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Abstract

Previous non-invasive studies have proposed that the deeply seated region of
the medial frontal cortex engages in conflict processing in humans, but its
core region has remained to be elucidated. By means of direct cortical
stimulation, which excels other techniques in temporal and spatial
resolutions and in the capacity of producing transient, functional
impairment even in the deeply located cortices, we attempted to obtain direct
evidence that the pre-supplementary motor area (pre-SMA) actively engages
in conflict processing. Subject was a patient with right frontal lobe epilepsy
who underwent invasive presurgical evaluation with subdural electrodes
placed on the medial and lateral frontal cortices. During a conflict task —
modified Eriksen flanker task, direct cortical stimulation was delivered
time-locked to the task at the inferior part of the medial superior frontal
gyrus (inferior medial SFG), the superior part of the medial SFG, and the
middle frontal gyrus. By adopting the session of sham stimulation that was
employed as a within-block control, event-related potentials (ERPs) were
recorded from the medial and lateral frontal cortices. The inferior medial

SFG showed a significant ERP difference between trials with more and less
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conflict, while the other frontal cortices did not. Among the 3 stimulus sites,
only stimulation of the inferior medial SFG significantly prolonged reaction
time in trials with more conflict. Anatomically, the inferior medial SFG
corresponded with the pre-SMA (Brodmann area 8). It was located 1-2 cm
rostral to the vertical anterior commissure line where cortical stimulation
elicited arrest of motion (the supplementary negative motor area).
Functionally, this area corresponded to the dorso-rostral portion of the
activation loci in previous neuroimaging studies focusing on conflict
processing. By combining epicortical ERP recording and direct cortical
stimulation in a human brain, this study, for the first time, presented one
direct piece of evidence that the pre-SMA actively participates in conflict

processing.
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Highlights

We assigned a conflict task to an epilepsy patient undergoing presurgical
evaluation with subdural electrodes.

Degree of conflict modulated ERPs during the task at a deeper portion of the
pre-supplementary motor area.

Electrical cortical stimulation of this restricted area prolonged reaction time in
trials with more conflict.

The stimulation site was located 1-2 cm rostral to the supplementary negative

motor area.


dlkyoto
タイプライターテキスト

dlkyoto
タイプライターテキスト
Highlights


1. Introduction

In daily life as we drive a car or play tennis, we repeatedly and immediately
select, presumably appropriate, one choice, facing upon different kinds of
conflict. Processing such conflict, namely, conflict processing is one of the
most important aspects of the cognitive control for behavior. The conflict
monitoring theory, which was introduced by Carter et al. (1998) and later
developed by Botvinick et al. (2001), is a representative. According to this
theory, we, humans, possess an ability of monitoring response conflict, which
emerges after multiple response programs start running simultaneously. By
accumulating evidence with various modalities, Botvinick et al. proposed
that the dorsal anterior cingulate cortex (ACC) [Brodmann Area (BA) 32] in
the medial frontal cortex (MFC) is pivotal for monitoring response conflict
(Botvinick, Braver, Barch, Carter, & Cohen, 2001; Botvinick, Cohen, &
Carter, 2004; Cole, Yeung, Freiwald, & Botvinick, 2009). On the other hand,
other researchers analyzed conflict before response and error after response
separately in functional MRI (fMRI) activation studies. They argued that the
ACC mainly processes error after response while the more dorsal area,

namely, the medial superior frontal gyrus (SFG) including the



pre-supplementary motor area (pre-SMA) [medial BA 8 or 6] manages
conflict processing, although the activation areas for the two functions
indeed overlap to a considerable degree (Garavan, Ross, Murphy, Roche, &
Stein, 2002; Kiehl, Liddle, & Hopfinger, 2000; Ridderinkhof, Ullsperger,
Crone, & Nieuwenhuis, 2004; Rushworth, Walton, Kennerley, & Bannerman,
2004; Ullsperger & von Cramon, 2001, 2003). Some also proposed that the
ACC is engaged when emotional information must be ignored or controlled
(Banich, et al., 2009), or that it mediates ongoing behavioral adaptation
(Sheth, et al., 2012). Through the extensive debate in the last decade as to
the core region for conflict processing (Cole, et al., 2009; Nachev, Kennard, &
Husain, 2008; Rushworth, et al., 2004), a key structure for this particular
function seems to reside relatively deep (not superficial) in the MFC.

