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Abstract: To clarify the characteristics of interhemispheric connections, we investigated cortico-cortical evoked
potentials (CCEP) in human. Fourteen patients with temporal lobe epilepsy who underwent invasive EEG moni-
toring with bilaterally implanted subdural electrodes were studied. Electric pulse stimuli were given in a bipolar
fashion at two adjacent electrodes on and around the motor area (MA) or sensory area (SA), and CCEP responses
were recorded by averaging electrocorticograms from the contralateral hemisphere. Seventy-two pairs of electro-
des were stimulated, and 468 recordings were analyzed. Fifty-one of 468 recordings demonstrated CCEP
responses. Of 51 responses, 16 consisted of an initial positive triphasic wave (Type 1), 27 had an initial negative
biphasic wave (Type 2), and 8 showed an initial positive biphasic wave (type 3). The mean latencies of the earliest -
peaks were 13.1, 28.9, and 29.4 ms in Types 1, 2, and 3 responses, respectively. The responses were more fre-
quently evoked by stimulating facial MA (f-MA) and nonfacial MA (nf-MA) than by stimulating SA or nonelo-
quent area. In both -MA and nf-MA stimulation, the responses were more frequently recorded at the
contralateral f-MA than at the contralateral nf-MA or other areas. SA stimulation never evoked CCEP responses at
the contralateral MA or SA. The amplitudes were maximal when f-MA was stimulated and responses recorded at
the contralateral -MA. These findings suggest that the interhemispheric connections are uneven. Both f-MA and
nf-MA send dense interhemispheric connections to the contralateral -MA. SA may have no or only rare direct
connection with the contralateral MA or SA. Hum Brain Mapp 33:14-26, 2012.  © 2011 Wiley Periodicals, Inc.
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INTRODUCTION

Neural connections in the human brain have attracted
interest recently, and human neural pathways have been
demonstrated by MRI studies [Mori et al., 2000]. Electro-
physiologically, these connections may also be examined
by cortico-cortical evoked potential (CCEP) studies
[Brugge et al., 2003; Greenlee et al.,, 2004; Matsumoto et al.,
2004, 2005, 2007; Rutecki et al., 1989; Terada et al., 2008;
Umeoka et al., 2009; Wilson et al., 1990, 1991].

Previously, we recorded CCEP responses from the
contralateral hemisphere by stimulating facial motor area
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TABLE I. Number of electrodes identifying eloquent areas by standard cortical stimulations, and number of
electrodes recording CCEP responses for each area stimulated

Standard cortical
stimulation

Cortico-cortical evoked potential study

Stimulated area

Number of f-MA nf-MA SA NEA

electrodes

identifying

Sex/ eloquent areas Number of electrodes recording CCEP in each area

Pt. age f{-MA nf-MA SA f-MA nf-MA SA NEA f-MA nf-MA SA NEA f-MA nf-MA SA NEA fMA nf-MA SA NEA
1 F/36 2 2 6
2 F/32 2 2 1 1 4 1 1 4 8 8 44
3 M/29 2 4 8
4 M/36 3 4 8
5 F/21 3 4 8 2 2
6 F/21 1 1 4 4 1 1 17
7 M/21 4 2 4 2 6 2 1 3 4 2 6
8 F/22 5
9 F/43 6 2 8 4 18 8 12 14 6 30
10 M/35 2 3 2 3 5 2 3 5 1 2 1
11 F/34 4 2 4 12 4 4 8 8 32
12 F/29 1 4 2 4 8 2 8 20
13 F/16 4 2 6 4 8 2 4 4 2 6
14 M/23 10

Pt, patient number; M, male; F, female; f-MA, facial motor area; nf-MA, nonfacial motor area; SA, somatosensory area; NEA, nonelo-

quent area.

(f-MA) in three epilepsy patients [Terada et al., 2008].
Our result demonstrated that most of these interhemi-
spheric CCEP responses showed initial positive triphasic
waveforms (P1-N1-P2). P1 had 1 or 2 notches, although
P1 was absent in two of eight responses. The latency of
P1 ranged 9.2 to 23.8 ms. The response was not evoked
when non-motor area (non-MA) was stimulated, while
stimulation of the motor area (MA) evoked CCEP
responses at both MA and non-MA electrodes in the con-
tralateral hemisphere. Therefore, we speculate that the
stimulation produces one-way volley, and that ortho-
dromic impulses may play an important role for this
CCEP response. Regarding the location relationship
between stimulation and response, stimulation of upper
areas evoked responses recorded from the upper areas,
while stimulation of lower areas produced responses
recorded from the lower areas. These findings suggest
that the neural connections may project to contralateral
homonymous areas. However, our previous study exam-
ined only a small number of patients and evaluated only
the -MA. Therefore, we were not able to characterize the
interhemispheric connections between bilateral MA more
precisely.

In this study, we evaluated 468 CCEP recordings from
14 epilepsy patients to clarify the characteristics of interhe-
mispheric neural connections arising from the MA. Fur-
thermore, we also succeeded to stimulate the sensory area

(SA) and evaluated interhemispheric connections originat-
ing from the SA.

