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Abstract: The human brain executes cognitive control, such as selection of relevant information in the
presence of competing irrelevant information, and cognitive control is essential for us to yield a series of
optimal behaviors in our daily life. This study assessed electrocorticographic c-oscillations elicited by cog-
nitive control in the context of the Stroop color-naming paradigm, with a temporal resolution of 10 msec
and spatial resolution of 1 cm. Subjects were instructed to overtly read a color word printed in an incon-
gruent color in the reading task, and to overtly name the ink color of a color word printed in an incongru-
ent color in the Stroop color-naming task. The latter task specifically elicited larger c-augmentations in the
dorsolateral-premotor, dorsolateral-prefrontal and supplementary motor areas with considerable inter-sub-
ject spatial variability. Such Stroop color-naming-specific c-augmentations occurred 500 to 200 msec prior
to overt responses. Electrical stimulation of the sites showing Stroop color-naming-specific c-augmentations
resulted in temporary naming impairment more frequently than that of the remaining sites. This study has
provided direct evidence that a critical process of cognitive control in the context of Stroop color-naming
paradigm consists of recruitment of neurons essential for naming located in variable portions of the dorso-
lateral premotor and prefrontal areas. Hum Brain Mapp 32:1580–1591, 2011. VC 2010 Wiley-Liss, Inc.
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INTRODUCTION

The human brain executes cognitive control, such as
selection of relevant information in the presence of com-
peting irrelevant information, and cognitive control is
believed to be essential for us to yield a series of optimal
behaviors in our daily life [Alvarez and Emory, 2006;
Mansouri et al., 2009]. Common laboratory tasks measuring
cognitive control include the Stroop color-naming task
[Stroop, 1935], in which a subject is asked to name the ink
color of a color word printed in an incongruent color (e.g.,
to answer ‘‘Blue’’ when a word ‘‘Red’’ printed in blue ink is
presented). Neuroimaging studies using functional MRI
(fMRI) have consistently shown that the Stroop color-
naming task is associated with cortical activation of
portions of the frontal lobe including the dorsolateral pre-
frontal-premotor and the anterior cingulate-supplementary
motor areas [Banich et al., 2000; Donohue et al., 2008; Kerns
et al., 2004; Leung et al., 2000; Liu et al., 2006; MacDonald
et al., 2000; Peterson et al., 1999; Richeson et al., 2003]. It
was shown that the left dorsolateral prefrontal cortex was
more activated by color naming than by word reading,
while the anterior cingulate cortex was more active when
responding to incongruent stimuli [MacDonald et al., 2000].
It has been proposed that the site responsible for naming is
located in the dorsolateral prefrontal-premotor area and
that the conflict monitoring system for cognitive control is
located in the medial frontal cortex [Botvinick et al., 2004;
Verguts and Notebaert, 2009].

Uncertainty exists regarding the causal relationship
between this frontal cortical activation and its function
necessary to perform the Stroop color-naming task, partly
because loss-of-function studies inconsistently replicated
impaired performance in the Stroop color-naming task in
patients with dorsolateral prefrontal or anterior cingulate
dysfunction [Alexander et al., 2007; Fellows and Farah,
2005; Perret, 1974; Stuss et al., 2001; Turken and Swick,
1999; Vanderhasselt et al., 2006, 2007; Wagner et al., 2006].
By taking a group-averaging approach, the majority of
previous fMRI studies demonstrated Stroop-task-specific
activations with an excellent spatial resolution, but the to-
pography of activated subregions still varies from study to
study [Donohue et al., 2008], and inter-subject variability
of activation was rarely taken into account [Chin, 2004].
The temporal dynamics of cortical activation elicited by
visual perception, cognitive control and relevant responses
have not been demonstrated in an order of milliseconds
with good anatomical correlation, while the temporal rela-
tionship is useful to judge the causal significance of corti-
cal activations [Fuster, 2001; Sahin et al., 2009].