These findings have been essentially obtained by non-invasive
studies in different modalities, i.e., lesion studies (Fellows & Farah, 2005;
Floden & Stuss, 2006; Verfaellie & Heilman, 1987), fMRI activation studies
(Barch, et al., 2001; Milham & Banich, 2005; Ridderinkhof, et al., 2004), and
event-related potential (ERP) studies (van Veen & Carter, 2002a). Each

non-invasive technique, however, has some methodological limitations; the



former is of the degree of plasticity of brain function after lesion formation
and the latter two of indirect representation of neural function. In contrast to
these studies, intervention or stimulation studies can delineate the cortices
necessary for a particular function by producing transient, functional
impairment, and therefore complement these non-invasive techniques. For
example, when transcranial magnetic stimulation (TMS) was applied to the
MFC during tasks that contain more conflict in healthy subjects, their
performance was disrupted with higher error rate or prolonged reaction time
(Chen, Muggleton, Tzeng, Hung, & Juan, 2009; Taylor, Nobre, & Rushworth,
2007). It is no doubt that TMS is a valuable non-invasive intervention tool,
but, the stimulation effects are usually confined to the superficial cortices
within 3 cm from the scalp (Rossi, Hallett, Rossini, & Pascual-Leone, 2009).
In contrast to TMS, direct cortical stimulation can assess deeply seated
cortices, such as those in the medial wall of the hemisphere, with good
spatial resolution (~1 cm). It has been and is still currently a gold standard
measure to map eloquent cortical areas in the field of functional
neurosurgery. Although it is available only for patients who undergo invasive

presurgical evaluation with intracranial electrodes before epilepsy surgery, it



provides us with the rare opportunity to investigate the MFC by epicortical
ERP recording and direct cortical stimulation. It potentially helps solve the
ongoing concerns about the cortical region responsible for conflict processing
in the MFC.

We here present a patient in whom we successfully recorded ERPs
and stimulated both the superficial and deeper portions of the pre-SMA
during a task that imposes conflict for selecting correct answers — a modified
version of the Eriksen flanker task (Eriksen & Eriksen, 1974). We applied
cortical stimulation time-locked to the task so that we could evaluate its
functional interference in the pre-SMA with reaction time (RT) and accuracy.
We hypothesized that a different degree of conflict modulates ERPs in the
pre-SMA, and that direct cortical stimulation to the area of ERP modulation
prolongs RT or impairs accuracy during the task. By means of these methods,
we attempted to obtain direct evidence that the pre-SMA actively engages in

conflict processing.

2. Materials and methods

2.1. Patient



The subject was a 44-year-old, right-handed man with medically
intractable right frontal lobe epilepsy. The seizures consisted of head version
to the left and asymmetric bilateral tonic posturing with preserved
consciousness. Interictally he had normal motor functions but a mild
cognitive dysfunction (total 1Q 65 in WAIS-R). MRI revealed a tumor
(oligoastrocytoma) in the right SMA. We suspected that the epileptic focus
was located around the tumor according to the non-invasive presurgical
evaluations. The patient finally underwent chronic implantation of subdural
electrodes on the medial and lateral cortical surfaces of the right hemisphere
in order to locate the epileptic focus and map cortical functions (Fig. 1a). The
patient gave written informed consent to the protocol approved by the Ethics

Committee of our institute (No.C533).

2.2, Anatomical localization of electrodes in the individual and standard
space

We used a magnetization-prepared rapid gradient echo (MPRAGE)
sequence for anatomical T1-weighted volume data acquisition. MPRAGE

volumetric scan was taken before surgery, and also after implantation when



subdural electrodes were in place. As for the obtained scan image after
implantation, we located each electrode by confirming its signal void due to
the property of platinum alloy (Matsumoto, et al., 2004). In order to compare
the present findings with non-invasive fMRI studies, electrodes were
non-linearly co-registered to the scan image taken before implantation, and
then to MNI standard space (ICBM-152) using FNIRT
(www.fmrib.ox.ac.uk/fsl/fnirt) (Matsumoto, et al., 2011). Anatomical labels
for electrodes in the MNI standard space were determined in reference to the
atlas of Talairach Daemon implemented in FSL View (Lancaster, et al., 2000).
For the purpose of 3D display in figures, the grey matter segmentation was
done for MPRAGE taken before implantation by Freesurfer software
(http://surfer.nmr.mgh.harvard.edu/) and presented in FSL View

(www.fmrib.ox.ac.uk/fsl/fslview) (Fig. 1a).