SUBJECTS AND METHODS

Subjects, Electrodes Implantation, and
Functional Mapping

The data were obtained from 14 patients with medically
intractable temporal lobe epilepsy (5 men and 9 women,
aged 1643 years) (Table I). The Institutional Review Board
approved this study, and informed consent was obtained
from all patients. Interictal neurological examinations
detected no focal neurological abnormalities in all patients.
Routine noninvasive evaluations including MRI, SPECT,
and scalp EEG/video monitoring failed to determine the
epileptogenic zone. Therefore, these patients underwent
long-term invasive EEG/video monitoring with chroni-
cally implanted subdural and depth electrodes as a part of
presurgical evaluation [Mihara and Baba, 2001].

Each subdural electrode was 2.3 mm in diameter and
made of platinum-iridium alloy. The center-to-center inter-
electrode distance was 10 mm. The locations and the num-
bers of subdural and depth electrodes implanted were
standardized (see Fig. 1) [Mihara and Baba, 2001]. Briefly,
two bundles of depth electrodes were inserted targeting
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Figure 1.
X-ray image showing the standardized locations of subdural elec-
trodes. Subdural plates (2 x 6; TBA and TBP) cover basal tem-

poral and 5 subdural strips (I x 6) cover
extratemporal areas on each side (AT, anterior temporal; TC,
temporo-central; TP, temporo-parietal; PO, parieto-occipital; and
TO, temporo-occipital). Plates and strips were placed almost
symmetrically on both sides. The tip electrode of each bundle
was designated “1.” and the number is increased in order up to

“6” for the most proximal electrode.

regions,

the amygdala and hippocampus on each side. A subdural
plate (2 x 6) was slipped under the basal temporal lobe on
each side. To detect epileptiform activities of extra-tempo-
ral areas, a subdural strip (1 x 6) was placed to cover the
anterior temporal region (AT), and four strips were
slipped radially from the burr hole to cover the temporo-
central (TC), temporo-parietal (TP), parieto-occipital (PO),
and temporo-occipital regions (TO). All bundles, plates,
and strips were placed almost symmetrically on both
sides. The tip electrode of each bundle was designated
“1,” and the number was increased in order up to “6” for
the most proximal electrodes.

Standard cortical stimulation was performed [Lesser and
Gordon, 2000] to determine the MA, SA, and other elo-
quent areas. A constant-current biphasic square electric
pulse with a duration of 0.3 ms and frequency of 50 Hz
was delivered for 1 to 5 sec (SEN-3301/SSI04], Nihon
Koden Corp., Tokyo). When pure motor or sensory
response was evoked upon stimulation of an electrode, the
electrode was defined as MA or SA. If both motor and
sensory responses were observed at a single electrode,
such electrode was excluded from further CCEP analysis
in this study. The f-MA (MA of mouth, tongue, or face)
and nonfacial MA (nf-MA; MA of finger or hand) were an-
alyzed separately because CCEP responses of these areas
have different characteristics.

The locations of electrodes were also anatomically con-
firmed by using 3D reconstruction MRI imaging (MRI-
Cro: “http://www.cabiatl.com/mricro/”) in each patient.

“Electrodes locating on the precentral gyrus were defined

as MA-MRI, and electrodes on the postcentral gyrus
were defined as SA-MRI. When electrodes were not on
the precentral or postcentral gyri, they were named
NEA-MRL

Stimulation and Data Acquisition for CCEP

CCEP recordings were performed after clinical evalua-
tions were completed, and therefore did not interfere with
clinical evaluations. All CCEP recordings were performed
while the patients were awake and sitting in bed.

For CCEP recording, we conducted stimulation by
applying the same parameters as in the previous reports
[Terada et al., 2008; Umeoka et al., 2009]. Briefly, the elec-
trical stimulation consisted of a constant-current square
pulse at a duration of 0.3 ms with a frequency of 1 Hz in
alternating polarity (SEN-3301/55104], Nihon Koden Corp.,
Tokyo). Two adjacent electrodes were stimulated in bipolar
fashion. As we analyzed f-MA, nf-MA, and SA stimula-
tions separately, we did not use the responses evoked by
simultaneous stimulation of different eloquent areas; e.g.,
stimulation of an electrode pair covering f-MA and nf-MA.
For the same reason, we did not use the responses evoked
by stimulation of an electrode pair covering MA-MRI and
SA-MRI. For comparison, not only eloquent areas, but also
noneloquent areas (NEA) were stimulated for CCEP re-
cording. The current intensity was set at 80% of the inten-
sity that produced clinical signs or after-discharges during
standard cortical stimulation for eloquent areas. For NEA,
80% of the maximal intensity employed in cortical stimula-
tion was used. Even using lower stimulus intensity,
patients sometimes demonstrated clinical responses during
CCEP recording. In such cases, we decreased the intensity
until no clinical response was observed. No clinical seizure
occurred during CCEP recordings.

