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Abstract
Objective—We measured cortical gamma-oscillations in response to visual-language tasks
consisting of picture naming and word reading in an effort to better understand human visual-
language pathways.

Methods—We studied six patients with focal epilepsy who underwent extraoperative
electrocorticography (ECoG) recording. Patients were asked to overtly name images presented
sequentially in the picture naming task and to overtly read written words in the reading task.

Results—Both tasks commonly elicited gamma-augmentation (maximally at 80–100 Hz) on
ECoG in the occipital, inferior-occipital-temporal and inferior-Rolandic areas, bilaterally. Picture
naming, compared to reading task, elicited greater gamma-augmentation in portions of pre-motor
areas as well as occipital and inferior-occipital-temporal areas, bilaterally. In contrast, word
reading elicited greater gamma-augmentation in portions of bilateral occipital, left occipital-
temporal and left superior-posterior-parietal areas. Gamma-attenuation was elicited by both tasks
in portions of posterior cingulate and ventral premotor-prefrontal areas bilaterally. The number of
letters in a presented word was positively correlated to the degree of gamma-augmentation in the
medial occipital areas.

Conclusions—Gamma-augmentation measured on ECoG identified cortical areas commonly
and differentially involved in picture naming and reading tasks. Longer words may activate the
primary visual cortex for the more peripheral field.

Significance—The present study increases our understanding of the visual-language pathways.
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INTRODUCTION
Overt picture naming and reading are two major visual-language tasks repeatedly conducted
in everyday life. Both tasks involve cognitive processes, including perception and analysis
of shapes of given visual stimuli, retrieval of words as well as movement execution to
articulate given words (Price and Devlin, 2003; Sinai et al., 2005). From a clinical point of
view, identification of the cortical sites involved in picture naming and reading is important
in presurgical evaluation of epileptic patients. Removal of such sites might increase the risk
of functional deficits and potentially impair the quality of life of such patients. In the present
study, we delineated the temporal-spatial dynamics of neural activities driven by picture
naming and word reading, using intracranial electrocorticography (ECoG) recording.

Analysis of event-related gamma-oscillations was applied to quantitatively measure cortical
activation elicited by tasks with high spatial (1 cm) and temporal resolution (10 msec). In
short, augmentation of gamma-oscillations (most commonly involving 80–100 Hz) is
considered to represent activation in a given cortical site (Crone et al., 1998; Pfurtscheller
and Lopes da Silva, 1999; Tallon-Baudry and Bertrand, 1999; Lachaux et al., 2000; Niessing
et al., 2005; Szurhaj and Derambure, 2006; Nishida et al., 2008; Ray et al., 2008); cortical
sites showing gamma-augmentation can identify the eloquent areas with statistically-
significant accuracy (Crone et al., 2006; Miller et al., 2007a; Brunner et al., 2009; Nagasawa
et al., 2010a; 2010b). The benefits of functional brain mapping using ECoG include: (i) a
better signal-to-noise ratio compared to scalp electroencephalography (EEG) and
magnetoencephalography (MEG), which record cortical signals from outside of the scalp
(Gaetz et al., 2008; Dalal et al 2009), (ii) better temporal resolution compared to functional
MRI (fMRI) (Menon and Kim, 1999), and (iii) a shorter duration of a patient’s participation
compared to electrical stimulation mapping using subdural electrodes (Brown et al., 2008;
Lesser et al., 2010).

We specifically addressed the following three questions. (Question #1): We tested the
hypothesis that picture naming, compared to word reading, elicits greater cortical activation
in the left dorsolateral premotor-prefrontal areas. A previous lesion study showed that the
damage to this area impaired naming more than word reading (Stuss et al., 2001). Previous
fMRI studies showed that naming elicited greater cortical activation in this area compared to
word reading (MacDonald et al., 2000; Polk et al., 2008). Intracranial neurophysiology
studies using depth electrodes showed that reading tasks elicited cortical deactivation in the
left anterior inferior frontal gyrus and activation in the left posterior inferior frontal gyrus
(Lachaux et al., 2008; Mainy et al., 2008; Vidal et al., 2010). Partly because of spatial
sampling limitations, the dynamic changes of neural activities in the caudal occipital or
middle-superior frontal areas have not been well described in previous studies using
subdural ECoG recording. Since ECoG sampling involved such areas in some of our
patients, we expected that this study would enhance the literature.

(Question #2): We addressed the hypothesis that word reading, compared to picture naming,
elicits greater cortical activation in the left ventral occipital-temporal area following
presentation of visual stimuli. Evidence from lesion (Gaillard et al., 2006; Pflugshaupt et al.,
2009), functional neuroimaging (Cohen et al., 2000; Dehaene and Cohen, 2007) and
intracranial neurophysiology studies (Nobre et al., 1994; Tanji et al., 2005; Gaillard et al.,
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2006) suggested the presence of distinct visual-language function specific to reading in the
left ventral occipital-temporal area. Yet, other studies using fMRI and ECoG failed to prove
the presence of such reading-specific function in the left ventral occipital-temporal area
(Price and Devlin, 2003; Mainy et al., 2008).

(Question #3): We addressed the hypothesis that longer words during the reading task elicit
greater cortical activation in the medial occipital area following presentation of visual
stimuli. Previous fMRI studies showed that longer words elicited greater activation in the
caudal occipital lobe including the medial occipital area (Mechelli et al., 2000; Graves et al.,
2010). A study using MEG showed that longer words elicited larger evoked potentials in the
bi-occipital area (Wydell et al., 2003). A study of intracranial recording showed that an
evoked potential was elicited in the medial occipital area by peripheral visual stimuli and in
the lateral-polar occipital area by central stimuli (Yoshor et al., 2007).