2.8. Direct electrical cortical stimulation and functional cortical mapping
Direct electrical cortical stimulation was performed with subdural
electrodes (platinum-made, inter-electrode distance of 1 cm, recording

surface diameter of 2.3 mm, AD-TECH, WI). Repetitive square-wave
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currents of alternating polarity with a pulse width of 0.3 ms and a frequency
of 50 Hz were delivered for 1-5 s to the cortex through a pair of adjacently
placed electrodes. Intensity was gradually increased from 1 to 15 mA until
positive motor responses, e.g., muscle twitch or tonic posturing, appeared.
Only the trials without afterdischarges were evaluated. When positive
symptoms were not elicited, negative motor responses were also examined by
having the patient perform rapid alternating movements in the tongue,
hands and feet (10-15 mA, 5 sec). Once he was unable to continue those
movements while awake during stimulation, namely negative motor
responses were elicited, the stimulated area was labeled as the negative
motor area (NMA). Two NMAs were known so far, one around the ventral
premotor area (primary NMA), and the other anterior to the SMA around the
vertical anterior commissure (VAC) line (supplementary NMA) (Liiders,
Dinner, Morris, Wyllie, & Comair, 1995). The stimulation method has been
reported elsewhere (Matsumoto, et al., 2007).

In this patient, functional cortical mapping successfully localized the
supplementary NMA at the border between the pre-SMA and the SMA

proper as reported elsewhere (Ikeda, et al., 1999) [the MNI coordinates (x, y,
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z) of (4, 4, 56) and (4, 14, 58)]. The epileptic focus was identified at and
around the tumor located in the SMA (Fig. 1a). In the right MFC rostral to
the NMA, electrical cortical stimulation did not elicit any positive or negative

motor responses.

2.4. Modified Eriksen flanker task

The Eriksen flanker task (Eriksen & Eriksen, 1974) is frequently
used for studying conflict processing. We employed a modified version of the
task. The patient was told to report as quickly as possible the direction (right
or left) of an arrow in the center among five arrows lined horizontally.
Namely, the arrow was located between two flankers (distractor arrows) on
each side. Then, two congruent (“<<<<<” and “>>>>>") and two incongruent
(“>><>>” and “<<><<”) signals (herein each is termed as a flanker-signal)
were employed. Each flanker-signal was presented pseudorandomly with
equal probability (25%). We chose the hand contralateral to the side of
implantation, namely, the left hand, for the response. The patient responded
by pressing the right button with the left index finger when the central

arrow was directed to the right, and by the left button with the left middle
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finger when directed to the left. Previous studies have reported that RT was
longer in incongruent trials than in congruent trials (Botvinick, et al., 2004;
Eriksen, 1974). It is because the distractors make more conflict in
incongruent trials so that subjects need to inhibit “prepotent responses” to

select a real answer.

2.6, Study design

The patient watched an LCD display 1.0 m in front, sitting
comfortably in Fowler’s position on the bed. The visual angle of a
flanker-signal (one arrow and two flanker arrows on each side) was 3.9° wide
and 0.65° tall. In one trial, a circle appeared first in the center of the display
for 1 s, and was then replaced by one of the flanker-signals for 1 s (Fig. 1b).
The patient was told not to blink at all while the circle and the flanker-signal
appeared. Inter-trial interval was 4 s and the patient should look at the cross
in the center. Before the implantation surgery, we confirmed by rehearsal
that the patient could appropriately perform the task.