For CCEP recording, an evoked potential machine was
used (Neuropack sigma, Nihon Koden Corp., Tokyo).
Sampling rate was set at 5000-10,000 Hz. The low fre-
quency filter was set at 10 Hz, and the high frequency fil-
ter at 2,000-5,000 Hz depending on the sampling rate.
Electrocorticograms were recorded with reference to a sub-
dural electrode placed on a noneloquent indifferent area.
For CCEP recording, 20 to 50 electrocorticographic
responses were averaged and time-locked to the stimulus.

For statistical analyses, chi-square test and t-test were
used (StatMate III, Advanced Technology for Medicine &
Science, Tokyo).

RESULTS

Cortical stimulation identified the f-MA (28 electrodes),
nf-MA (8 electrodes), and SA (16 electrodes including 8
electrodes for facial SA and 8 electrodes for nonfacial SA)
in 14 patients (Table I). All these eloquent areas were
detected by stimulating electrodes of the TC or TP strips
(see Fig. 1). Therefore, CCEP were evaluated by
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Figure 2.

Typical Type | response observed in Patient 7. The schematic
figure shows the location of eloquent area and the stimulated
electrodes. Bold circles signify the stimulated electrodes. Gray
circles indicate electrodes located over facial motor area (f-MA),
and hatched circles over nonfacial motor area (nf-MA). Two
waveforms are displayed in each channel to confirm their repro-

stimulating TC or TP electrodes and recording from the
contralateral TC or TP electrodes. As transcallosal CCEP
responses were well recognized at the contralateral homol-
ogous area in the previous study [Terada et al., 2008], the
homonymous electrodes and their contiguous electrodes
were mainly selected as recording sites. Because of time
pressure, not all pairs could be examined. Finally, we
stimulated a total of 72 pairs of electrodes, and 468 record-
ings were evaluated (Table I). Of 468 recordings, 51 dem-
onstrated definitive CCEP responses and were used in
subsequent analyses.

Waveforms

As reported previously, initial positive triphasic waves
(P1-N1-P2) were recorded from the contralateral hemi-
sphere (Figs. 2—4; Type 1 response). Type 1 responses were
found in 16 recordings; 12 by f-MA stimulation, 2 by SA
stimulation, and 2 by NEA stimulation. The recorded sites
were the f-MA (seven responses), SA (one response), and
NEA (eight responses). The mean onset latency was 5.2 ms
[standard deviation (SD): 1.0], and the mean latencies of P1,
N1, and P2 were 13.1 ms (SD: 3.3), 30.1 ms (SD: 2.9), and
56.9 ms (SD: 7.9), respectively. The mean amplitude was
16.0 puV (SD: 8.7) from onset to P1, 77.3 pV (SD: 59.4) from
P1 to N1, and 107.9 uV (SD: 72.2) from N1 to P2. A notch
was seen superimposing on P1 in all Type 1 responses
except one, in which 2 notches were detected (see Fig. 3).

In 27 recordings, initial negative biphasic waves (N1-P2)
were observed (Fig. 5; Type 2 response). Type 2 responses

ducibility. CCEP responses were evoked by stimulating f-MA (Rt
TC3/4), and were recorded from contralateral electrodes. The
third and fourth channels (Lt TC3 on f-MA and Lt TC4 on non-
eloquent area) demonstrate initial positive triphasic waveforms.
Although there may be responses at the fifth and sixth channels,
they are not analyzed in this study because they are too small.

were obtained by f-MA stimulation (16 responses), nf-MA
stimulation (6 responses), and NEA stimulation (5
responses). The recorded sites were the f-MA (9
responses), nf-MA (1 response), SA (1 response), and NEA
(16 responses). The mean onset latency was 11.1 ms (SD:
3.7), and latencies of N1 and P1 were 28.9 ms (SD: 5.0
and 52.5 ms (SD: 8.9), respectively. The mean amplitude
was 27.5 uV (SD: 17.2) from onset to N1, and 49.1 uV (SD:
27.4) from N1 to P2. In 7 of 27 responses, a notch was
seen superimposing on N1 (see Fig. 5). This notch was
observed when stimulating f-MA (4 responses), nf-MA (1
response), or NEA (2 responses), and recorded at f-MA (3
responses) or NEA (4 responses).

In addition, initial positive biphasic waveforms (P1’-N1’)
were identified in 8 recordings (Fig. 6; Type 3 response).
Type 3 responses were obtained by {-MA stimulation (four
responses), nf-MA stimulation (onie responses), or NEA
stimulation (three responses), and recorded at f-MA (five
responses), nf-MA (two responses) or NEA (one
response). The mean latencies of onset, P1’ and N1’ were
17.0 ms (SD: 6.0), 29.4 ms (SD: 4.5), and 49.4 ms (SD: 5.7),
respectively. The mean amplitude was 20.9 pV (SD: 10.9)
from onset to P1’, and 34.6 uV (SD: 16.5) from P1’ to N1'.

Statistical Analysis
Comparison among stimulation and recording sites

Chi-square test was used to analyze the effect of the
stimulation site. The analysis demonstrated that the
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Figure 3.