MATERIALS and METHODS
Patients

The inclusion criteria of the present study consisted of: (i) patients with a history of focal
epilepsy who underwent extraoperative subdural ECoG recording as a part of presurgical
evaluation in Children’s Hospital of Michigan or Harper University Hospital, Detroit,
between February 2008 and July 2010, (ii) age of 8 years or older, and (iii) measurement of
amplitude modulations driven by picture naming and word reading tasks described below.
The exclusion criteria consisted of: (i) presence of massive brain malformations (such as
large perisylvian polymicrogyria or hemimegalencephaly) which confound the anatomical
landmarks for the central and calcarine sulci, (ii) visual field deficits detected by
confrontation, (iii) ECoG sampling limited to the temporal lobe, and (iv) history of previous
epilepsy surgery. We retrospectively studied a consecutive series of six patients satisfying
both inclusion and exclusion criteria (age range: 9 – 37 years; five females; Table 1). The
study has been approved by the Institutional Review Board at Wayne State University, and
written informed consent was obtained from the parents or guardians of all patients.

Subdural electrode placement
For extraoperative ECoG recording, platinum grid electrodes (10 mm intercontact distance,
4 mm diameter; Ad-tech, Racine, WI) were surgically implanted (Asano et al., 2009a;
Figure 1). All electrode plates were stitched to adjacent plates and/or the edge of dura mater,
to avoid movement of subdural electrodes after placement. In addition, intraoperative
pictures were taken with a digital camera before dural closure, to confirm the spatial
accuracy of electrode display on the three-dimensional brain surface reconstructed from
MRI (Asano et al., 2005).

Coregistration of subdural electrodes to the individual three-dimensional MRI
MRI including a T1-weighted spoiled gradient echo image as well as fluid-attenuated
inversion recovery image was preoperatively obtained (Alkonyi et al., 2009; Fukuda et al.,
2010b). Planar x-ray images (lateral and anteroposterior) were acquired with the subdural
electrodes in place for electrode localization on the brain surface (von Stockhausen et al.,
1997; Miller et al., 2007b; Muzik et al., 2007; Dalal et al., 2008); three metallic fiducial
markers were placed at anatomically well-defined locations on the patient’s head for co-
registration of the x-ray image with the MRI. A three-dimensional surface image was
created with the location of electrodes directly defined on the brain surface (von
Stockhausen et al., 1997; Muzik et al., 2007; Alkonyi et al., 2009). The accuracy of this
procedure was reported previously as 1.2 ± 0.7 mm with a maximal misregistration of 2.7
mm (von Stockhausen et al., 1997), and was confirmed by intraoperative digital photographs
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showing in situ locations of the subdural electrodes (Rutka et al., 1999; Wellmer et al., 2002;
Asano et al., 2005; Dalal et al., 2008).

Extraoperative video-ECoG recording
Extraoperative video-ECoG recordings were obtained for 3 to 5 days, using a 192-channel
Nihon Kohden Neurofax 1100A Digital System (Nihon Kohden America Inc, Foothill
Ranch, CA, USA), which has an input impedance of 200 Megaohm, a common mode
rejection ratio greater than 110 dB, and an A/D conversion of 16 bits. This clinical recording
system has adequate specifications for recording low-voltage gamma-oscillations (Crone et
al., 2006; Fukuda et al., 2008; Kobayashi et al., 2010). The sampling frequency was set at
1,000 Hz with the amplifier band pass at 0.08 – 300 Hz. The averaged voltage of ECoG
signals derived from the fifth and sixth intracranial electrodes of the ECoG amplifier
(system reference potential) was used as the original reference (Fukuda et al., 2010b;
Nagasawa et al., 2010a). ECoG signals were then re-montaged to a common average
reference (Sinai et al., 2005; Canolty et al., 2007; Miller et al., 2007a; Nishida et al., 2008;
Towle et al., 2008). Advantage and limitation of usage of a common average reference were
previously discussed (Crone et al., 2001; Asano et al., 2009b). Channels contaminated with
large interictal epileptiform discharges or artifacts were excluded from the common average
reference (Fukuda et al., 2008). No notch filter was used for further analysis in any patients.

As a part of routine clinical procedures, surface electromyography electrodes were placed on
the left and right deltoid muscles (Asano et al., 2005), and electrooculography electrodes
were placed 2.5 cm below and 2.5 cm lateral to the left and right outer canthi (Asano et al.,
2007). All antiepileptic medications were discontinued on the day of subdural electrode
placement (i.e.: off antiepileptic medications during the picture naming and word reading
tasks described below). Seizure onset zones were visually determined as previously
described (Asano et al., 2009a). ECoG traces were visually inspected with a low-frequency
filter at 53 Hz and a sensitivity of 20 µV/mm; thereby, broadband signals synchronized with
facial and ocular muscle activities seen on electrooculography electrodes were treated as
artifacts and excluded from further analysis (Otsubo et al., 2008; Ball et al., 2009; Jerbi et
al., 2009; Kovach et al., 2011; Nagasawa et al., 2010a).

Visual-language tasks
None of the patients had a seizure within two hours prior to the visual-language tasks. Each
patient was awake, unsedated, and comfortably seated on the bed in a dimly lit room.
Patients #1, #3, and #5 completed picture naming prior to word reading task, whereas the
remaining three patients completed word reading prior to picture naming task. Patients were
instructed to overtly name objects presented sequentially in the picture naming task and to
overtly read written words in the reading task. Stimuli were presented sequentially on a 19-
inch Acer V193 LCD monitor (Acer America, San Jose, CA, USA) with a refresh rate of 75
Hz. The monitor was placed 60 cm in front of patients; the monitor cables and power cables
were placed at least 60 cm away from the patient as well as the ECoG Recording System
(Asano et al., 2009b). Picture stimuli consisted of 60 common line-drawn objects (such as
‘dog’ and ‘banana’; Rossion and Pourtois, 2004), of which size ranged from 11 to 16 cm in
height and width. Word stimuli consisted of 60 nouns matched with those presented in the
picture naming task, of which size was 3 cm in height and ranged from 7 to 18 cm in width.
Picture and word stimuli were binocularly presented at the center of the monitor, in
grayscale, on the black background, for 5,000 msec with an interstimulus interval randomly
ranging 2,000 – 2,500 msec. TTL trigger signals synchronized with the onset and offset of
each stimulus presentation were delivered to the ECoG recording system (Reale et al.,
2007).
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These audible visual-language sessions were recorded using a Digital Voice Recorder
(WS-300M, Olympus America Inc, Hauppauge, NY, USA) concurrently with ECoG
recording, and the amplified audio waveform was integrated into the Digital ECoG
Recording System (Brown et al., 2008). The response time was defined as the period
between the onset of stimulus presentation and the onset of overt responses. We determined
whether the response time differed between picture naming and word reading tasks (paired t-
test). We also determined whether the response time was correlated with the age of patients
(Spearman’s rank test).