The study was performed three days before the focus resection

surgery, after clinical evaluations were essentially complete. Because of the
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limited opportunity allocated for this research protocol, we could not perform
the paradigm twice in separate days: one for ERP recording and the other for
intervention by direct cortical stimulation. Instead, we performed the
paradigm with and without stimulation in the same day. By adopting the
sessions without stimulation (sham stimulation), we could obtain ERPs
during the modified flanker task. Furthermore, a comparison between the
sessions with and without stimulation, i.e. employing a within-block control

(sham stimulation), enabled us to analyze the effect of intervention.

2.6. Intervention during the modified flanker task

Direct cortical stimulation (50 Hz, pulse width of 0.3 ms, alternating
polarity) was delivered separately in a block fashion for three locations - the
inferior part of the medial superior frontal gyrus (SFG) (inferior medial SFG:
BA 8) [site 1: the MNI coordinates (x, y, z) of (4, 24, 48) and (4, 34, 50)], the
superior part of the medial SFG (superior medial SFG: BA 6) [site 2: (4, 24,
58) and (4, 34, 60)], and the middle frontal gyrus (MFG: BA 6) in the lateral
frontal cortex [site 3: (34,10, 64) and (38, 18, 58)] (Fig. 1a). In the medial

cortex, we selected the inferior and superior medial SFG pairs for
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stimulation sites, since 1) they were rostral to the VAC line, 2) we attempted
to investigate a possible functional difference along the dorso-ventral axis
(deep vs. superficial) and 3) we avoided the supplementary NMA where
stimulation stopped the motor task itself due to negative motor responses.
The lateral stimulus site was chosen at the MFG because it was the closest to
the medial stimulus sites. All the stimulated electrodes were away from the
epileptic focus that was identified at and around the tumor in the SMA.

The experimental blocks started with the inferior medial SFG block
followed by the superior medial SFG and the MFG blocks. In each block, we
first confirmed that electrical stimulation did not produce any positive or
negative motor responses and afterdischarges in the condition used for
intervention (5 mA, 1 s) (Electrical stimulator SEN-7203, Nihon Koden,
Tokyo, Japan). We then performed two sessions of the modified flanker task
— the first session (48 trials) without stimulation (sham stimulation) and the
second session (48 trials) with stimulation. In each session, the number of
trials was controlled among the four different flanker-signals [12 trials each
for two congruent (“<<<<<”, “>>>>>") and two incongruent (“‘>><>>”,

“<<><<”) signals]. The stimulation was delivered from the onset of display of

14



a flanker-signal for 1 s, namely during the whole presentation of the
flanker-signal (Fig. 1b). We produced the sounds of the relay switch needed
for stimulus delivery also in sham sessions so that the subject could not
know whether the session was with or without stimulation.

We confirmed that no seizures or no afterdischarges occurred
throughout the experiment by carefully monitoring electrocorticogram
(ECoG). ECoG, electrooculogram, and all the related signals such as the
timing for visual stimuli and responses of button-press were digitally
recorded and stored on hard disc in the recording system (EEG1000, Nihon
Koden, Tokyo, Japan). The data were sampled at 2,000 Hz with a band-pass
filter of 0.08—-600 Hz. Signals from the subdural electrodes were referenced
to a scalp electrode placed on the left mastoid process.

Among all the trials [n = 48 trials X 2 sessions (stimulation, sham) X
3 stimulus sites], 3 trials were rejected for analysis of RT. An error occurred
in 1 congruent trial during the inferior medial SFG stimulation and eye
blinks occurred during -50 ms to +50 ms from the onset of the flanker-signal
presentation in 2 trials (1 incongruent trial during the superior medial SFG

stimulation, and 1 congruent trials during the MFG sham stimulation)
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(Supplementary Table).