Type | response observed in Patient 5. The schematic figure
shows the location of eloquent area and the stimulated electro-
des. Bold circles signify the stimulated electrodes. Gray circles
indicate electrodes located over facial motor area (f-MA). Two
waveforms are displayed in each channel to confirm their repro-

stimulating site affected the positive CCEP response rate
(P < 0.001). In each comparison between eloquent sites,
a significant difference was observed between f-MA
and SA (P < 0.001), between f-MA and NEA (P <
0.001), between nf-MA and SA (P < 0.001), and between
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ducibility. CCEP responses were evoked by stimulating an elec-
trodes pair including f-MA (Rt TCS5), and were recorded from
contralateral electrodes. The second and third channels (Lt TC4
on noneloquent area and Lt TC5 on f-MA) demonstrate initial
positive triphasic waveforms.

nf-MA and NEA (P < 0.001) (Table II). These findings
thus suggested that f-MA stimulation and nf-MA
stimulation evoked contralateral hemispheric CCEP
responses more frequently than SA stimulation or NEA
stimulation.

é‘___
i |
I

11.19ms 177ms  350ms -

Figure 4.

Type | response observed in Patient 10. The schematic figure
shows the location of eloquent area and the stimulated electro-
des. In addition to the symbols described in Figure 2, sensory
area (SA; circle with horizontal lines) and sensori-motor area
(circle with crossed lines) are demonstrated. CCEP responses
were evoked by stimulating SA (Rt TP5/6), and were recorded

from contralateral electrodes. The fifth and sixth channels (Lt
TP5/6 on noneloquent area) demonstrate initial positive tripha-
sic waveforms. Although the first channel may show some
response, it is not used in subsequent analysis because it is not
reproducible.
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Typical Type 2 responses observed in Patient 7. The schematic
figure shows the location of eloquent area and the stimulated
electrodes (see Fig. 2 for explanation). CCEP responses are
evoked by stimulating nonfacial motor area (nf-MA; Rt TC1) and
noneloquent area (NEA; Rt TC2), and were recorded from con-

Chi-square analysis on the effect of the recording site
demonstrated that the recording site was important for a
positive contralateral CCEP response for f-MA and nf-MA
stimulations (P < 0.01 and P < 0.05, respectively), but had
no significant effect for SA and NEA stimulations (Table II).

tralateral electrodes. The first, second, third, and fourth chan-
nels (Le TCI on nf-MA, Lt TC2/3 on facial motor area [f-MA]
and Lt TC4 on NEA) demonstrate initial negative biphasic wave-
forms. At Lt TC2, the initial negative peak (N1) has a notch at
15.9 ms.

For f-MA stimulation, a significant difference in positive
CCEP response was found between f-MA and SA record-
ings (P < 0.05) and between f-MA and NEA recordings
(P < 0.005). For nf-MA stimulation, a significant differ-
ence was also observed between f-MA and SA recordings

RtTC1
(nf-MA) ﬁ
RtTC2 :1»-— S
Rt TC3 J e U
{f-MA) ] L 18.8ms. gQOms o
e g é4.3m;3 )
- - RtTC5 = _ —
O Stimulated electrode e S S e e »
® MA RUTCE =
@ nf-MA __B
50V
10ms
Figure 6.

Typical Type 3 responses observed in Patient 7. The schematic figure shows the location of elo-
quent area and the stimulated electrodes (see Fig. 2 for explanation). CCEP responses are
evoked by stimulating noneloquent area (NEA; Lt TC5/6), and were recorded from contralateral
electrodes. The fourth channel (Rt TC4 on facial motor area [f-MA]) demonstrates an initial pos-

itive biphasic waveform.
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TABLE [l. Number of trials and responses recorded from stimulation of pairs of electrodes
(for cortical stimulation-defined eloquent areas)

CCEP response

Response type

Number Mean response rate
Stimulation Recording of trials Number % per stimulation area Type 1 Type 2 Type 3
-MA -MA 27 15 55.6 29.1° 7 5 3
nf-MA 7 1 14.3 1
SA 8 1 12.5 1
NEA 68 15 22.1 5 10
nf-MA -MA 5 4 80.0° 25.0° 3 1
nf-MA 4 1 25.0 1
SA 3 0 0
NEA 16 2 12.5 2
SA f-MA 14 0 0 29
nf-MA 2 0 0
SA 9 0 0
NEA 43 2 4.7 2
NEA f-MA 43 2 4.7 3.8 1 1
nf-MA 13 1 7.7 1
SA 25 1 4.0 1
NEA 181 6 3.3 1 4 1

f-MA, facial motor area; nf-MA, nonfacial motor area; SA, somatosensory area; NEA, noneloquent area.
“Significantly higher rate compared with SA (P < 0.05), and NEA recording (P < 0.005).
bSignificantly higher rate compared with SA stimulation (P < 0.001) and NEA stimulation (P < 0.001).

(P < 0.05) and between f-MA and NEA recordings (P <
0.005). These data suggested that both f-MA and nf-MA
stimulations tended to evoke contralateral CCEP
responses at the f-MA.