Measurement of ECoG amplitude modulations elicited by visual-language tasks
Each ECoG trial was transformed into the time-frequency domain, and we determined
‘when’ and ‘where’ gamma-oscillations were modulated. The time-frequency analysis used
in the present study was previously validated (Hoechstetter et al., 2004; Brown et al., 2008;
Asano et al., 2009b; Fukuda et al., 2010b; Koga et al., 2010; Nagasawa et al., 2010a;
Thampratankul et al., 2010). In short, 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 details of analytic methods are described below.

Analysis of ECoG amplitude modulations relative to the onset of stimulus
presentation—This analytic method was designed to evaluate sequential brain activation
associated with perception and analysis of shapes of given visual stimuli. Since the response
times were not uniform across trials, this analytic approach is not ideal to evaluate brain
activation associated with movement execution to articulate answers. The inclusion criteria
defining ECoG epochs suitable for this time-frequency analysis included: (i) a period of
silence serving as a reference period lasting 400 msec was available between 600 to 200
msec prior to the onset of stimulus presentation. The exclusion criteria included: (i) ECoG
trace was affected by movement artifacts; (ii) ECoG trace was affected by electrographic
seizures; and (iii) ECoG trace from the occipital lobe was affected by runs of interictal
epileptiform discharges lasting longer than 3 seconds (Nagasawa et al., 2010a). All 3,100-
msec ECoG epochs (starting 600-msec prior to and ending 2,500-msec after the onset of
stimulus presentation) which satisfied all of the inclusion and the exclusion criteria were
utilized for the time-frequency ECoG analysis.

Time-frequency analysis was performed using BESA® EEG V.5.1.8 software (MEGIS
Software GmbH, Gräfelfing, Germany); each suitable ECoG trial was transformed into the
time-frequency domain using a complex demodulation technique (Papp and Ktonas, 1977;
Hoechstetter et al., 2004). In this technique, the time-frequency transform was obtained by
multiplication of the time-domain signal with a complex exponential, followed by a low-
pass filter. The low-pass filter used here was a finite impulse response filter of Gaussian
shape, making the complex demodulation effectively equivalent to a Gabor transform. The
details of the complex demodulation technique for time-frequency transformation are
described elsewhere (Papp and Ktonas, 1977; Hoechstetter et al., 2004). As the result of this
transformation, a given ECoG signal was assigned a specific amplitude and phase as a
function of frequency and time (relative to the onset of stimulus presentation). In this study,
only the amplitude (also known as ‘square root of power’), averaged across all trials, was
used for further analysis. Time-frequency transformation was performed for frequencies
between 10 and 200 Hz and latencies between −600 msec and +2,500 msec relative to the
onset of stimulus presentation, in steps of 5 Hz and 10 msec (Brown et al., 2008). This
corresponded to a time-frequency resolution of ±7.1 Hz and ±15.8 msec (defined as the 50%
power drop of the finite impulse response filter).
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At each time-frequency bin, we analyzed the percent change in amplitude (averaged across
trials) relative to the mean amplitude in a reference period. This parameter is commonly
termed “event-related synchronization and desynchronization” (Pfurtscheller and Lopes da
Silva, 1999) or “temporal spectral evolution” (TSE) (Salmelin and Hari, 1994). In the
present study, ‘event-related’ modulations were defined as oscillatory responses consisting
of both phase-locked (i.e.: a component present after averaging; also often known as
‘evoked’ oscillations) and non-phase-locked (i.e: a component absent after averaging; also
often known as ‘induced’ oscillations) components (Tallon-Baudry and Bertrand, 1999;
Crone et al., 2006; Nagasawa et al., 2010a).

To test for statistical significance for each obtained TSE value, two-step statistics was
performed using the BESA software (Brown et al., 2008; Nagasawa et al., 2010a). First, a
studentized bootstrap statistics (Davidson and Hinkley, 1999) was applied to obtain an
uncorrected p-value independently for each time-frequency bin. This test compared the
amplitude in each time-frequency bin with the averaged amplitude in the reference time
period of the corresponding frequency. In a second step, correction for multiple testing was
performed on these uncorrected p-values, accounting for the fact that TSE values at
neighboring time bins are partially dependent. For that purpose, a modification of the
correction developed by Simes (1986) was used as suggested by Auranen (2002): p-values
of one frequency bin and channel were sorted in ascending order (pi, i = 1, …, N, where N is
the number of trials). The maximum index m in the sorted array for which pi < α*i/N was
determined. All TSE values with i<m were considered statistically significant. The corrected
significance level α was set to 0.05. This approach is less conservative than the classic
Bonferroni correction and is specifically suited for partially dependent multiple testing
(Simes, 1986). In all figures, red color indicates augmentation of amplitude, and blue color
attenuation of amplitude in the corresponding time-frequency bin relative to the reference
period.