2.7. Analysis of ERPs

By employing all sham sessions (congruent trials: n = 71, incongruent trials:
n = 72), we averaged ECoGs in an off-line manner to obtain ERPs (Matlab
scripts, custom-made in Matlab version 2010a) for congruent and
incongruent trials separately. In sham sessions, ECoGs were also recorded
from the electrodes used for delivering stimulus. ECoGs were averaged
time-locked to the onset of the warning signal (screen of a circle in the
center). A total of 4 s was set as the whole time window (-1 to +3 s from the
onset of the warning signal). The initial 1 s of the analysis window was set as
the baseline for measurement. In order to analyze the ERP difference during
presentation of the flanker-signal, raw ECoG data were filtered with a
band-pass of 0.08-10 Hz, and then the ECoGs during the flanker-signal
presentation (a total of 2,001 time points at 1-2 s from the fiducial point)
were selected for further statistical analyses. Initially, two-tailed two sample
t test (degree of freedom: 141) was performed to calculate #value for every

time sample during a period of flanker-signal presentation. To solve the
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multiple comparison problem arising from multiple time-point sampling and
multiple recording site, we then applied a nonparametric statistical testing
(Maris & Oostenveld, 2007). We first, selected all the samples where £value
satisfied p < 0.05, and clustered them in connected sets on temporal
adjacency at each electrode independently. By adopting only clusters having
durations longer than 20 ms, we then calculated the sum of the £values
within each cluster and made cluster-level statistics. Nonparametric
statistics were calculated using a permutation test by our custom script in
Matlab. The congruent (n = 71) and incongruent (n = 72) trials were collected
in a single set, and the set was randomly re-partitioned into two groups of
trials of n = 71 and n = 72. Comparing the two groups by aforementioned
two-tailed ¢ test, cluster-level statistics were calculated. Then only the
highest statistic from all of the recording electrodes was taken. The
procedure was repeated 5,000 times and the null distribution of the
maximum cluster-level statistics was compared to the original cluster-level

statistics. A p-value threshold was defined < 0.05.

2.8. Analysis of behavior

17



The main dependent variable was RT. Only RT of trials with correct answer
was analyzed. RT was defined as the time difference from the onset of a
flanker-signal to a button press (Fig. 1b). First, 3-way ANOVA [condition
(congruent; incongruent) x stimulation (sham stimulation; stimulation) X
location (inferior medial SFG; superior medial SFG; MFG)] was performed to
evaluate the overall performance and to confirm the difference of
performance between congruent and incongruent trials. A p-value threshold
was defined < 0.05. Second, RT was analyzed for each location. After
separating congruent and incongruent trials, we compared RT in the sham
session with that in the stimulation session to test the hypothesis that direct
cortical stimulation impairs performance. A p-value threshold was defined <
0.025 after Bonferroni correction. In order to evaluate a possible effect of the
block order upon RT as a confounding factor, one-way ANOVA across the
three locations (inferior medial SFG; superior medial SFG; MFG) was also
performed for sham sessions in each condition (congruent; incongruent). A

pvalue threshold was defined < 0.05.

3. Results

18



3.1. FERP during Conflict Processing

By adopting the sessions with sham stimulation, ERPs during execution of
the modified flanker task were compared between the congruent (n = 71) and
incongruent (n = 72) trials. A significant amplitude difference was observed
between the waveforms of the two conditions (congruent vs. incongruent)
only at a single electrode in the inferior medial SFG stimulus site (see an
electrode with an asterisk in Fig. 2). The difference appeared from 350 ms
after the onset of the flanker-signal and lasted for 536 ms [p = 0.02,
nonparametric permutation test (cluster-level statistics)]. No significant
differences were noted in ERPs at the NMA and at the other electrodes (p >

0.05).

3.2.  Intervention to Conflict Processing

Irrespective of the condition (congruent vs. incongruent), stimulation at the
three locations did not produce any subjective symptoms including urge to
move. Three-way ANOVA [condition (congruent; incongruent) X stimulation
(sham stimulation; stimulation) X location (inferior medial SFG; superior