The same statistical analysis was performed among
MA-MRI, SA-MRI, and NEA-MRI (Table III). The statisti-
cal analysis demonstrated that the stimulating site
affected the positive CCEP response rate (P < 0.001). In
each comparison between eloquent sites, a significant dif-

ference was observed between MA-MRI and SA-MRI (P
< 0.001), between MA-MRI and NEA-MRI (P < 0.001),
and between SA-MRI and NEA-MRI (P < 0.01) (Table
II). These findings indicated that both MA-MRI stimula-
tion and SA-MRI stimulation evoked contralateral hemi-
spheric CCEP responses more frequently than NEA-MRI
stimulation, and that MA-MRI stimulation evoked the
responses much more frequently than SA-MRI
stimulation.

TABLE . Number of trials and responses recorded from stimulation of pairs of electrodes
(for MRI-defined eloquent areas)

CCEP response

Response type

Number Mean response rate
Stimulation Recording of trials Number Y per stimulation area Type 1 Type 2 Type 3
MA-MRI MA-MRI 53 19 35.8° 25.4° 5 10 4
SA-MRI 29 8 27.6 3 5
NEA-MRI 56 8 14.3 4 4
SA-MRI MA-MRI 45 7 15.6 8.8° 3 2 2
SA-MRI 38 3 7.9 1 2
NEA-MR1 64 3 4.7 2 1
NEA-MRI MA-MRI 47 1 2.1 1.8 1
SA-MRI 34 1 29 1
NEA-MRI 83 1 12 1

MA-MRI, motor area defined by MRI imaging; SA-MRI, somatosensory area defined by MRI imaging; NEA-MRI, noneloquent area

defined by MRI imaging.

“Significantly higher rate compared with NEA-MRI recording (P < 0.01).
"Significantly higher rate compared with SA-MRI stimulation (P < 0.001) and NEA-MRI stimulation (P < 0.001).
“Significantly higher rate compared with NEA-MRI stimulation (P < 0.01).
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TABLE IV. Amplitudes and latencies of major wave components in Type | responses

Stimulation

Recording

Latency + SD (ms)

Amplitude + SD (uV)

Onset

P1

N1

P2 P1

N1

P2

f-MA

nf-MA

SA

NEA

f-MA
nf-MA
SA
NEA
f-MA
nf-MA
SA
NEA
f-MA
nf-MA
SA
NEA
f-MA
nf-MA
SA
NEA

48 £0.7

49 £08

69 4 05

6.2
5.5

119 £28

13.7 +£ 3.6

17.7 £ 0.1

10.1
13.1

294 + 20

299 4+ 29

352 +£03

27.1
28.7

56.0 + 4.7 223 +£75°

535 +9.3 14.6 + 6.4

704 £ 5.0 70+ 14

55.4 5.0
55.7 8.0

119.7 + 61.8°

61.4 + 31.6

305+ 35

15.0
15.0

162.0 + 73.9°

832 £ 37.0

485 + 0.7

40.0
39.0

SD, standard deviation; f-MA, facial motor area; nf-MA, nonfacial motor area; SA, somatosensory area; NEA, noneloquent area.
*Significantly greater compared with other stimulation/ recording patterns (P < 0.01).
*Significantly greater compared with other stimulation/recording patterns (P < 0.05).

The statistical analysis on the effect of the recording site

demonstrated that the recording site was important for a

positive contralateral CCEP response only for MA-MRI (P
< 0.05) (Table III). For MA-MRI stimulation, a significant
difference in positive CCEP response was found between
MA-MRI and NEA-MRI recordings (P < 0.01). These data
also suggested that MA stimulation tended to evoke con-
tralateral CCEP responses at the MA.

Comparisons of latencies and amplitudes

The latencies and the amplitudes were analyzed statisti-
cally using t-test, for each waveform type (Tables IV-VI).
Because of the limited data available, not all comparisons
were possible. Therefore, comparisons of waveform pa-
rameters were performed only between f-MA recording

with contralateral f-MA stimulation (the most frequently

TABLE V. Amplitudes and latencies of major wave components in Type 2 responses

Latency & SD (ms)

Amplitude & SD (pV)

Stimulation Recording Onset N1 P2 N1 P2
f-MA -MA 7.8 £ 0.6% 243 +£19° 476 + 11.4 302 £ 23.0 56.0 + 29.6
nf-MA
SA 9.0 33.2 29.0 14.0 29.0
NEA 121+ 42 331 :+29 58.7 + 4.8 343 +£ 199 54.6 + 35.7
nf-MA f-MA 113 £ 49 237 £ 24 444 + 84 193 + 16.2 55.0 +£ 25.5
nf-MA 9.5 22.3 37.0 16.0 18.0
SA
NEA 135+ 4.7 315 +59 493 + 75 150+ 1.4 40.0 + 19.8
SA f-MA
nf-MA
SA
NEA
NEA f-MA 9.6 26.6 50.6 18.0 36.0
nf-MA
SA
NEA 11.8 £ 3.5 282 £ 5.0 529 £ 56 285 + 49 42.8 + 10.5

SD, standard deviation; f-MA, facial motor area; nf-MA, nonfacial motor area; SA, somatosensory area; NEA, noneloquent area.
“Significantly shorter compared with other stimulation/recording patterns (P < 0.001).
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TABLE VI. Amplitudes and latencies of major wave components in Type 3 responses

Latency + SD (ms)

