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Abstract
Recent studies have suggested that cortical activation can be measured using event-related
augmentation of gamma-oscillations in humans. We determined how commonly and differentially
gamma-oscillations (50-150 Hz) were modulated by three distinct word-association tasks during
extraoperative electrocorticography monitoring in a patient with focal epilepsy who underwent
epilepsy surgery. He was auditorily presented names of common foods (e.g.: apple) during each
task. He was instructed to overtly verbalize the color (e.g.: red) of each given food during the first
association task, the taste (e.g.: sweet) during the second task, and the texture (e.g.: crunchy)
during the third task. All three word-association tasks commonly elicited significant augmentation
of gamma-oscillations in the superior temporal gyrus, the middle temporal gyrus and inferior
frontal gyrus, as well as the pre- and post-central gyri. The food-texture association task
specifically elicited significant gamma-augmentation in the supramarginal gyrus. This preliminary
study generated the hypothesis that word-association tasks may supplement functional language
mapping using electrical stimulation. Differential gamma-augmentation in the supramarginal
gyrus might be attributed to a larger workload required in the food-texture association task
compared to the remaining two tasks.
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INTRODUCTION
The general principles of epilepsy surgery include: complete removal of the epileptogenic
zone and preservation of the eloquent areas [1]. Recent studies have suggested that
recording of event-related gamma-oscillations on electrocorticography (ECoG) is useful to
localize the cortical sites involved in language tasks [2-7]; in short, augmentation of gamma-
oscillations is considered to represent cortical activation [8]. Taking advantage of a unique
opportunity to monitor neuronal activities using intracranial ECoG recording, we determined
whether three distinct word-association tasks similarly or differentially modulated gamma-
oscillations in human cerebral cortex.

METHODS
The study was performed on a 17-year-old right-handed male with a diagnosis of non-
lesional focal epilepsy. Phase-I presurgical evaluation lateralized the epileptogenic zone to
the left hemisphere. Video-EEG recording did not show interictal spikes but demonstrated
ictal discharges maximally involving the left temporal area. Brain MRI was normal. Verbal
Comprehension Index was 109, and the Wada test suggested left hemisphere dominance for
speech.

The patient underwent chronic implantation of subdural electrodes on the left hemisphere
(total number of electrodes: 112), in order to determine the presumed epileptogenic zone and
eloquent cortical regions. During extraoperative ECoG monitoring, he completed three
word-association tasks. The details are described in the supplementary document on the
website (Supplementary Document S1). He was auditorily presented a total of 40 names of
common foods (e.g.: apple) during each task. He was instructed to overtly verbalize the
color (e.g.: red) of each given food during the first association task, the taste (e.g.: sweet)
during the second task, and the texture (e.g.: crunchy) during the third task.

Each ECoG trial was transformed into the time-frequency domain, and we determined
‘when’ and ‘where’ gamma-oscillations (50-150 Hz) were augmented. The time-frequency
analysis used in the present study was previously validated [5-13]. The measures of interest
in the present study included: a percent change of the amplitude of gamma-oscillations
relative to that during the reference period (i.e.: the resting baseline) as well as statistical
significance of task-related augmentation of gamma-oscillations. The reaction time was also
measured for each association task. The methodological details are described in the
supplementary document on the website (Supplementary Document S1).

RESULTS
The mean reaction time was 2.0 sec (standard deviation [SD]: 0.9 sec) in the food-color
association task, 2.3 sec (SD: 0.9 sec) in the food-taste association task, and 2.6 sec (SD: 1.2
sec) in the food-texture association task. Post-hoc analysis with one-way ANOVA
demonstrated that the reaction time significantly differed between the food-color and food-
texture association tasks alone (p=0.04).

The areas showing gamma-augmentation commonly elicited by all three word-association
tasks included: (i) the superior temporal gyrus following auditory presentation of the name
of food, (ii) the middle temporal gyrus and inferior frontal gyrus following presentation of
auditory stimuli and prior to overt responses, and (iii) the pre- and post-central gyri
immediately prior to and during overt responses (Figure 1). On the other hand, the food-
texture association task differentially elicited gamma-augmentation in the supramarginal
gyrus 400-1,200 msec after the onset of auditory stimuli but prior to the onset of overt
responses.
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Ictal subdural ECoG recording showed that both interictal spikes and the seizure onset were
confined to the medial temporal region (Figure 1). The patient underwent left anterior
temporal lobectomy while language-related cortex indicated by electrical neurostimulation
and task-related gamma-oscillations was preserved. Pathologic assessment of the resected
tissue suggested the presence of microdysgenesis and gliosis in the left medial temporal
lobe. He has been seizure-free without apparent speech deficits (follow-up: 14 months).