Intracranial electrocorticography (ECoG) recording in
epileptic patients can provide us with rare and unique
opportunities to monitor neuronal activities in human cer-
ebral cortex [Canolty et al., 2006; Fisch et al., 2009; Jensen
et al., 2007; Sahin et al., 2009]. It has been generally
accepted that event-related c-oscillations can measure cort-
ical activation [Cardin et al., 2009; Crone et al., 2006; Engel

et al., 2005; Fries et al., 2007; Pfurtscheller and Lopes da
Silva, 1999; Tallon-Baudry and Bertrand, 1999]; augmentation
of c-oscillations is tightly correlated to increased blood oxy-
gen level dependent on fMRI [Koch et al., 2009; Niessing
et al., 2005], increased cerebral glucose metabolism on posi-
tron emission tomography [Nishida et al., 2008], and
increased firing rate on single unit recording [Manning et al.,
2009; Ray et al., 2008]. We expected that intracranially
recorded c-augmentation can localize neural activation
driven by cognitive control at high spatial (1 cm) and tempo-
ral resolution (10 msec) without sacrificing the information
regarding inter-subject variability, and that electrical stimula-
tion via intracranial electrodes can reveal the significance of
cortical activation represented by c-augmentation [Crone
et al., 1998; Engel et al., 2005; Fukuda et al., 2008]. ECoG can
provide neural measures with a much better signal-to-noise
ratio and anatomical specificity, compared to scalp electroen-
cephalography and magnetoencephalography. Furthermore,
ECoG studies allow subjects to overtly respond [Brown et al.,
2008; Fukuda et al., 2010; Sinai et al., 2005; Towle et al., 2008],
whereas a manual response has been used in previous fMRI
studies [Turken and Swick, 1999].

In this study using the Stroop color-naming task, we
hypothesized that variable portions of the prefrontal-pre-
motor cortices participate in cognitive control by increas-
ing the gain of neurons essential for ‘‘naming’’ between
perception of a colored word and a relevant response; this
central hypothesis was driven by the previously proposed
theory that the prefrontal-premotor cortices implement
cognitive control by increasing the gain of selected neu-
rons driving relevant behaviors [Duncan, 2001; Koechlin
et al., 2003; Mansouri et al., 2009; Miller and Cohen, 2001;
Polk et al., 2008]. Specific questions to be addressed in our
study are as follows. Question #1 (Topography): Does the
Stroop-color naming task specifically augment the ampli-
tude of c-oscillations in the frontal areas with inter-subject
variability? Question #2 (Temporal relationship): Does
such c-augmentation occur following presentation of vis-
ual stimuli but prior to overt responses? Question #3 (Vir-
tual lesion effect): Does electrical stimulation of frontal
sites showing c-augmentation specific to the Stroop-color
naming task produce temporary naming impairment?

METHODS

Participants

The inclusion criteria of this study consisted of: (i) age
10 years or above; (ii) patients with focal epilepsy under-
going extraoperative subdural ECoG recording as a part of
presurgical evaluation in Children’s Hospital of Michigan,
Detroit [Asano et al., 2009a]; (iii) completion of two word
reading tasks, the Stroop color-naming task, an auditory-
naming task [Brown et al., 2008], and a visual-naming
task, as described below; (iv) completion of functional
brain mapping using electrical stimulation [Brown et al.,
2008]; (iv) ECoG was sampled from the Rolandic area
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[Fukuda et al., 2010], portions of the dorsolateral prefron-
tal and premotor as well as the occipital-temporal areas
(Brodmann area 17, 18, 19, or 37; [Asano et al., 2009b]).
The exclusion criteria consisted of: (i) the presence of mas-
sive brain malformations (such as large porencephaly,
perisylvian polymicrogyria or hemimegalencephaly) which
are known to severely confound the anatomical landmarks
for the central sulcus or calcarine sulcus, (ii) history of pre-
vious epilepsy surgery, and (iii) the presence of epilepsia
partialis continua. We studied a consecutive series of five
native English-speaking patients with a diagnosis of medi-
cally uncontrolled focal seizures (age range: 10–17 years;
three females) who satisfied both inclusion and exclusion
criteria; all subjects had the presumed seizure focus in the
left hemisphere (Table I). This study was not designed to
address the role of lateral convexity of the right hemi-
sphere in cognitive control, since ECoG was sampled from
the left hemisphere (except for patient #5, in whom por-
tions of the right medial frontal, parietal and occipital cor-
tex was sampled by dual-contact electrodes). 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 subjects.