As described in our previous studies (Brown et al., 2008; Asano et al., 2009b; Fukuda et al.,
2010a; Nagasawa et al., 2010a), an additional correction was employed as described below.
TSE values in a given electrode were declared to be significant only if a minimum of eight
time-frequency bins in the gamma-band range were arranged in a continuous array spanning
(i) at least 20-Hz in width and (ii) at least 20-msec in duration. Event-related gamma-
modulations in intracranial ECoG studies commonly involved wide-range frequency bands
ranging at least 20-Hz in width (Lachaux et al., 2005; Tallon-Baudry et al., 2005; Brown et
al., 2008; Asano et al., 2009b; Fukuda et al., 2010b; Nagasawa et al., 2010a), whereas some
previous studies using scalp EEG recording showed augmentation of a narrow-range
gamma-band oscillations around 40 Hz (Tallon-Baudry and Bertrand, 1999). Several human
ECoG studies analyzed event-related gamma-modulations of 20-Hz width (Crone et al.,
1998; Flinker et al., 2010). An epoch with duration of 20 msec can contain only a single
cycle of gamma oscillation at 50 Hz. We recognize that our definition of significance may
potentially underestimate gamma-modulations with a restricted frequency band (less than
20-Hz in width) or those with a short duration (less than 20-msec). Yet, discovery of very
short-lasting gamma-augmentation confined to 15-Hz or less in width was not the purpose of
our clinical study. We believe that our approach is warranted in statistical and clinical points
of view. As the results of this additional correction, a very small probability of a Type-I
error in determination of significant activation remained.

Analysis of ECoG amplitude modulations relative to the onset of patient’s
overt responses—This analytic method was designed to evaluate sequential brain
activation associated with movement execution to overtly articulate and hearing answers.
The inclusion criteria defining ECoG epochs suitable for this time-frequency analysis
included: (i) patient provided a correct response within 2,000 msec from the onset of
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stimulus presentation, (ii) duration of overt response lasted less than 1,500 msec, (iii) a
period of silence serving as a reference period lasting 400 msec was available between 2,000
to 2,400 msec following the onset of overt response. Since the response times were not
uniform across trials and the reference period was set while stimuli were presented, this
analytic approach is not ideal to evaluate occipital activation associated with initial
perception of shapes of given visual stimuli. The exclusion criteria were same as those
applied in the analysis relative to the onset of stimulus presentation. All 4,500-msec ECoG
epochs (starting 2,000-msec prior to and ending 2,500-msec after the onset of overt
responses) which satisfied all of the inclusion and the exclusion criteria were utilized for the
time-frequency ECoG analysis. ECoG amplitude modulations were determined using the
statistical approach described above.

Localization of differential gamma-augmentation—This analytic method was
designed to determine whether the degree of gamma-augmentation in a cortical site was
greater on a task compared to the other task, when significant gamma-augmentation was
elicited in a given site by both picture naming and word reading tasks. Comparison of
amplitude between picture naming and word reading tasks was performed on ECoG traces
relative to the onset of stimulus presentation, in order to determine whether locations of
cortical sites involved in perception and analysis of shapes of given visual stimuli differed
between the two tasks. Similarly, ECoG traces were analyzed relative to the onset of overt
responses to determine whether locations of cortical sites involved in overt articulation
differed between the two tasks. As described above, a given electrode site was declared to
have significant gamma-oscillations differentially augmented by a task, only if TSE values
differed between two tasks in a minimum of eight bins in the gamma-band range in a
continuous array spanning at least 20-Hz in width and at least 20-msec in duration (Fukuda
et al., 2010b).

Correlation between the length of words and the degree of gamma-augmentation
This analysis was employed in cortical sites showing significant gamma-augmentation
elicited by presentation of word stimuli at the time period 0 to 500 msec following stimulus
presentation. The length of word (i.e.: number of characters; range: 3 to 10) was correlated
with ‘the maximum gamma-amplitude80–100Hz’ at each cortical site, using Spearman’s Rank
Test. Thereby, ‘the maximum gamma-amplitude80–100Hz’ was defined as the maximum of
gamma-amplitudes at 80–100 Hz at the time period 0 to 500 msec following word
presentation in the present study. Previous ECoG studies showed that language-related
spectral modulations commonly involved this range of gamma-oscillations (Sinai et al.,
2005; Tanji et al., 2005; Canolty et al., 2007; Towle et al., 2008; Brown et al., 2008; Dalal et
al., 2009; Fukuda et al., 2010b; Jacobs and Kahana, 2009; Edwards et al., 2010; Wu et al.,
2010); thus, ‘the maximum gamma-amplitude80–100Hz’ is an appropriate summary measure
to delineate cortical activation elicited by presentation of word stimuli (Crone et al., 2006).
We recognize that epileptogenic lesions may alter the results of event-related gamma-
oscillations (Bragin et al., 1995); we, therefore, conducted group analyses with including
and excluding cortical sites classified as seizure onset zones as well as those involved by a
structural lesion.

RESULTS
Behavioral data

The response time was longer in picture naming (mean: 1.24 sec) compared to word reading
task (mean: 1.02 sec) (p=0.006; paired t-test; Table 2). No difference in the response time
was found between the first- and second-assigned tasks (p=0.7; paired t-test). No correlation
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was found between the age and response time in either picture naming (p=0.2) or word
reading task (p=0.3; Spearman’s Rank Test).

Results of time-frequency analysis relative to the onset of stimulus presentation
Gamma-augmentation in the occipital area (Brodmann Areas 17/18/19)—The
results of time-frequency analysis relative to the onset of stimulus presentation are provided
in Figures 2–8. In short, both naming and reading tasks elicited significant gamma-
augmentation at 40–200 Hz (maximally at 80–100 Hz) initially in the occipital sites
(Brodmann Areas 17, 18, and 19), bilaterally, in all five patients whose ECoG sampling
involved these areas. The total number of occipital electrode sites showing significant
gamma-augmentation elicited by either task was 65. Seventeen occipital sites showed
gamma-augmentation equally elicited by both naming and reading tasks. Forty-one occipital
sites showed gamma-augmentation elicited by naming alone or by naming greater than
reading, whereas six occipital sites showed gamma-augmentation elicited by reading alone
or by reading greater than naming. A single occipital site showed gamma-augmentation
initially greater in the reading task and subsequently in the naming task (Channel 3 in Figure
4). Regardless of adding or excluding five occipital sites classified as seizure onset zone, the
McNemar’s test suggested that the picture naming task, compared to the word reading task,
more frequently elicited greater gamma-augmentation in occipital sites (p<0.0001). The
median onset latency of occipital gamma-augmentation was 85 msec on average (mean: 116
msec; SD: 86 msec) in naming and 110 msec in reading task (mean: 199 msec; SD: 187
msec). After excluding five occipital sites classified as seizure onset zone, the median onset
latency of such gamma-augmentation was 90 msec (mean: 122 msec; SD: 87 msec) in
naming and 150 msec in reading task (mean: 212 msec; SD: 192 msec).