DISCUSSION
Significance of gamma-augmentation similarly elicted by three word-association tasks

Word association tasks require (i) perception of acoustic-phonetic features of a given
stimulus, (ii) semantic comprehension of a given word, (iii) retrieval of an adjective phrase
relevant to the task, and (iv) execution of overt responses. In the present study, all three
word-association tasks commonly elicited gamma-augmentation in the left superior temporal
gyrus, middle temporal gyrus, inferior frontal gyrus and pre- and post-central gyri. The
results are consistent with the generally-accepted notion derived from functional MRI
studies of healthy adults [14,15] and from ECoG studies of patients with epilepsy
[2,5,11,16,17]; it has been suggested that (i) the left superior temporal gyrus plays a central
role in acoustic-phonetic perception, (ii) the left middle temporal gyrus in semantic
comprehension, (iii) the left inferior frontal gyrus in retrieval of a relevant word, and (iv) the
pre- and post-central gyri in execution of overt responses. The time-frequency analysis in
the present study demonstrated significant gamma-augmentation at sites where
neurostimulation failed to elicit a clinical symptom (Figure 1). We have previously reported
that our time-frequency ECoG analysis showed significant gamma-augmentation in areas
larger than the eloquent areas suggested by electrical neurostimulation [5]. Further studies of
a large population using post-operative neuropsychological measures are warranted to
determine the clinical significance of discrepancy between gamma-measures on ECoG and
neurostimulation data.

Significance of gamma-augmentation differentially elicted by the food-texture association
task

In the present study, the patient was given same series of auditory stimuli in a
pseudorandom order during each task, while the way of word-association was different
across the three tasks. Why did the food-texture association task specifically elicit
significant gamma-augmentation in the left supramarginal gyrus? It was shown that lexical
semantic judgment, phoneme judgment, auditory semantic-naming, picture-naming and verb
generation tasks elicited gamma-augmentation in the left supramarginal gyrus in some
subjects in previous studies [2,4-6]. Lesion studies have reported association between loss of
function of the left supramarginal gyrus and conduction aphasia characterized by good
auditory comprehension, fluent speech production, relatively poor speech repetition,
frequent phonemic errors in production, and naming difficulties [18,19]. A study of 14
healthy adults using functional MRI showed that auditory presentation of real words,
compared to pseudowords, elicited larger cortical activation involving the left supramarginal
gyrus during a semantic decision task [20]. Yet, these observations do not explain the
mechanism of gamma-augmentation specifically elicited by the food-texture association
task.

Behavioral data in the present study demonstrated that the food-texture association task
required the longest reaction time. Gamma-augmentation in the left supramarginal gyrus
occurred following those in the left middle temporal or inferior frontal gyrus (Figure 1).
Thus, differential gamma-augmentation in the left supramarginal gyrus might be attributed
to a larger workload required in the food-texture association task compared to the remaining
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two tasks. A previous study of six healthy adults using magnetoencephalography showed
that larger cortical activation was elicited in the left supramarginal gyrus by a language task
requiring larger workload compared to an easier task [21]. In that study, subjects were
instructed (i) to covertly simply read a presented word in the easier task and (ii) to change a
presented word to the past tense in their minds in the more demanding task; the degree of
cortical activation was estimated using measurement of attenuation of oscillations at 25-50
Hz [8].

Methodological considerations
There are several factors potentially altering the results of time-frequency analysis in the
present study. The number of trials in each task could have influenced the results of ECoG
analyses. More electrode sites potentially could have shown gamma-augmentation reaching
significance, if a larger number of trials were administered to the patient and if all tasks were
successfully completed. Due to the limited time frame with the patient room being quiet, we
recognized that a larger number of trials were difficult to assign to the patient. The patient
had a diagnosis of focal epilepsy arising from the left medial temporal region. We are aware
that the seizure onset and surrounding areas could be dysfunctional; interpretation and
generalization of our results must be made cautiously and should be compared to
observations from studies of healthy humans using noninvasive diagnostic modalities such
as functional MRI. Phenytoin was administered intravenously prior to neurostimulation in
the present study. Phenytoin, a sodium channel blocker, may affect the findings of
neurostimulation, and failure to elicit clinical symptoms by neurostimulation could be
partially attributed to the acute effect of phenytoin given prior to neurostimulation [22].

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The results of time-frequency analysis
The results of time-frequency analysis relative to the onset of auditory stimuli are as follows.
All three word-association tasks commonly elicited significant gamma-augmentation
(50-150 Hz) at electrode #1 in the superior temporal gyrus approximately at +100 to +200
msec, at electrode #2 in the middle temporal gyrus at +100 to +800 msec, and at electrode
#3 in the inferior frontal gyrus at +100 to +400 msec. Gamma-augmentation at electrode #3
was followed by brief gamma-attenuation. The food-texture association task specifically
elicited gamma-augmentation at electrode #4 in the supramarginal gyrus at +400 to +1,200
msec. Since the mean reaction time was 2.6 sec in the food-texture association task, gamma-
augmentation at electrode #4 in the supramarginal gyrus was estimated to occur prior to the
onset of overt responses. According to the time-frequency analysis relative to the onset of
overt responses, all three word-association tasks commonly elicited significant gamma-
augmentation at electrode #5 in the inferior Rolandic area at -300 to +500 msec. The
detailed methods to decide significance of gamma-augmentation are described in the
supplementary document on the website (Supplementary Document S1).
Electrical neurostimulation of electrode #2 elicited receptive aphasia and that of electrode #5
elicited movement of the throat. Neurostimulation of electrodes #1, #3, and #4 failed to elicit
apparent clinical symptoms.
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