Extraoperative Video-ECoG Recording

For extraoperative ECoG recording and subsequent func-
tional cortical mapping, platinum grid electrodes (10 mm
intercontact distance, 4 mm diameter; Ad-tech, Racine, WI)
were surgically implanted as a part of clinical management
of medically uncontrolled focal seizures [Asano et al.,
2009a]. All electrode plates were stitched to adjacent plates
and/or the edge of dura mater, to avoid movement of sub-
dural electrodes after placement. In addition, intraoperative
pictures were taken with a digital camera before dural clo-
sure, to confirm the spatial accuracy of electrode display on
the three-dimensional brain surface reconstructed from MRI

[Asano et al., 2009b; Fukuda et al., 2010]. Subsequently,
extraoperative video-ECoG recordings were obtained for 3
to 5 days, using a 192-channel Nihon Kohden Neurofax
1100A Digital System (sampling frequency: 1,000 Hz; Nihon
Kohden America Inc, Foothill Ranch, CA). All antiepileptic
medications were discontinued on the day of subdural elec-
trode placement (i.e., off antiepileptic medications during
the Stroop color-naming task described below).

Reading and Color-Naming Tasks

All patients underwent reading and color-naming tasks
1 to 2 days following subdural electrode placement. None
of the subjects had a seizure within 2 h prior to tasks.
Each subject was awake, unsedated, and comfortably
seated on the bed in a dimly lit room. Four-colored words
(‘‘Red,’’ ‘‘Blue,’’ ‘‘Green,’’ and ‘‘Pink’’) were visually pre-
sented in a pseudorandom sequence during each task con-
taining 40 trials. In the first task (i.e., ‘‘congruent’’ reading
task), each word was printed in a congruent ink color, and
all subjects were instructed to overtly read the word (e.g.,
to answer Red when a word Red printed in red ink was
presented). In the second task (i.e., incongruent reading
task), each word was printed in an incongruent ink color,
and subjects were again instructed to overtly read the
word (e.g., to answer Red when a word Red printed in
blue ink was presented). In the third task (i.e., Stroop
color-naming task), each word was printed in an incongru-
ent ink color, and subjects were instructed to overtly name
the ink color (e.g., to answer Blue when a word Red
printed in blue ink was presented). Our prediction was
that both word-reading tasks as well as the Stroop color-
naming task would commonly elicit c-augmentation
involving the occipital area (i.e., visual area) following pre-
sentation of visual stimuli and that involving the precen-
tral gyrus (i.e., motor area) during overt responses.
Another prediction was that the Stroop-color naming task

TABLE I. Patient profile

Patient/gender/
age (years) Handedness

Verbal
comprehension

index

Language
dominance
on wada test

Medications
prior to ECoG

Seizure onset
zones on ECoG Histology

1/F/10 Rt 106 Bilateral
language

OXC, TPM Lt anterior-medial
T and Lt Pa

Tumor in Lt T

2/F/14 Rt 55 Lt-dominant
language

LTG, OXC, TPM Lt medial T Hippocampal Sclerosis

3/M/17 Rt 109 N/A LEV, OXC Lt medial T Microdysgenesis and
Gliosis in Lt T

4/M/17 Rt 110 N/A OXC Lt medial T Tumor in Lt T
5/F/17 Rt 96 N/A LTG Lt medial F Gliosis in Lt F

F, Female; M, Male; Rt, Right; Lt, Left; N/A, Not applicable; OXC, oxcarbazepine; TPM, topiramate; LTG, lamotrigine; LEV,
levetiracetam.
All five patients had a history of focal seizures. The locations of subdural electrodes are shown in Supporting Information Figure S3.
aIn patient #1, the seizure onset zone driving her habitual seizures was localized in the left medial temporal region, whereas a subclini-
cal seizure arose from the left inferior postcentral gyrus.
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would specifically elicit c-augmentation involving the pre-
motor and prefrontal areas prior to overt responses.

Each word in each trial was written in a different font
(Supporting Information Fig. S1). Visual stimuli were pre-
sented using a 17-inch Acer AL1714 LCD computer moni-
tor (Acer America, San Jose, CA) placed 60 cm in front of
subjects; the monitor cables and power cables were placed
at least 60 cm away from the subject as well as the ECoG
Recording System [Asano et al., 2009b]. The monitor had a
refresh rate of 75 Hz and a luminance of 370 cd/m2. Stim-
uli were binocularly presented at the center of the monitor,
on the black background, for 5,000 msec with an inter-
stimulus interval randomly ranging from 2,000 to 2,500
msec, using Presentation Software (Neurobehavioral Sys-
tems Inc, Albany, CA) [Asano et al., 2009b]. The response
time was defined as the period between the onsets of pre-
sentation of visual stimulus and overt responses, inte-
grated into the Digital ECoG Recording System via its DC
input [Brown et al., 2008; Fukuda et al., 2010].