medial SFG; MFG)] showed that the main effects were significant at
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condition [#(1, 273) = 59.802, p < 0.001], stimulation [#(1, 273) = 4.245, p=
0.040], and location [#(2, 273) = 3.65, p=0.027]. The main effect at condition,
i.e., longer RT in incongruent than congruent trials, was consistent with
previous reports using flanker tasks. Besides the main effects at stimulation
and at location, the significant interaction was observed between stimulation
and location [#(2, 273) = 3.373, p=0.036], indicating that intervention or
stimulation effects to RT differed depending on the location of stimulation.
After confirming the interaction between stimulation and location,
RT was then analyzed for each location using two-tailed two sample ¢ test. In
the incongruent trials of the inferior medial SFG block, RT was significantly
longer in the stimulation session than in the sham session [797 + 59 ms vs.
711 + 40 ms, £(46) = 2.494, p=0.016] (Fig. 3). In congruent trials of the same
block, the difference was not significant [658 + 51 ms vs. 600 + 66 ms, ¢ (45) =
1.435, p=0.158]. In the other two blocks (superior medial SFG and MFG),
RT was not significantly different between the sham and stimulation
sessions in any trials [congruent trials (p = 0.322) and incongruent trials (p =
0.153) in the superior medial SFG block, congruent trials (p = 0.884) and

incongruent trials (p = 0.999) in the MFG block]. One-way ANOVA across the
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three locations (inferior medial SFG; superior medial SFG; MFG) for sham
sessions in each condition (congruent; incongruent) showed that location,
namely, the block order did not have any significant effect on RT both in
congruent trials [F(2, 68) = 0.727, p = 0.487] and in incongruent trials [ A2,
69) = 0.275, p=0.761].

Since the error occurred only once (RT = 888.5 ms) in congruent trials
during the inferior medial SFG block, we did not further analyze the error

rate. All the behavioral data can be found in Supplementary Table.

3.3 Comparison with non-invasive fMRI findings

For comparison with activation loci of fMRI studies focusing on
conflict processing (Barch, et al., 2001; Braver, Barch, Gray, Molfese, &
Snyder, 2001; Carter, et al., 1998; MacDonald, Cohen, Stenger, & Carter,
2000; Milham & Banich, 2005; Milham, et al., 2001; Ullsperger & von
Cramon, 2001, 2003), the electrodes at the inferior medial SFG and NMA
were shown in the MNI standard space (Fig. 4). The inferior medial SFG
electrodes were located in the most dorsal and rostral portion of the

activation areas in the MFC.
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4. Discussion

Direct cortical stimulation was applied time-locked to a modified version of

the Eriksen flanker task in a patient with right frontal lobe epilepsy. By

adopting the sessions with sham stimulation, epicortical ERPs were also

obtained during the same task. The inferior medial SFG showed a significant

ERP difference between the congruent and incongruent trials. Among the 3

stimulus sites, it was only this inferior medial SFG that, upon stimulation,

showed significantly prolonged RT in the incongruent trials. This area was

anatomically and functionally different from the NMA where cortical

stimulation elicited so-called negative motor response. Taking the ERP and

intervention findings into account together, we concluded that the pre-SMA,

BA 8 actively engaged in information processing during a task that evokes

conflict in the present patient. It was not the ACC, which has been thought

to be a key structure for conflict monitoring.

Scalp-recorded ERPs during the Eriksen flanker task shows N200, a

frontocentral midline negativity that peaks at ~200 ms after the

flanker-signal onset. Since N200 amplitude is higher in incongruent trials
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than in congruent trials (Bartholow, et al., 2005; Kopp, Rist, & Mattler, 1996),
N200 is considered as an ERP correlate of conflict that this task evokes.
Dipole source modeling indicated its major source at the ACC (BA 32) (Van
Veen & Carter, 2002b). In contrast, the statistically significant difference of
ERP amplitude was observed between the two conditions from 350 to 886 ms
from the flanker-signal onset in the present patient (Fig. 2). The polarity was
positive at the inferior medial SFG, i.e., more positive ERP in the
incongruent trials than in the congruent trials. Difference in the latency and
polarity between the present study and scalp-recorded ERP studies could be
mainly due to the special conditions in the present study such as 1)
epicortical recording by subdural electrodes and 2) the limited extent of
electrode coverage. Since the subdural electrodes usually record restricted
local field potentials just beneath the electrodes, the electrodes on the medial
surface reflected neural activities mainly vertical to the interhemispheric
fissure (namely tangential to the scalp vertex) in the present patient.
Therefore, the polarity was not necessarily identical to that recorded at the
scalp vertex. Indeed, an invasive ERP study during a flanker task revealed

P3-like positive potentials at 250-600 ms after the onset of incongruent

23



signals in the cingulate gyrus (Rusnakovéa, Daniel, Chladek, Jurak, & Rektor,
2011). Regarding the latency, if we adopt the statistical significance at each
sampling-time (.e., two sample ¢ test without cluster-level statistics, see
black bars in Fig. 3), both the inferior and superior medial SFG showed
earlier ERP differences (< 250 ms) with similar morphology (more positive in
the incongruent task). Although the ACC (BA 32) was not covered by the
electrodes in the present patient, these earlier activities, together with those
at the ACC, may constitute a part of N200 components.

