted to the spectral domain and the active condition compared
to the rest condition. The degree to which the amplitude, or pow-
er, change correlated to the given condition was measured by the
12, known as the coefficient of determination. For more detail of
the signal analysis protocol, please see the previously published
protocol in Leuthardt et al. [10]. A plot of the coefficients of de-
termination for each frequency bin and across all electrodes was
generated (fig. 2b). Those electrode sites that produced significant
amplitude changes at a given frequency were identified intraop-
eratively by qualitative inspection of figure 2b. Five electrodes
were initially identified qualitatively as potential candidates for
speech cortex (electrodes 10, 11, 18, 21 and 28); of these, electrodes
10, 11 and 21 demonstrated the strongest activations on qualita-
tive inspection. Postoperatively, the conversion of r? to a p value,
using the generalized Fisher method, was done to determine sta-
tistical significance. In postoperative analysis, electrode 10 was
identified as having a significant coefficient of determination
(p = 0.01) at low frequencies (5-20 Hz) consistent with event-re-
lated desynchronization, or a decrease in amplitude, at that fre-
quency band. In electrode 21 (p = 0.02), power increases (also
known as event-related synchronizations) in the higher frequen-
cies (75-100 Hz) were found to be statistically significant. Elec-
trodes 11, 18 and 28 were not found to be significant in postop-
erative analysis.

EFAM of Speech Cortex during an Awake
Craniotomy
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tions of electrode 11 (dashed square; 12 = 0.074; p = 0.1), electrode
18 (r? = 0.074; p = 0.1) and electrode 28 (r> = 0.047; p = 0.2), and
with statistical significance at electrode 21 (triangle; r* = 0.143;
p =0.02). These locations indicate the probable candidate sites for
speech cortex. Electrodes 18 and 28 did not correspond to positive
identification by ECS. Electrodes 7, 8, 15, 16, 23, 24, 31 and 32 are
not included because they were not in physical contact with the
cortex (see a). ¢ All solid shapes denote locations identified as
speech cortex by ECS mapping. The circle and the triangle cor-
respond to significant sites identified by EFAM. The square cor-
responds to a location (electrode 11) identified qualitatively by
EFAM. The diamond denotes a site not identified by EFAM. T =
Tumor location.

After the qualitative identification of potential speech sites
from EFAM, the patient’s cortex was then widely mapped by ECS,
with stimulation currents ranging from 2 to 8 mA. The total time
required for ECS was approximately 30-40 min. There were 2
episodes of afterdischarges requiring cold irrigation of the brain
surface. When stimulated, the cortical sites beneath electrodes 10,
11 and 21 induced a speech arrest. There was a substantial overlap
in sites identified by EFAM and by ECS for language. Of note,
however, there were some functional sites that did not overlap.
One site identified by ECS on the middle temporal gyrus was not
identified by EFAM (shown as a diamond in fig. 2¢). Additionally,
there were 2 qualitatively identified electrode sites that were not
associated with speech arrest by stimulation; these included elec-
trodes 18 (p = 0.1) and 28 (p = 0.2). Subsequent to the identifica-
tion of language sites, a gross total resection of the tumor was
achieved. The resection was guided by the ECS mapping although
all the sites identified by EFAM and ECS were spared. The pa-
tient’s language was receptively and expressively fluent after the
operation. The final pathology of the tumor was glioblastoma
multiforme.

Discussion

EFAM has been shown to be an effective adjunct to
cortical stimulation for mapping the motor cortex in the
extraoperative setting [10]. In this case, we have extended
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these techniques to the application of language localiza-
tion during an awake craniotomy for a tumor resection.
We demonstrate here for the first time that the EFAM
methodology can localize regions of cortex involved with
receptive language. This, additionally, is the first time it
has been done in the setting of an awake craniotomy. In
contrast to extraoperative mapping where the cortical tis-
sue is not distorted or infiltrated, we have shown the cor-
tical signals to be reliable in identifying functional sites
in close proximity to an intrinsic brain tumor. When
compared to localization by ECS, there was a strong con-
cordance in functional sites identified by both method-
ologies. Of note, the performance of EFAM mapping
(cognitive paradigm plus time for signal analysis) was
brief and not associated with afterdischarges when com-
pared with ECS mapping.

In much the same way that somatosensory-evoked po-
tentials provide passive information on the localization
of motor cortex, so too can the EFAM method provide
powerful screening information that can aid in the more
efficient localization of language. Thus far, a passive
screen does not exist for language as it does for motor
mapping. Since a two-dimensional electrode array is re-
corded simultaneously, multiple sites spanning the corti-
cal surface can be interrogated in parallel. Thus, a ‘single
pass’ is all that is required to assess a large region of cor-
tex (vs. serial site-by-site interrogation by ECS). Addi-
tionally, because localization is achieved through passive
recording and signal analysis, an identification of func-
tional regions does not carry the risk of afterdischarges
associated with ECS. These features of large cortical cov-
erage, parallel recording and absence of afterdischarges
thus provide notable time savings in providing a prelim-
inary localization of language cortex. This time-efficient
and passive approach is of particular importance when
considering an awake craniotomy where patient partici-
pation, patient tolerance and induced seizures can make
a substantial difference in whether a functional site is lo-
cated or not.

It is worth noting that, although there was a substan-
tial overlap between the sites identified by EFAM and
ECS, there were also regions that did not overlap. There
was a site that was identified by ECS that was not identi-
tied by EFAM, and there were sites identified by EFAM
not associated with speech arrest by ECS. The fact that
EFAM does not localize each ECS site underlines that the
technique is not currently a standalone method for lan-
guage localization. The lack of a complete localization
may in part reflect the specificity of the EFAM technique
at identifying cortical networks particular to a given cog-
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nitive task. An increased sensitivity (identifying every
ECS site) may result if the cognitive task is more varied
(reading words as well as naming objects, etc.) and, thus,
increasing the number of cortical networks engaged.
Currently, the clinical significance is unclear for sites that
show changes identified by EFAM but are not associated
with a speech arrest by ECS. One hypothesis is that such
sites represent other parallel nonessential processes that
occur in conjunction with the articulation of speech but
are not essential or specific to its implementation, such as
attention or memory. Their nonessential nature could ex-
plain why they are not identified by ECS. A larger case
series will be required to formally assess the clinical sig-
nificance of these sites.

In conclusion, EFAM is technically possible in awake
craniotomy patients and holds promise for development
as an adjunct method to aid in defining speech cortex by
ECS. The passive and parallel interrogation of the cortex
by EFAM offer notable time efficiency advantages that
further support its development. A larger patient popula-
tion will be required to definitively assess the utility and
safety of EFAM.
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