Patient #2 had an additional color-naming task containing
40 trials (Supporting Information Fig. S2). A colored abstract
shape (e.g.: square printed in red) was presented, and she
was instructed to overtly name its ink color. Our prediction
was that dorsolateral frontal sites showing Stroop-specific c-
augmentation would also show c-augmentation elicited by
naming of the color of abstract shapes.

Auditory and Visual Naming Tasks

The main purpose of this study is to determine the under-
lying function of cortical sites showing cortical activation eli-
cited by the Stroop-color naming task alone and not by either
word reading task. We hypothesized that such cortical sites
showing Stroop-specific c-augmentation should be involved
in naming [MacDonald et al., 2000]. To test this hypothesis,
all subjects underwent auditory- and visual-naming tasks
described below. In the auditory-naming task containing 60
trials [Brown et al., 2008], subjects were instructed to overtly
name an object following auditory presentation of a question
(e.g., to answer ‘‘Bird’’ for a question: ‘‘What flies in the
sky?’’). In the visual-naming task containing 60 trials, subjects
were instructed to overtly name a common object presented
in gray scale (such as ‘‘dog’’) following visual presentation,
and the remaining paradigm parameters were same as the
aforementioned reading and color-naming tasks. Our predic-
tion was that the probability of sites showing Stroop-specific
c-augmentation also exhibiting naming-related c-augmenta-
tion would be significantly greater than that of the remaining
premotor-prefrontal sites.

Measurement of ECoG Amplitude Modulations

Elicited by Tasks

Task-related ECoG amplitude modulations were eval-
uated using the trigger point set at the onset of responses;
this analytic method was designed to evaluate sequential

cortical activation associated with perception of given vis-
ual-stimuli and overt responses [Brown et al., 2008; Fukuda
et al., 2010] and to determine when and what sites showed
cortical activation driven by cognitive control in the context
of the Stroop color-naming paradigm. The principal method
has been previously validated [Asano et al., 2009b; Brown
et al., 2008; Fukuda et al., 2008; Hoechstetter et al., 2004;
Nagasawa et al., 2010]; the methodological details are
described in the Supporting Information.

The inclusion criteria defining ECoG epochs suitable for
this time-frequency analysis included: (i) the patient pro-
vided a correct response within 2,800 msec from the onset of
visual presentation; (ii) the duration of overt response was
less than 1,000 msec; (iii) a period of silence (as a reference
period) lasting 400 msec must be available between 1,800 and
2,200 msec following the onset of responses; (iv) the variabili-
ty of response time must be within 1,000 msec across trials
[Brown et al., 2008]. The exclusion criteria were: ECoG trace
was affected by artifacts or electrographic seizures or repeti-
tive spike bursts lasting longer than 3 s [Nagasawa et al.,
2010]. Exclusion of ECoG epochs was performed by an inves-
tigator (S.K.) while being blinded to the final results of time-
frequency analysis or electrical neurostimulation. All cortical
sites classified as seizure onset zones as well as those
involved by a structural lesion were excluded from our time-
frequency analyses, in order to minimize the potential effects
of epileptogenic lesion [Bragin et al., 1995] on the results of
event-related c-oscillations. All 4,400 msec ECoG epochs
(starting 2,200 msec prior to and ending 2,200 msec after the
onset of responses) which satisfied all of the inclusion and
the exclusion criteria were utilized for the time-frequency
ECoG analysis. In short, each suitable ECoG trial was trans-
formed into the time-frequency domain using a complex
demodulation technique [Hoechstetter et al., 2004]; the signal
in each electrode site was assigned a specific amplitude as a
function of frequency and time (relative to the onset of
responses). We determined the percentage change in ampli-
tude (averaged across trials) relative to the mean amplitude
in a reference period, defined as the resting state of 400 msec
in duration between þ1,800 and þ2,200 msec relative to the
onset of responses. To test for statistical significance for each
obtained amplitude measure, statistics based on bootstrap-
ping approach was applied to obtain an uncorrected P-value
at each time-frequency bin, and the Simes-corrected signifi-
cance level a was set to 0.05 [Simes, 1986]. To reduce the
Type I error derived from testing in multiple electrodes, am-
plitude modulations spanning at least 20 Hz in width and at
least 20 msec in duration in a given electrode were declared
to be statistically significant [Asano et al., 2009b; Brown et al.,
2008; Fukuda et al., 2010; Nagasawa et al., 2010].