Gamma-augmentation in the temporal-occipital junction (Brodmann Area 37)
—Five sites at Brodmann Area 37 (temporal-occipital junction) showed gamma-
augmentation elicited by either task in three patients (patient #1, #2, and #4); two sites on
the right side showed gamma-augmentation equally elicited by both naming and reading
tasks; one on the right side showed gamma-augmentation elicited by naming alone; one on
each side showed gamma-augmentation elicited by reading alone (Figure 2). The median
onset latency of such gamma-augmentation at Brodmann Area 37 was 210 msec in naming
(mean: 210 msec; SD: 20 msec) and 235 msec in reading task (mean: 248 msec; SD: 109
msec).

Gamma-augmentation in the superior-posterior parietal area (Brodmann Area
7)—Three sites at Brodmann Area 7 on the left side (superior posterior parietal area) in
patient #3 showed gamma-augmentation elicited by reading task alone (Figure 4). The
median onset latency of such gamma-augmentation was 470 msec (mean: 453 msec; SD: 47
msec). Two of these three sites were classified as seizure onset zone.

Gamma-attenuation in the posterior cingulate area (Brodmann Area 31)—Two
sites at Brodmann Area 31 (posterior cingulate area) showed gamma-attenuation. Reading
task elicited gamma-attenuation at Brodmann Area 31 on the right side in patient #4 (Figure
5); the onset latency of such gamma-attenuation was 460 msec. Naming task likewise
elicited gamma-augmentation on the left side in patient #5 (Figure 6); the onset latency of
such gamma-attenuation was 1080 msec.

Gamma-augmentation and attenuation in the prefrontal areas (Brodmann
Areas 44/45/47)—Only a single site in the left prefrontal areas (Brodmann Areas 44/45)
showed gamma-augmentation, which was noted in patient #5 and elicited by both naming
and reading tasks equally (Figure 6); the onset latency of such gamma-attenuation was 510
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msec in naming and 450 msec in reading. Conversely, seven sites in the prefrontal areas (3
sites at left Broadmann Area 47; 4 sites at right Brodmann Areas 44/45) showed gamma-
attenuation elicited by reading alone (Figures 2 and 5); the median onset latency of such
gamma-attenuation was 390 msec (mean: 509 msec; SD: 217 msec).

Gamma-augmentation and attenuation in the premotor area (Brodmann Area
6)—Six premotor sites at Broadmann Area 6 (4 sites in the left middle frontal gyrus; 1 site
in the left superior frontal gyrus; 1 site in the right middle frontal gyrus) showed gamma-
augmentation elicited by naming alone (Figures 3, 4, 6 and 7). The median onset latency of
such gamma-augmentation was 385 msec (mean: 420 msec; SD: 157 msec). A single
premotor site at Broadmann Area 6 (right middle frontal gyrus) showed gamma-
augmentation elicited by reading alone (Figure 5); the onset latency of such gamma-
augmentation was 250 msec. A single premotor site at Broadmann Area 6 in the left middle
frontal gyrus showed gamma-attenuation elicited by reading alone; the onset latency of such
gamma-attenuation was 860 msec (Figure 2).

Results of time-frequency analysis relative to the onset of vocalization
Gamma-augmentation in the inferior Rolandic area (Brodmann Areas 4/1/2/3)
—In Supplementary Figures S1–S6, the results of time-frequency analysis relative to the
onset of stimulus presentation are provided; this analytic method was designed to evaluate
brain activation associated with overt articulation and hearing answers. Twenty-eight
inferior Rolandic sites (Brodmann Areas 4, 1, 2 and 3, bilaterally) showed gamma-
augmentation equally elicited by both naming and reading responses, whereas five inferior
Rolandic sites showed gamma-augmentation elicited by naming responses alone. The
median onset latency of gamma-augmentation in the inferior Rolandic sites was −330 msec
(i.e.: 330 msec prior to the onset of responses; mean: −322 msec; SD: 191 msec) in naming
and −380 msec (mean: −344 msec; SD: 162 msec) in reading task.

Gamma-augmentation in the superior temporal gyrus (Brodmann Areas
41/42/22)—Significant gamma-augmentation was elicited in seven sites of the posterior
superior temporal gyrus or superior temporal sulcus (Brodmann Areas 41/42/22) following
overt responses (four sites during both naming and reading tasks; one site during naming
task alone; two sites during reading task alone). The median onset latency of such gamma-
augmentation was 180 msec (i.e.: 180 msec following the onset of responses; mean: 194
msec; SD: 85 msec) in naming and 185 msec (mean: 223 msec; SD: 143 msec) in reading
task.

Correlation between the length of words and the degree of gamma-augmentation
A total of 67 sites showed significant reading-related gamma-augmentation within 500 msec
following stimulus presentation and these electrodes were included into further analysis (50
occipital, 4 occipital-temporal, 3 superior-posterior parietal, 1 prefrontal, 1 premotor, 1 para-
hippocampal and 7 Rolandic sites). Analysis of individual electrode sites demonstrated that
the length of words was positively correlated to ‘the maximum gamma-amplitude80–100Hz’
in 11 occipital sites and one premotor site (p<0.05 on the Spearman’s Rank Test) and that
the mean rho-value among these 12 sites was 0.39 (median: 0.36; range: 0.29–0.61; Figure
9).