Amplitude + SD (pV)

Stimulation Recording Onset

N1’ PY N1

f-MA f-MA
nf-MA
SA
NEA
f-MA
nf-MA
SA
NEA
SA f-MA
nf-MA
SA
NEA
f-MA
nf-MA
SA
NEA 7.6

200 + 4.5
151

nf-MA 10.0

NEA 18.8

21.7

316 £ 4.1
222

289

34.3
29.4

25.7

520+ 5.6
43.7

20.0 £ 15.6
11.0

383 4+ 275
29.0

53.1 25.0 48.0

52.0
50.9

35.0
16.0

30.0
30.0
39.8

20.0 25.0

SD, standard deviation; f-MA, facial motor area; nf-MA, nonfacial motor area; SA, somatosensory area; NEA, noneloquent area.

recorded and the most prominent waveforms obtained
in this study) versus all other stimulation/recording
patterns.

For Type 1 response, no significant differences in laten-
cies such as latencies of onset, P1, N1, and P2 were
observed in all comparisons. On the other hand, all
amplitudes were significantly greater in the waveforms
of f-MA recording with contralateral f-MA stimulation
than other waveforms: from onset to P1 (P < 0.01), from
P1 to N1 (P < 0.05), and from N1 to P2 (P < 0.05) (Ta-
ble IV). For Type 2 response, the latencies of onset (P <
0.001) and N1 (P < 0.001) were shorter in the waveforms
of f-MA recording with contralateral f-MA stimulation
than other waveforms. However, no significant differen-
ces were detected in the comparisons of the latency of
P2 and of all amplitudes (Table V). For Type 3, no sig-
nificant differences were observed in all comparisons
(Table VI).

DISCUSSION

Consistent with our previous report [Terada et al., 2008],
CCEP responses were recorded from the contralateral
hemisphere in the current study. Compared with the pre-
vious study, this study investigated a larger number of
patients, and furthermore succeeded to stimulate not only
f-MA but also nf-MA and SA. The data obtained allowed
us to clarify the characteristics of these interhemispheric
connections more precisely. All patients in the current
study had temporal lobe epilepsy. Therefore, we presume
that all the CCEP responses observed in the present study
may reflect normal physiological phenomena.

Effect of Stimulation and Recording Sites
Facial motor area stimulation

CCEP responses were recorded from the contralateral
hemisphere more frequently by stimulating -MA (29.1%)
than by stimulating SA (2.9%) or NEA (3.8%). And, f-MA
stimulation evoked CCEP responses more frequently at
the contralateral f-MA (55.6%) than at nf-MA (14.3%), SA
(12.5%), or NEA (22.1%), although the differences were
only significant when compared with SA or NEA record-
ings, probably because the number of data was too small.
Furthermore, the amplitudes of all components in Type 1
response were significantly greater when stimulating f-MA
and recording from contralateral f-MA. These data suggest
that compared to other areas, the f-MA has denser interhe-
mispheric connections with the contralateral f-MA. From
the physiological point of view, these connections are sup-
posed to play an important role to control facial move-
ments, which are usually symmetric or not independent
between both sides.

Nonfacial motor area stimulation

CCEP responses were recorded from the contralateral
hemisphere more frequently by stimulating nf-MA (25.0%)
than by stimulating SA (29%) or NEA (3.8%). Further-
more, nf-MA stimulation evoked CCEP responses more
frequently at the contralateral f-MA (80.0%) than at nf-MA
(25.0%), SA (0%), or NEA (12.5%), although the differences
were only significant when compared with SA or NEA
recordings. There were no apparent differences in ampli-
tudes when compared with SA or NEA stimulation,
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15/68 (22.1%) 2/43 (4.7%)
1/8 (12.5%) 0/9 (0%)
1/7 (14.3%) 0/2 (0%)
15/27 (55.6%) "EMA 014 (0%)
, NEA  2/16 (12.5%) 6/181 (3.3%)
SA 0/3 (0%) 1/25 (4.0%)
= nf-MA  1/4 (25.0%) 1/13(7.7%)
-MA  4/5(80.0%) 2/43 (4.7%)
Figure 7.

Schematic presentation of the results. Arrows indicate the inter-
hemispheric connections. The line thicknesses correspond to
the positive rate of CCEP responses; i.e., the thicker the line is,
the more frequently the interhemispheric responses can be
recorded. It is demonstrated that both facial motor area (f-MA)

although statistical analysis could not be performed. These
findings suggest that interhemispheric connections origi-
nating from the nf-MA extend to the contralateral f-MA
more frequently than to other areas including the contra-
lateral homologous nf-MA. From the physiological view-
point, the relatively sparse connections between bilateral
nf-MA may correspond to the fact that left and right
hands are controlled separately and may move independ-
ently in humans.