Delineation of ECoG Data on

Three-Dimensional MRI

ECoG data for each electrode channel were exported to
the given electrode site on the individual three-
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dimensional brain surface in two different ways [Asano
et al., 2009b; Brown et al., 2008; Fukuda et al., 2010;
Nagasawa et al., 2010]. Time-frequency plot matrixes cre-
ated as described above were placed onto a three-
dimensional MRI at the cortical sites corresponding to
their respective subdural electrode positions (Figs. 1–5).
In addition, percentage changes in c-range amplitudes at
80–100 Hz were sequentially delineated on the individ-
ual three-dimensional MRI, in order to animate ‘‘when,’’
‘‘where,’’ and ‘‘how many fold’’ c-oscillations were
increased or decreased (Supporting Information Videos
S1). Previous ECoG studies showed that language-related
spectral modulations commonly involved this range of
c-oscillations [Brown et al., 2008; Canolty et al., 2007;
Dalal et al., 2009; Edwards et al., 2010; Fukuda et al.,
2010; Jacobs and Kahana, 2009; Sinai et al., 2005; Tanji
et al., 2005; Towle et al., 2008]; thus, percentage changes
in c-range amplitudes at 80–100 Hz are appropriate
summary measures to delineate sequential cortical acti-
vation elicited by language-related tasks [Crone et al.,
2006].

Functional Cortical Mapping Using Electrical

Neurostimulation

Functional cortical mapping by electrical neurostimula-
tion was performed during extraoperative ECoG record-
ing, using a previously validated clinical method [Asano
et al., 2009b; Brown et al., 2008; Fukuda et al., 2010; Naga-
sawa et al., 2010]; the details are described in the Support-
ing Information. We determined whether electrical
stimulation of the sites showing Stroop-specific c-augmen-
tation resulted in temporary naming impairment more fre-
quently than that of the remaining sites (Fisher’s exact
probability test).

RESULTS

Behavioral Data

The behavioral results demonstrated a Stroop effect; the
mean response time was 1,360 msec (standard error of the
mean [SE]: 25 msec) in the Stroop color-naming task,
which was longer than that measured in the task of read-
ing words printed in a congruent ink color (i.e., congruent
reading task) (mean response time: 902 msec; SE: 20 msec;
P < 0.001 on unpaired t-test), as well as that in the task of
reading words printed in an incongruent ink color (i.e.,
incongruent reading task) (mean response time: 1,202
msec; SE: 27 msec; P < 0.001).

Gamma-Modulations Elicited by Reading and

Color-Naming Tasks

The results of time-frequency ECoG analysis are sum-
marized in Table II. A total of seven sites in the left dorso-

lateral premotor (Brodmann area 6), two in the left
dorsolateral prefrontal (Brodmann areas 9 and 45) and one
in the right medial superior frontal sites (Brodmann area
6) showed significant c-augmentation elicited by the
Stroop color-naming task but not by either word-reading
task (Figs. 1–6); there was a considerable inter-subject vari-
ability in the locations of sites showing c-augmentation
specifically elicited by the Stroop color-naming task. Such
Stroop-specific c-augmentation occurred between presenta-
tion of visual stimuli and overt responses, 500 to 200 msec
prior to overt responses.

During both word-reading tasks as well as the Stroop
color-naming task, significant c-augmentation was com-
monly elicited in the lateral-polar occipital area (Brod-
mann areas 17 and 18) as well as the inferior occipital-
temporal area (Brodmann areas 19 and 37) following pre-
sentation of visual stimuli; significant c-augmentation
was also commonly elicited in the precentral gyrus
(Brodmann area 4), immediately prior to and during
overt responses.