Group analysis of 50 occipital sites suggested that the mean rho-value was 0.26 in the
medial surface of the occipital lobe (95%CI: 0.15 to 0.38; N=9 sites), 0.17 in the inferior
surface (95%CI: 0.054 to 0.29; N=15 sites) and 0.063 in the lateral surface (95%CI: 0.013 to
0.11; N=26 sites). After excluding the five lateral occipital sites classified as seizure onset
zone, the mean rho-value in the lateral surface was still as small as 0.054 (95%CI: −0.003 to
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0.11; N=21 sites). These findings suggest that longer words in reading task elicited larger
gamma-augmentation in the occipital lobe, especially in the medial surface of the occipital
lobe and modestly in the lateral surface (Figure 9). Group analysis of four sites in the
occipital-temporal junction (Brodmann Area 37) suggested that the mean rho-value was
−0.040 (range: −0.064 to −0.027; 95%CI: −0.070 to −0.009). Group analysis of three sites
in the superior-posterior parietal area (Brodmann Area 7) suggested that the mean rho-value
was 0.13 (95%CI: 0.059 to 0.20). Group analysis of seven inferior Rolandic sites suggested
that the mean rho-value was 0.14 (95%CI: 0.043 to 0.23).

Concordance between sites showing gamma augmentation and alpha-beta attenuation
Visual assessment of time-frequency bins indicated that cortical sites showing significant
event-related gamma-augmentation often showed alpha-beta attenuation at 10–30 Hz. As an
ancillary analysis, therefore, we explored the agreement in localization between sites
showing gamma-augmentation and those showing alpha-beta attenuation, using Cohen’s
kappa measures. Thereby, TSE values at 10–30 Hz in a given electrode were declared to be
statistically significant only if a minimum of eight time-frequency bins were arranged in a
continuous array spanning (i) at least 10-Hz in width and (ii) at least 40-msec in duration.
An epoch with a duration of 40 msec can contain a single cycle of beta oscillation at 25 Hz.

In the time-frequency analysis relative to the onset of stimulus presentation, naming task
elicited both gamma-augmentation and alpha-beta attenuation in 41 occipital sites, gamma-
augmentation alone in 20 occipital sites, and alpha-beta attenuation alone in 17 occipital
sites and no significant amplitude changes in 6 occipital sites; thereby, Cohen’s kappa was
−0.064 (−0.32 to 0.19). Similarly, reading task elicited both gamma-augmentation and
alpha-beta attenuation in 38 occipital sites, gamma-augmentation alone in 14 occipital sites,
and alpha-beta attenuation alone in 21 occipital sites and no significant amplitude changes in
11 occipital sites; Cohen’s kappa was 0.078 (95%CI: −0.16 to 0.31). These results suggest
poor agreement in localization between the occipital sites showing gamma-augmentation
and those showing alpha-beta attenuation.

In the time-frequency analysis relative to the onset of responses, naming task elicited
gamma-augmentation and alpha-beta attenuation in 10 Rolandic sites, gamma-augmentation
alone in 19 Rolandic sites, and alpha-beta attenuation alone in 9 Rolandic sites and no
significant amplitude changes in 67 Rolandic sites; Cohen’s kappa was 0.253 (95%CI: 0.017
to 0.49). Similarly, reading task elicited gamma-augmentation and alpha-beta attenuation in
7 Rolandic sites, gamma-augmentation alone in 16 Rolandic sites, and alpha-beta
attenuation alone in 4 Rolandic sites and no significant amplitude changes in 78 Rolandic
sites; Cohen’s kappa was 0.315 (95%CI: 0.044 to 0.59). These results suggest fair agreement
in localization between the Rolandic sites showing gamma-augmentation and those showing
alpha-beta attenuation. Measurement of Cohen’s kappa was not feasible in areas other than
occipital and Rolandic areas, since only a small number of sites showed significant gamma-
augmentation or alpha-beta attenuation.

Surgical outcome
Patient #1, #2 and #4 underwent temporal lobectomy and have been free from seizures
(mean follow-up period: 11 months). Neither occipital nor occipital-temporal sites showing
task-related gamma-augmentation were removed. Postoperative gross confrontation revealed
upper quadrant hemianopia contralateral to the side of surgery in patients #1 and #2 but not
in patient #4. None of these three patients developed apparent naming or reading difficulties.

The seizure onset zone in patient #3 involved two superior-posterior parietal sites
(Brodmann Area 7) as well as five lateral occipital sites (Brodmann Areas 19/18/17)
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showing gamma-augmentation elicited by either reading and/or naming task. The patient
underwent resection of the seizure onset zone involving Brodmann Area 7 and Brodmann
Area 19 as well as multiple subpial transactions involving Brodmann Areas 17 and 18.
Immediately following surgery, right-sided hemianopia was noted. Four months after
surgery, the patient significantly recovered from such a visual field deficit but she still stated
that her right peripheral vision was slightly darker compared to the left; no apparent reading
or naming deficits were noted. Postoperatively, she experienced visual auras but no complex
partial or secondarily generalized seizures (follow-up period: 5 months).

Surgical resection in patient #5 involved the left superior frontal and cingulate gyrus; a
single premotor site showing naming-related gamma-augmentation was affected by
collateral damage. The patient developed temporary difficulty in naming immediately
following surgery and underwent an inpatient speech therapy for two weeks. Two months
after surgery, no apparent speech deficit was noted and she denied any difficulty in naming.
She has been free from seizures (follow-up period: 30 months).

Surgical resection in patient #6 involved the left superior parietal lobule and cingulate cortex
in addition to the tumor. Postoperatively, the patient had seizure-like episodes, which turned
out to be nonepileptic according to follow-up video-EEG monitoring; otherwise, she has
been free from epileptic seizures (follow-up period: 4 months). Following surgery, naming
was intact but she developed a mild numbness in the right lower extremity and perceived a
reduced memory capacity (e.g.: difficulty in remembering a phone number).

DISCUSSION
In the present study, measurement of gamma-modulations identified cortical areas
commonly and differentially involved in picture naming and reading tasks. Specifically, we
found that picture naming, compared to word reading, elicited greater cortical activation in
the left dorsolateral premotor areas. We also found that word reading, compared to picture
naming, elicited greater cortical activation in portions of the left ventral occipital-temporal
area. We found that longer words, compared to shorter ones, activated the primary visual
cortex for the more peripheral field.