In a previous electrophysiological study, Ugawa et al.
[1993] demonstrated interhemispheric connections between
strictly homotopic areas in left and right MA using trans-
cranial magnetic stimulation. In an anatomical study con-
ducted in humans, Aboitiz et al. [1992] also noticed that
most fibers in the corpus callosum connect the correspond-
ing areas of the left and right hemispheres. Furthermore,
our previous report suggests that the interhemispheric
connections are between bilateral homologous areas,
although the data were limited only to -MA stimulation
[Terada et al., 2008]. In contrast, the current study demon-

and nonfacial motor area (nf-MA) send their neural connections
to the contralateral f-MA rather than nf-MA or other areas. Fur-
thermore, it is also seen that both somatosensory area (SA) and
noneloquent area (NEA) send sparse connections to the contra-
lateral hemisphere.

strated that the neural connections between left and right
MA were uneven. Both -MA and nf-MA send interhemi-
spheric fibers to the contralateral f-MA more frequently
than to the contralateral nf-MA (see Fig. 7). On the other
hand, compared with nf-MA, -MA tends to receive more
interhemispheric connections from the contralateral MA,
both f-MA and nf-MA. Anatomical analysis in animals
demonstrated uneven transcallosal connections between
left and right MA [Gould et al., 1986; Pandya and Vignolo,
1971). They reported that motor representation of the dis-
tal forelimb has no or greatly reduced callosal connections,
as was also observed in the present human study.

Sensory area and noneloquent area stimulation

Stimulation of SA or NEA evoked only rare CCEP
responses that could be recorded from the contralateral
hemisphere. Especially, SA stimulation never evoked any
response at the contralateral MA or SA, even though both
facial and nonfacial SA were examined. For both SA and
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NEA stimulation, there were no significant differences in
positive response rate among the recording sites. These
findings indicate that there is no or only very sparse neu-
ral connection from the SA or NEA to the contralateral
hemisphere in humans. There was no previous report on
the interhemispheric connection between left and right SA
in humans by any method. However, animal studies have
demonstrated transcallosal connection between bilateral
SA by anatomical investigations [Cusick et al., 1985; Jones
and Powell, 1969; Pandya and Vignolo, 1968] and also by
electrophysiological studies [Chang, 1953; Curtis, 1940a].
The discrepancy between this study and the previous
reports may represent the difference in functional organi-
zation between humans and animals or the difference in
methodology.

Analysis of MRI-defined eloquent areas

Recently, 3D reconstruction MRI imaging is used to
identify “motor area,” “somatosensory area,” or other elo-
quent areas. In this study, we also used the same method,
although we could not differentiate between f-MA and nf-
MA by MRI imaging. In the results, it was also demon-
strated that MA-MRI (25.4%) more frequently sent the
interhemispheric neural connections than SA-MRI (8.8%)
or NEA-MRI (1.8%). It was also demonstrated that MA-
MRI stimulation more frequently demonstrated the CCEP
responses in the contralateral MA-MRI (35.8%) than SA-
MRI (27.8%) or NEA-MRI (14.3%). These findings are con-
cordant with the analysis mentioned above.

In this analysis, however, the statistically significant dif-
ference was also observed in comparison between SA-MRI
stimulation (8.8%) and NEA-MRI stimulation (1.8%). In
the analysis discussed above, there was no statistically sig-
nificant difference between SA stimulation (2.9%) and
NEA stimulation (3.8%). By stimulating SA-MRI, 13 of 147
trials demonstrated CCEP responses in the contralateral
hemisphere. Of 13, six stimulations resulted in motor
response in cortical stimulation, even the electrical stimuli
were given on SA-MRI. It was most likely that these six
stimulations might activate the adjacent MA, and, there-
fore, resulted in activation of the interhemispheric neural
connections arising from the MA. This kind of phenom-
enon was called “distant response” by Penfield and Jasper
[1954].

Waveform types

In this study, three types of waveforms were recorded,
which we designated Type 1, Type 2, and Type 3. Judged
from the waveforms and peak latencies, the generators of
N1 and P2 in Type 1 and Type 2 are most likely to be
identical, while an additional generator may give rise to
P1in Type 1.

Type 1 responses were mainly recorded while stimulat-
ing f-MA (12 of 16 Type 1 responses) and while recording
at f-MA (seven responses). Interestingly, this response was

never recorded when nf-MA was stimulated. Therefore,
we speculate that P1 in Type 1 response may be a
relatively specific component generated by the contralat-
eral -MA.

In Type 1 response, one or two notches always superim-
pose on P1. As discussed in our previous report [Terada "
et al., 2008], this notch may represent the high frequency
oscillation seen in somatosensory evoked potential [Hashi-
moto et al., 1996, Maegaki et al., 2000}, or the d-wave and
i-wave observed in transcranial magnetic stimulation
[Hanajima et al., 2001], or the different latencies between
anodal and cathodal stimuli. Further study is needed to
specify the significance of the notches.

Judged from the peak latencies, P1’ and N1’ of Type 3
may correspond to the opposite tail of dipoles of N1 and
P2. However, because of technical limitation (spatial sam-
pling problem in subdural recording), we could not ana-
lyze their distributions and fields. Therefore, we could not
confirm the presence of this dipole. Further study, includ-
ing EEG or MEG studies, is necessary to clarify the rela-
tionship between N1-P2 in Type 1/2 response and P1’-N1’
in Type 3 responses.