Gamma-Modulations Elicited by a Task of

Color-Naming of Abstract Shapes

Did a task of color-naming of abstract shapes without
conflicting word information also elicit c-augmentation in
the dorsolateral premotor site? In patient #2, a task of
color-naming of abstract shapes also elicited significant c-
augmentation in the dorsolateral premotor site showing
Stroop-specific c-augmentation (Fig. 2). In this patient, the
mean response time was 1,242 msec (SE: 49 msec) in the
Stroop color-naming task, which was longer than that
(mean: 993 msec; SE: 41 msec) measured in the task of
color-naming of abstract shapes.

Gamma-Modulations Elicited by Auditory-

Naming and Picture-Naming Task

Six of the aforementioned 10 premotor-prefrontal sites
showing Stroop-specific c-augmentation also exhibited sig-
nificant c-augmentation elicited by either auditory- or vis-
ual-naming task (Fig. 6). Conversely, 18 of the remaining
147 premotor-prefrontal sites exhibited significant c-aug-
mentation elicited by either auditory- or visual-naming
task. The probability of sites showing Stroop-specific c-
augmentation also exhibiting naming-related c-augmenta-
tion was 4.9 times greater than that of the remaining pre-
motor-prefrontal sites (60% vs 12%; P < 0.001 on Fisher’s
exact probability test).

Correlation Between ECoG Measures and

Symptoms Elicited by Electrical Stimulation

Nine out of the aforementioned 10 frontal sites showing
Stroop-specific c-augmentation were electrically stimulated
as a part of cortical mapping procedures; temporary
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naming impairment was elicited by electrical stimulation
of four of the nine pairs (44%). All of these four pairs
were located in the dorsolateral premotor area. Con-
versely, electrical stimuli of 21 of the remaining 225
pairs (9.3%) elicited temporary naming impairment. The
probability of stimulation of a pair including a site with
Stroop-specific c-augmentation producing temporary
naming impairment was 4.8 times greater than that of
the remaining pairs (P ¼ 0.007 on Fisher’s exact proba-
bility test).

DISCUSSION

This study has provided direct causal evidence that a

critical process of cognitive control in the context of Stroop

color-naming paradigm involves recruitment of neurons

essential for naming located in variable portions of the

dorsolateral premotor and prefrontal areas. The Stroop-

color naming task but not word-reading tasks elicited cort-

ical activation represented by c-augmentation involving

the dorsolateral-premotor, dorsolateral-prefrontal and

Figure 1.

Event-related c-modulations in patient #1. Gamma-augmentation

commonly elicited regardless of tasks included: Channel 1 in the

occipital pole area (Brodmann area 17) and Channel 3 in the

precentral gyrus (Brodmann area 4). Significant c-augmentation

specifically elicited by the Stroop color-naming task included:

Channel 2 in the dorsolateral prefrontal area denoted by an

arrow (Brodmann area 9). Red vertical lines: the onset of overt

responses. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 2.

Event-related c-modulations in patient #2. Gamma-augmentation

commonly elicited by all tasks included: Channel 1 in the occipi-

tal-temporal area (Brodmann area 19) and Channel 3 in the pre-

central gyrus (Brodmann area 4). Significant c-augmentation was

elicited in the dorsolateral premotor area (Brodmann area 6)

denoted by arrows by the Stroop color-naming task as well as

naming of color of abstract shapes. Red vertical lines: the onset

of overt responses. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]



supplementary motor areas with considerable inter-subject

variability. Such Stroop-specific c-augmentation occurred

500 msec to 200 msec prior to overt responses. The frontal

sites showing such Stroop-specific c-augmentation also fre-

quently exhibited c-augmentation related to other naming

tasks. Electrical stimulation of the frontal sites showing such

Stroop-specific c-augmentation produced temporary naming

impairment more frequently than that of the remaining sites.

Interpretation of Measures Derived from the

Dorsolateral Premotor-Prefrontal Sites

A notable finding in this study is that seven sites show-
ing Stroop-specific c-augmentation involved the left dorso-
lateral premotor area (Brodmann area 6), whereas two
sites involved the left dorsolateral prefrontal area (Brod-
mann areas 9 and 45). A total of 53 and 66 electrodes were
placed on the dorsolateral premotor and prefrontal areas,
respectively (Supporting Information Fig. S3). Thus, the
probability of the left dorsolateral premotor area showing
Stroop-specific c-augmentation tended to be greater than
that of the left dorsolateral prefrontal area sampled in this
study (P ¼ 0.08 on two-tail Fisher’s exact probability test).