Among the three stimulation sites, only stimulation of the inferior
medial SFG significantly prolonged RT during the Eriksen flanker task.
Converging evidence of both intervention and ERP suggests that the ERP
difference at the inferior medial SFG is not only an epiphenomenon but a
neural correlate of conflict processing. While stimulation significantly
prolonged RT in the incongruent trials, only a tendency (p=0.158) was
observed in congruent trials. It does not necessarily imply that no conflict
occurred in congruent trials, but indicates that the degree of conflict was
lower in the congruent trials if stimulation influenced RT according to the

degree of conflict (Yeung, Botvinick, & Cohen, 2004). In other words, the
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stimulation effect depended on how largely conflict was loaded in each trial.

In the present study, no remarkable changes were found in the error
rate (0/144 trials with sham stimulation vs. 1/144 with stimulation), while
RT prolonged in incongruent trials when cortical stimulation was applied to
the inferior medial SFG. On the other hand, microstimulation in monkey and
TMS in human studies reported that stimulation changed the error rate in
conflict tasks (Chen, et al., 2009; Isoda & Hikosaka, 2007; Taylor, et al.,
2007). The absence of substantial errors in the present study could be
explained by the study design we employed to avoid the patient’s dropout -
the longer display (1 s) of the flanker-signal and the low intensity of
stimulation (5 mA).

As compared with the activation loci of fMRI studies for conflict
processing, the location of the inferior medial SFG in the present patient was
situated in the most dorsal and rostral portion of these loci. Dorso-rostral
deviation might be based on either the different modality of investigation or
the limited extent of electrode coverage in the medial cortices. The inferior
medial SFG was located immediately rostral to the NMA where neither

similar waveform nor significant ERP difference was observed. The NMA,
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which usually resides around the boundary between the pre-SMA and SMA
proper, is often described in terms of response inhibition in behavioral
control (Nacheyv, et al., 2008; Sharp, et al., 2010; Simmonds, Pekar, &
Mostofsky, 2008). Although response inhibition was not precisely studied
with a proper task such as Go/No-Go task, aforementioned anatomical
relationship implies that conflict was processed in the inferior medial SFG,
(the pre-SMA, BA 8) whereas response inhibition was processed in the more
caudal NMA in this particular patient.

The present study has several limitations. First, the specific role of
the inferior medial SFG (the pre-SMA, BA 8) in the Eriksen flanker task
remains elusive. Although both stimulation effect and ERP difference
converged at the inferior medial SFG during the display of the flanker-signal,
the findings themselves could not specify its role to one phase of conflict
processing that involves the processing of the perceptual conflict (or merely
the stimulus difference) between the flankers and the central items,
response conflict, and response programming. These results indicate that the
area was involved in the task, at some point in the processing stream.

Further data accumulation using other tasks, such as the Stroop task, in the
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invasive setting would clarify the phase where the pre-SMA actively engages.
Secondly, the study design was not optimal because of the time constraints
due to clinical needs. To complete all the examinations without patient’s
dropout, we first stimulated the inferior medial SFG, and then other two
sites. Although we were able to employ within-block controls (sham
stimulation), we could not perform the second sequence in a reverse order.
This could lead to a potential confound of block order. We, however, do not
consider it as substantial since RT in sham sessions was not significantly
different across the three locations. Finally, it should be noted that this is a
single patient study based on a pathological brain with partial epilepsy and
that the patient had a low 1Q score. Therefore, a caution should be taken
when interpreting the present results with respect to a normal healthy
population.