Gamma-augmentation in the occipital area
In the present study, both naming and reading tasks elicited gamma-augmentation bilaterally
in the occipital areas following stimulus presentation. Yet, group analysis suggested that
picture naming task, compared to word reading task, more frequently elicited greater
gamma-augmentation in the occipital sites. This finding can be explained by difference in
attentiveness to presented stimuli as well as difference in physical properties of stimuli
between naming and reading tasks. A previous ECoG study demonstrated that attentive
reading, compared to ignoring presented words, elicited larger gamma-augmentation in the
left posterior temporal region as well as the inferior frontal gyrus (Jung et al., 2008).
According to our behavioral data, it generally took a longer time for subjects to name
objects compared to read words. This finding suggests that subjects may have paid a greater
or longer visual attention to real life objects compared to written words. Visual stimuli were
not controlled between naming and reading tasks in the present study; a real life object (such
as a dog) contains greater complexities in contour or shading compared to a written word.
The response time may also depend on the familiarity to a given presented word (Frishkoff
et al., 2009).

A significant positive correlation between the length of words and the degree of gamma-
augmentation in the occipital lobe was a novel observation in our ECoG study. This finding
is consistent with the notion derived from other diagnostic modalities that the degree of
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gamma-augmentation in the visual cortex is dependent on the size of visual stimuli
(Mechelli et al., 2000; Wydell et al., 2003; Graves et al., 2010). We found that the effect of
word length on gamma-augmentation was largest in the medial occipital lobe. This finding
suggests that longer words, compared to shorter ones, activate the primary visual cortex for
the peripheral field (Wong and Sharpe, 1999; Levy et al., 2001; Rols et al., 2001; Stenbacka
and Vanni, 2007; Yoshor et al., 2007).

Gamma-augmentation in the temporal-occipital junction
One site at Brodmann Area 37 on the left side showed gamma-augmentation elicited by
reading alone. There was no correlation between the length of words and the degree of
gamma-augmentation in this area. These observations support the notion that the left ventral
occipital-temporal area plays a distinct role in word reading (Nobre et al., 1994; Cohen et
al., 2000; Tanji et al., 2005; Dehaene and Cohen, 2007). Previous lesion studies reported
that damage of this area resulted in a reading impairment not simply explained by visual
field deficits (Gaillard et al., 2006; Pflugshaupt et al., 2009)

Gamma-augmentation in the superior-posterior parietal area (Brodmann Area 7)
Three sites at Brodmann Area 7 on the left side (superior posterior parietal area) in patient
#3 showed gamma-augmentation elicited by reading task alone. Two of these three sites
were classified as seizure onset zones and surgically removed. Subsequently, this patient
developed a right-sided visual field deficit but no apparent deficit in reading or naming.
These results suggest that the superior-posterior parietal area was involved in but not
essential for word reading in this patient. Previous neuroimaging studies showed that this
area was activated by sight music score reading in healthy subjects (Sergent et al., 1992),
Braille reading in blind subjects (Sadato et al., 1996) and letter-by-letter reading in a patient
who developed hemorrhagic stroke involving the left ventral occipital-temporal junction
(Ino et al., 2008).

Gamma-augmentation in the premotor area
This ECoG study demonstrated that six premotor sites (five on the left) showed gamma-
augmentation elicited by naming alone. This finding is consistent with the observation in a
lesion study showing that the damage to this area impaired naming more than word reading
(Stuss et al., 2001) and also with imaging studies showing that naming elicited greater
cortical activation in this area compared to word reading (MacDonald et al., 2000; Polk et
al., 2008). We have recently measured gamma-oscillations elicited by word reading and
color naming while subjects were presented a word printed in an incongruent color; color
naming specifically elicited gamma-augmentation in the left premotor area (Koga et al.,
2010). Thus, we speculate that naming-specific premotor gamma-augmentation observed in
the present study can be explained by difference in tasks rather than difference in physical
properties of the stimuli. The behavioral data in the present study demonstrated that the
response time was longer in picture naming compared to the word reading task. One patient
developed a temporary naming deficit following resective surgery. Taken together, we
speculate that the left premotor area plays an essential role in picture naming, at least in
some human subjects.

Gamma-attenuation in the prefrontal and premotor areas
Eight prefrontal-premotor sites showed gamma-attenuation elicited by reading alone, while
two posterior cingulate sites showed gamma-attenuation elicited by either reading or
naming. These findings are consistent with previous ECoG studies demonstrating task-
related gamma-attenuations with similar spatial characteristics (Lachaux et al., 2008; Miller
et al., 2009; Jerbi et al., 2010). Such task-related gamma-attenuations may be associated
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with cortical activation during resting periods. Functional neuroimaging studies have shown
that portions of brain are active while human subjects are apparently resting and not engaged
in an externally given task. Such brain regions have been commonly called as the default-
mode network, which includes the ventral prefrontal as well as posterior cingulate areas
(Raichle et al, 2001; Greicius et al., 2003).

Concordance between sites showing gamma augmentation and alpha-beta attenuation
An ancillary analysis in the present study indicated that occipital sites showing event-related
gamma-augmentation often showed alpha-beta attenuation but that agreement in localization
between sites showing gamma-augmentation and alpha-beta attenuation was poor. This
finding may suggest that visually-driven alpha-beta attenuation represents a visual process
distinct from that represented by gamma-augmentation. The mechanism of such alpha-beta
attenuation still remains hypothetical, but previous studies have shown association between
greater alpha-beta attenuation and greater awareness or attention to stimuli (Sauseng et al.,
2005; Dalal et al., 2009; Wyart and Tallon-Baudry, 2009; Snyder and Foxe, 2010).