This observation is not inconsistent with a previously pro-
posed hypothesis [Koechlin et al., 2003]. It was proposed
that cognitive control involves at least three nested levels
of processing implemented in distinct frontal subregions,
and that the rostral part of the dorsolateral prefrontal area
(Brodmann area 46) exerts ‘‘episodic controls’’ affecting the
caudal part of dorsolateral prefrontal areas (Brodmann
areas 9, 44, and 45), which subsequently exerts ‘‘contextual
controls’’ affecting the neighboring premotor area. Finally,
according to this hypothesis, the dorsolateral premotor
area (Brodmann area 6) exerts ‘‘sensory control’’ involved
in selecting motor actions in response to stimuli [Koechlin
et al., 2003]. It is plausible that Stroop-specific c-augmenta-
tion seen in the dorsolateral premotor area in this study
represented dynamic neural processing at the level of sen-
sory control, although the role of dorsolateral premotor
area in inhibiting an automatic behavior (i.e., reading) can-
not be completely ruled out. A recent study of healthy
adults showed that repetitive transcranial magnetic stimu-
lation (rTMS) at 10 Hz over the dorsolateral premotor area
disrupted inhibitory control but not response generation
[Muggleton et al., 2010]. It is unlikely that Stroop-specific
c-augmentation in the dorsolateral premotor area simply
represented the nonspecific downstream process; Stroop-

Figure 3.

Event-related c-modulations in patient #3. Gamma-augmentation

commonly elicited regardless of tasks included: Channel 1 in the

lateral occipital area (Brodmann area 18) and Channel 4 located

in the inferior Rolandic area. Significant c-augmentation was eli-

cited at Channels 2 and 3 in the dorsolateral premotor areas

denoted by arrows (Brodmann area 6) by the Stroop color-nam-

ing task. Red vertical lines: the onset of overt responses. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 4.

Event-related c-modulations in patient #4. Gamma-augmentation

commonly elicited by all tasks included: Channel 1 in the lateral

occipital area (Brodmann area 18), Channel 2 in the inferior

temporal-occipital area (Brodmann area 37) and Channel 4

located in the inferior precentral gyrus. Significant c-augmenta-

tion was elicited at Channel 3 in the dorsolateral premotor area

(Brodmann area 6) denoted by an arrow by the Stroop color-

naming task. Red vertical lines: the onset of overt responses.

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Figure 5.

Event-related c-modulations in patient #5. Gamma-augmentation

commonly elicited by all tasks included: Channel 1 in the occipi-

tal-temporal area (Brodmann area 19) and Channel 4 located in

the inferior precentral gyrus. Significant c-augmentation was eli-

cited at Channel 2 in the dorsolateral premotor area (Brodmann

area 6) denoted by an arrow by the Stroop color-naming task.

Significant c-augmentation was also elicited at Channel 3 in the

right medial frontal area corresponding to the supplementary

motor area denoted by an arrowhead. The left supplementary

motor area, which was classified as the seizure onset zone, was

excluded from time-frequency analysis. Red vertical lines: the

onset of overt responses. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]



specific c-augmentation in the dorsolateral premotor area
occurred and subsided prior to the onset of overt responses;
electrical stimulation of dorsolateral premotor sites showing
Stroop-specific c-augmentation did not elicit sensory-motor
symptoms of the mouth or throat but frequently induced
temporary naming impairment in this study.

Temporal-spatial ECoG measures available in this study
failed to demonstrate that cognitive controls were exerted
sequentially by the dorsolateral prefrontal and premotor
areas neighboring each other. Previous studies of rTMS
have shown variable results. Observations of healthy
adults following high-frequency rTMS (at 10–20 Hz) of the
left or right dorsolateral prefrontal area failed to notice a sig-
nificant change in the Stroop interference effect, though
rTMS reduced a response time in naming in a nonspecific
manner [Vanderhasselt et al., 2006, 2007; Wagner et al.,
2006]. Some lesion studies have suggested that large struc-
tural lesions involving the left dorsolateral prefrontal-premo-
tor area had a causal association with impaired performance
in the Stroop color-naming task [Alexander et al., 2007; Per-
ret, 1974]. One hypothesis is that the dorsolateral prefrontal
area might exert cognitive control using its large network
with each small subregion contributing to a small extent
rather than using a small and intense network. Another hy-
pothesis is that difficulty to find a restricted dorsolateral pre-
frontal site necessary for cognitive control is due to a
considerable inter-subject variability in topography.