Latencies

In this study, the onset of P1 in Type 1 response was
3.6-7.2 ms, and the peak latency of P1 in Type 1 was 7.6~
13.6 ms. The onset of N1 in Type 2 was 7.1-20.6 ms, the
peak latency of N1 15.9-38.6 ms, the onset of P1’ in Type 3
7.6-24.2 ms, and the latency of P1’ 22.2-36.2 ms.

Shibasaki et al. [1978] demonstrated the latency differ-
ence of C reflexes in bilateral limbs in patients with corti-
cal myoclonus, and suggested that the transit time
between bilateral hemispheres is 9-11 ms. Brown et al.
[1991] also demonstrated similar side-to-side difference of
C reflexes in patients with cortical myoclonus. Their data
suggested that the interhemispheric transit time is 10.1-
15.6 ms. Transcranial magnetic stimulation also demon-
strated transcallosal connections between bilateral MA.
When the ipsilateral MA was stimulated as the condition-
ing stimulation, EMG responses evoked by contralateral
MA stimulation was reduced significantly. This interhemi-
spheric inhibition was maximal when the stimulus interval
was approximately 8-9 ms [Ferbert et al., 1992]. Ugawa
et al. [1993] reported that stimulation of the ipsilateral MA
facilitated the response for the contralateral MA stimula-
tion, and demonstrated that this effect was prominent
when the conditioning stimulation was given 8 ms before
the contralateral stimulation. Cracco et al. [1989] and
Amassian and Cracco [1987] reported cortical responses
similar to our results by transcranial electrical or magnetic
stimulations. Their peak latencies of the initial positive
peak were 8.8-12.2 and 9-14 ms, respectively. These stud-
ies suggest that the transcallosal transit time is approxi-
mately 8-14 ms for left and right MA, and are almost
concordant with our result (the peak latency of P1 in Type
1, the onset of N1 in Type 2, or the onset of P1’ in Type 3).
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Hanajima et al. [2001] showed the occurrence of interhe-
mispheric facilitation 4-5 ms after contralateral MA stimu-
lation, followed by late inhibition maximal at 11 ms. This
facilitation occurred much earlier than our initial peak, but
occurred with the similar timing with the onset of P1 in
Type 1. Then, it is possible that the very early portion of
our CCEP components (P1 in Type 1 response) corre-
sponds to this facilitation.

In animal studies, the initial positive wave lasted
approximately 15 ms and the second negative wave lasted
approximately 75 ms in cat [Curtis, 1940b]. Cukiert and
Timo-laria [1989] reported that the initial response started
at 2-10 ms and the second peak at 10-25 ms. Single neu-
ron recording in animals demonstrated that the initial unit
arrived at 6-8 ms by stimulating the opposite pyramidal
tract in cat [Asanuma and Okuda, 1962]. The latencies
obtained in the present study are consistent with those of
previous works. :

Anatomically, Aboitiz [1992] reported the presence of
fast-conducting, large-caliber fibers between bilateral MA
and SA in human. Hofer and Frahm [2006] reported con-
necting fibers of larger diameters (>3 pm) between bilat-
eral MA located posterior to the midbody of corpus
callosum. The estimated conduction velocity of these fibers
is 40 mm/ms, corresponding to a transcallosal transit time
of 2.5-3.2 ms [Aboitiz et al., 1992]. This time lag is much
shorter than the latency of our initial positive peak, and
even shorter than the onset of the positive wave. This dis-
crepancy may be explained by the time lag between the
stimulation and volley generation at the stimulated site, as
well as the time lag between the arrival time of the volley
and the EPSP generation at the recording site. It is also
possible that we might have missed the earliest potential
of CCEP in the present study.

Generators

As discussed above, we speculate that there are at least
two independent generators for the current CCEP, corre-
sponding to the initial (P1 in Type 1) and the following
peaks. Curtis [1940b] reported that the initial positive and
the second negative peaks responded differently to chemi-
cal agents. He, therefore, concluded that ascending fibers
in the upper layers of the cortex give rise to the initial
positive peak, and descending fibers, which reach the
deeper cortical layers from interneuron in the upper layer,
generate the next negative peak. Chang [1953] analyzed
the effects of Novocaine and strychnine to these compo-
nents, and compared the potentials between stimulation
of contralateral hemisphere and direct stimulation on cor-
pus callosum. He speculated that the initial positive wave
is caused by the antidromic volley and the presynaptic
orthodromic volley, and the second peak is the activity of
the superficially placed callosal afferent and their postsy-
naptic neurons. The feline study of Cukiert and Timo-
laria [1989] suggested that the early and late components
reflect most probably the involvement of mono- and poly-

synaptic pathways, respectively, on account of the differ-
ences in latency, response to stimulus frequency, and the
stability.

CONCLUSION

As previously reported, we demonstrated interhemi-
spheric connections between left and right MA in humans
in this study. In addition, we also demonstrated that the
interhemispheric connections were uneven. The f-MA has
dense connections with the contralateral f-MA, and the nf-
MA also has dense connections with the contralateral f-
MA but less dense connections with the contralateral ho-
mologous nf-MA. The SA has no or only sparse connection
with the contralateral MA or SA.
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