Methodological limitations
Inevitable limitations of ECoG recording include: sampling limitation, antiepileptic drugs,
and inability to study healthy volunteers. Many of our patients had subdural electrodes
placed only on the cortical surface of the presumed epileptogenic hemisphere; we were not
able to evaluate the other hemisphere or subcortical structures. Since large bridging veins
were present, we did not place large grid subdural electrodes but strip electrodes in the
occipital-temporal junction. Antiepileptic drugs might have affected the findings of time-
frequency ECoG analysis. Phenytoin was reported to elevate motor thresholds to
transcranial magnetic stimulation but had no effect on motor-evoked potential amplitudes
(Chen et al., 1997). A human study using macro-electrodes showed that reduction of
antiepileptic drugs was followed by a 3% increase in duration of epileptogenic high-
frequency oscillations at 80 Hz and above spontaneously arising from the seizure onset zone
(Zijlmans et al., 2009). It has been reported that short-lasting saccade-driven artifacts can
confound EEG and ECoG signals (Yuval-Greenberg et al., 2008; Ball et al., 2009; Jerbi et
al., 2009; Kovach et al., 2011); previous ECoG studies commonly reported that the anterior
temporal pole was most susceptible for saccade-driven artifacts and that the effects of such
artifacts became gradually smaller on the areas more distant from the anterior temporal pole.
In the present study, we failed to find a gradual change in gamma amplitudes across
locations in the present study. Time-frequency analysis using bipolar montage also showed
significant gamma-augmentation which is very difficult to explain by the effects of saccade-
driven artifacts (Supplementary Figure S7). Thus, we speculate that the effects of saccade-
driven artifacts not time-locked to stimulus presentation were small in the present study.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Location of subdural electrodes
Seizure onset zones are represented by red electrodes. Patient 2 had a tumor involving the
right temporal area and the ictal discharges were originated from multiple areas
simultaneously. Patient 4 had two distinct seizure onset zones; his habitual clinical seizures
were associated with ictal discharges arising from the medial temporal area, whereas a
subclinical seizure occurred from the parietal area.
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Figure 2. Gamma-oscillations modulated by naming and reading in patient #1
The results of time-frequency analysis relative to the onset of stimulus presentation are
shown. Both naming and reading tasks elicited gamma-augmentation involving the left
lateral occipital sites (Channels 1 and 2). Subsequently, gamma-augmentation involved the
inferior occipital sites (Channels 3 and 4). The task-related degree of gamma-augmentation
in Channel 3 was significantly larger in naming compared to reading. Gamma-augmentation
involved Channel 5 in the occipital-temporal junction only during the reading task. Gamma-
attenuation involved the left ventral prefrontal areas (Channel 6) as well as the left premotor
area only during the reading task.
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Figure 3. Gamma-oscillations modulated by naming and reading in patient #2
The results of time-frequency analysis relative to the onset of stimulus presentation are
shown. Both naming and reading tasks elicited gamma-augmentation involving the right
lateral occipital sites (Channels 1 and 2). The task-related degree of gamma-augmentation in
Channel 1 was significantly larger in naming compared to reading. Gamma-augmentation
involved Channel 3 in the lateral occipital area only during the reading task. Gamma-
augmentation involved Channel 4 in the Rolandic area during naming and reading tasks.
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Figure 4. Gamma-oscillations modulated by naming and reading in patient #3
The results of time-frequency analysis relative to the onset of stimulus presentation are
shown. Both naming and reading tasks elicited gamma-augmentation involving the left
lateral, medial and inferior occipital sites (Channels 1–4). The task-related degree of
gamma-augmentation in Channels 1 and 4 was significantly larger in naming; that in
Channel 2 was larger in reading; that in Channel 3 was initially larger during reading but
subsequently larger during naming. Gamma-augmentation involved Channels 5 and 6 in the
left superior-posterior-medial parietal area (Brodmann Area 7) only during the reading task.
Gamma-attenuation involved Channel 7 in the left posterior-lateral temporal area only
during the naming task. Gamma-augmentation involved Channel 8 in the premotor area only
during the naming task and Channel 9 in the inferior Rolandic area during both naming and
reading tasks.
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Figure 5. Gamma-oscillations modulated by naming and reading in patient #4
The results of time-frequency analysis relative to the onset of stimulus presentation are
shown. Both naming and reading tasks elicited gamma-augmentation involving the right
lateral and inferior occipital sites (Channels 1–4). The task-related degree of gamma-
augmentation in Channels 1 and 4 was significantly larger during reading, and that in
Channel 3 was larger during naming. Gamma-augmentation involved Channel 5 in the
occipital-temporal junction only during the naming task. Reading-related gamma-attenuation
involved Channel 6 over posterior cingulate cortex as well Channel 7 in the prefrontal area.
Gamma-augmentation involved Channel 8 in the inferior Rolandic area during both naming
and reading tasks.
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Figure 6. Gamma-oscillations modulated by naming and reading in patient #5
The results of time-frequency analysis relative to the onset of stimulus presentation are
shown. Both naming and reading tasks elicited gamma-augmentation involving the inferior
and medial occipital sites (Channels 1 and 2). The task-related degree of gamma-
augmentation in Channel 1 was larger during naming compared to reading. Subsequently,
both naming and reading tasks elicited gamma-augmentation in the left prefrontal area
(Channel 3). Gamma-augmentation involved Channels 4 and 5 in the premotor areas only
during the naming task. Gamma-attenuation was noted in the left posterior cingulate region
(Channel 6) during naming task alone. Gamma-augmentation involved Channel 7 in the
inferior Rolandic area during naming and reading tasks.
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Figure 7. Gamma-oscillations modulated by naming and reading in patient #6
The results of time-frequency analysis relative to the onset of stimulus presentation are
shown. Gamma-augmentation involved Channel 1 in the left premotor area only during
naming task. Gamma-augmentation involved Channel 2 in the inferior Rolandic area during
both naming and reading tasks.
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Figure 8. Summary illustration
The overall results of time-frequency analysis relative to the onset of stimulus presentation
are shown. The locations of subdural electrodes in six patients were superimposed on a brain
template.
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Figure 9. Correlation between the length of words and the degree of gamma-augmentation in
patient #3
The Spearman’s rho-value representing the strength of correlation between the length of
words and ‘the maximum gamma-amplitude80–100Hz’ is shown in a given cortical site.
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Table 2

Behavioral results.

Patient / Gender Age
(yrs)

Average Response Time (sec)

Naming Reading

1 / F 9 1.64 1.39

2 / M 10 1.50 1.19

3 / F 16 0.89 0.61

4 / M 17 1.36 1.11

5 / F 17 1.06 0.80

6 / F 37 0.98 1.00

Average 1.24 1.02
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