In this study, visually driven c-augmentation in the occi-
pital area and vocalization-driven one in the Rolandic area
involved a broad frequency band including 50 to 150 Hz,
whereas Stroop-specific c-augmentation in the frontal
areas involved narrower frequency bands commonly
including 80 to 100 Hz. We do not know if such a differ-
ence can be attributed to the brain topography, the type of
tasks or other factors.

Interpretation of ECoG Measures Derived from

the Medial Frontal Sites

This study failed to provide strong evidence suggesting
that medial frontal areas are necessary for the Stroop
color-naming task, due to clinical and sampling limita-
tions. ECoG sampling involved the rostral anterior cingu-
late cortex on the left side only in one subject (patient #2),
who failed to show Stroop-specific c-augmentation in that
area. ECoG sampling bilaterally involved the caudal supe-
rior frontal gyrus at the level above the cingulate sulcus in
patient #5, whose seizure onset zone involved the left
medial frontal area. Only one site in the presumably
healthy medial frontal region on the right hemisphere
showed Stroop-specific c-augmentation, but electrical stim-
ulation was not feasible at this site, of which ECoG signals
were sampled via the falx; stimulation of this site had a
risk of eliciting pain.

TABLE II. Gamma-modulations elicited by word reading and Stroop color-naming tasks

‘‘Congruent’’
reading task

‘‘Incongruent’’
reading task

Stroop
color-naming task

Frequency range
of gamma-augmentation

Lateral-polar occipital
area BA 17 and 18

Onset: �590 msec
(110 msec)

Onset: �580 msec
(440 msec)

Onset: �890 msec
(180 msec)

50–150 Hz

Offset: �180 msec
(200 msec)

Offset: �360 msec
(230 msec)

Offset: �480 msec
(250 msec)

Inferior occipital-temporal
area BA 19 and 37

Onset: �480 msec
(80 msec)

Onset: �560 msec
(370 msec)

Onset: �790 msec
(130 msec)

50–150 Hz

Offset: �240 msec
(80 msec)

Offset: �350 msec
(530 msec)

Offset: �560 msec
(160 msec)

Dorsolateral prefrontal
area BA 9 and 45

NS NS Onset: �480 msec
(450 msec)

80–100 Hz

Offset: �470 msec
(450 msec)

Dorsolateral premotor
area BA 6

NS NS Onset: �530 msec
(190 msec)

80–130 Hz

Offset: �320 msec
(100 msec)

Supplementary motor
area BA 6

NS NS Onset: �380 msec
(NA)

80–110 Hz

Offset: �120 msec
(NA)

Rolandic area BA 4 Onset: �390 msec
(130 msec)

Onset: �380 msec
(90 msec)

Onset: �510 msec
(240 msec)

50–150 Hz

Offset: þ430 msec
(400 msec)

Offset: þ380 msec
(40 msec)

Offset: þ330 msec
(370 msec)

The median onset and offset of event-related gamma-augmentation relative to overt responses are shown (standard deviation). NS, No
significant gamma augmentation was elicited; NA, Not applicable; BA, Brodmann area.
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Figure 6.

Naming-related c-modulations in the sites showing Stroop

color-naming-specific c-augmentation. Left: The results of time-

frequency analysis for the Stroop color-naming task. A total of

10 premotor-prefrontal sites showed Stroop-specific c-augmen-

tation (red arrows). Middle: The results of time-frequency analy-

sis for the visual naming task. Right: The results of time-

frequency analysis for the auditory naming task. Six out of the

10 premotor-prefrontal sites showing Stroop-specific c-augmen-

tation also exhibited significant c-augmentation elicited by either

visual or auditory naming tasks (pink arrows). [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]



CONCLUSIONS

The Stroop-color naming task specifically augmented the
amplitude of c-oscillations in the frontal areas with inter-
subject variability. Such c-augmentation occurred follow-
ing presentation of visual stimuli but prior to overt
responses. Electrical stimulation of frontal sites showing c-
augmentation specific to the Stroop-color naming task pro-
duced temporary naming impairment.
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