By means of combined epicortical ERP recording and direct cortical
stimulation, this study, for the first time, provided a direct piece of evidence
that the pre-SMA, rostral to the NMA, actively engaged in the
conflict-processing stream. Further case accumulation is warranted to

establish the findings obtained in this single patient study.
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Fig. 1. Experimental design. (a) Three stimulus sites [1. the inferior part of
the medial superior frontal gyrus (inferior medial SFG), 2. the superior part
of the medial SFG (superior medial SFG), and 3. the middle frontal gyrus
(MFG)] are shown in the preoperative 3D brain MRI co-registered with
subdural electrodes. The electrodes corresponding to the supplementary
negative motor area (NMA) are also shown. The epileptogenic lesion (tumor)
was located in the supplementary motor area (SMA). (b) A schema of the
experimental paradigm. During presentation of the flanker-signal, either
sham or real (50 Hz, 5 mA for 1s) stimulation was applied to the three
stimulus sites. VAC: vertical anterior commissure line, usually representing
a border between the pre-SMA and the SMA proper. VPC: vertical posterior

commissure line.
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Fig. 2. ERPs recorded during the sessions of sham stimulation. Congruent
(n = 71, gray) and incongruent (n = 72, black) trials are shown separately.
The left schema indicates location of the recording electrodes. First, ERPs of
the two conditions were compared during the flanker-signal presentation
(shaded in light gray) at each sampling point using two-tailed two sample ¢
test. The black bars under the figures during this time segment indicate p <
0.05 (] £(141)| > 1.977). Then, statistical analysis at the cluster levels was
performed. Only the cluster highlighted by the thinner bar and the
arrowhead (350-886 ms after onset of the flanker-signal) at the inferior
medial SFG stimulus site (electrode with an asterisk) showed significance (p
= 0.02, nonparametric permutation test) between the two conditions. The

other conventions are the same as for Fig. 1.
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Fig. 3. Reaction time (RT) at the three stimulus sites (inferior medial SFG,
superior medial SFG, MFG). RT was shown separately for each set [2
(congruent: C or incongruent: I) X 2 (real stimulation: stim or sham
stimulation: sham)]. RT in each set was judged to be based on a standard
normal distribution (p > 0.05, Kolmogorov-Smirnov test). Two sample ¢ test
was performed in order to evaluate the RT difference between sham and real
stimulation for the two conditions [congruent, incongruent; p < 0.025
(Bonferroni corrected)] at each stimulus site. * ¢=2.494, p = 0.016. n.s: not
statistically significant (p > 0.025). Error bars represent SEM. n: the number

of trials in each set.
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Fig. 4. A comparison between the present invasive findings and
non-invasive fMRI studies in the MNI standard space about conflict
processing. The electrode locations (filled circle) and peak loci of previous
activation studies (filled diamond) were put together onto a representative
brain slice at 4 mm from midline: red (inferior medial SFG, present study),
yellow (NMA, present study), orange (Carter, et al., 1998), white (MacDonald,
et al., 2000), light-green (Barch, et al., 2001), burlywood (Braver, et al., 2001),
dark-blue (Milham, et al., 2001), blue (Ullsperger & von Cramon, 2001),
light-blue (Ullsperger & von Cramon, 2003), magenta (Milham & Banich,
2005). Talairach coordinates were converted to MNI coordinates by icbm2tal

transform (http://brainmap.org/icom2tal/) (Lancaster, et al., 2007).
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Supplementary Table

Reaction time (mean + SEM ms) in the modified flanker task

Stimulus sites

The type of set

inferior medial SFG superior medial SFG MFG
Sham_C 600 + 66 (n = 24) 639 £ 43 (n = 24) 606 + 39 (n = 23, blink; 1)
Stim_C 658 + 51 (n = 23, error; 1) 613 + 28 (n = 24) 609 + 33 (n = 24)
Sham_I 711 + 40 (n = 24) 688 £ 32 (n = 24) 694 + 64 (n = 24)
Stim_I 797 + 59 (n = 24) 721 + 33 (n = 23, blink; 1) 694 + 25 (n = 24)

SFG: superior frontal gyrus, MFG: middle frontal gyrus
C: congruent, I: incongruent, Stim: direct electrical cortical stimulation

n: the number of trials in each set
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