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Abstract
OBJECTIVE—The lower-order visual cortex in the medial-occipital region is suggested to send
feed-forward signals to the higher-order visual cortex including ventral-occipital-temporal and
dorsal-occipital regions. We determined how stimulation-elicited cortical-signals propagate
between lower- and higher-order visual cortices, and whether the magnitudes of stimulation-
elicited cortical-signals recorded in the higher-order visual cortex differed from those recorded in
the lower-order one.

METHODS—We studied 10 patients with focal epilepsy who underwent extraoperative
electrocorticography recording. Trains of 1-Hz stimuli with an intensity of 3 mA were delivered to
an electrode pair within the medial-occipital region; then, cortico-cortical evoked-potential
(CCEP) and stimulation-elicited gamma-activity at 80–150 Hz were measured in the ventral-
occipital-temporal and dorsal-occipital regions. Likewise, CCEP and stimulation-elicited gamma-
activity, driven by stimuli within the higher-order visual cortex, were measured in the lower-order
visual cortex.

RESULTS—CCEPs generated, via feed-forward propagations, in the higher-order visual cortex
were significantly larger than those generated, via feed-back propagations, in the lower-order
visual cortex. Stimulation of the lower-order visual cortex elicited augmentation of gamma-
activity in the higher-order visual cortex after the preceding CCEP subsided.

CONCLUSIONS—The propagation manners of stimulation-elicited cortical-signals differ
between feed-forward and feed-back directions in the human occipital lobe.

SIGNIFICANCE—Such difference may need to be taken into consideration for future clinical
application of CCEPs and stimulation-elicited gamma-augmentation in presurgical evaluation for
epilepsy surgery.
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INTRODUCTION
The medial-occipital region, functioning as the lower-order (or primary) visual cortex,
receives inputs from the lateral geniculate nucleus and codes visual information in a
retinotopically organized way (Conturo et al., 1999; Schneider et al., 2004; Logothesis et al.,
2010). Subsequent projection from the medial-occipital region to the ventral-occipital-
temporal region is generally known as the ventral visual stream, whereas that to the dorsal-
occipital region consists of a part of the dorsal visual stream (Mishkin and Ungerleider,
1982; Schroeder et al., 1998; Wandell et al., 2007). The ventral visual stream plays an
essential role in object recognition while the dorsal visual stream in processing of location
information (Mishkin and Ungerleider, 1982; Goodale and Milner, 1992). Although
functional specialization of these occipital regions has been extensively described in
previous studies of humans and non-human primates (Wandell et al., 2007), functional
connectivity across the human occipital regions (beyond anatomical connectivity) has not
been fully understood.

In the present study using intracranial recording in patients with focal epilepsy, we, for the
first time, determined whether electrical stimulation-elicited cortical signals bi-directionally
propagate across human occipital regions, by measuring cortico-cortical evoked potential
(CCEP; Matsumoto et al., 2004) and stimulation-elicited gamma-activity recorded at non-
epileptic occipital sites. Based on the results of single neuron recording (Logothetis et al.,
2010; Alarcón et al., 2012), it has been hypothesized that CCEPs may reflect very short
excitation (possibly obscured by electrical stimulation artifacts) and subsequent long-lasting
inhibition (100–300 msec). Augmentation of gamma activity is generally considered to
reflect cortical activation, since it is associated with increased spiking rates in single neuron
recording (Ray et al., 2008) and increased blood-oxygen-level-dependent (BOLD) responses
in functional MRI (fMRI) (Niessing et al., 2005; Scheeringa et al., 2011). Furthermore,
resection of the sites showing event-related gamma-augmentation frequently results in
functional deficits (Kojima et al., 2012). Our previous study of the effect of photic
stimulation on cortical activity revealed that the earliest and largest amplitude augmentation
involved the gamma band at 80–150 Hz in the medial-occipital region (Matsuzaki et al.,
2012).

The advantages of measuring stimulation-elicited cortical signals on electrocorticography
(ECoG) include capability to evaluate: (a) the deep cortical structures with a spatial
resolution of 1 cm, (b) directional dependence in signal propagation with a temporal
resolution of millisecond order, and (c) propagation patterns not affected by visual attention
or awareness modulated by exposure to external visual stimuli. We tested the functional
connectivity between two of the following three regions: (i) the medial-occipital region
(defined as the medial portion of Brodmann Area [BA] 17/18; Matsuzaki et al., 2012), (ii)
the ventral-occipital-temporal region (ventral portion of BA 19/37), and (iii) the dorsal-
occipital region (lateral portion of BA 19/37) (Figure 1).

We hypothesized that stimulation of an electrode pair within the medial-occipital region
would elicit CCEPs and augmentation of stimulation-elicited gamma-activity in the ventral-
occipital-temporal and dorsal-occipital regions (defined as the higher-order visual regions in
the present study). We also hypothesized that stimulation of a pair within the ventral-
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occipital-temporal or dorsal-occipital region would likewise elicit responses in the medial-
occipital region. Tracer studies of monkeys have suggested the anatomical and mostly
reciprocal connectivity between the lower- and higher-order visual regions (Felleman and
Van Essen, 1991). We finally determined whether CCEPs and stimulation-elicited gamma-
activity propagating in feed-forward directions (lower → higher-order visual region)
differed from those propagating in feedback directions (higher → lower-order visual
region). In the present study, electrical stimuli of same intensity were systematically
employed, and the averaged distance between stimulus and recording sites was the same
between directions in propagation.

METHODS
Patients

Patients were selected by using the following inclusion criteria: (i) a history of focal
epilepsy scheduled for extraoperative subdural ECoG recording as part of the presurgical
evaluation at Children’s Hospital of Michigan, Detroit, between May 2011 and June 2012,
(ii) ECoG sampling involving the occipital lobe and (iii) measurement of the amplitudes of
CCEP and stimulation-elicited gamma-activity in the aforementioned occipital regions. The
exclusion criteria consisted of: (i) presence of brain malformations involving the occipital
lobe, and (ii) visual field deficits detected by confrontation. We studied a consecutive series
of 10 patients (age: 3–17 years) satisfying all criteria (Table 1). This study has been
approved by the Institutional Review Board at Wayne State University, and written
informed consent was obtained from the legal parent or guardian of a given patient.

Subdural electrode placement and video-ECoG recording
Subdural platinum grid and strip electrodes (10-mm inter-contact distance; 4-mm diameter)
were placed as previously described (Asano et al., 2009). Electrode placement involved all
four lobes in one hemisphere, and the total number of analyzed electrodes ranged from 104
to 144. All electrode plates were stitched to adjacent plates or the edge of dura mater, to
avoid movement of subdural electrodes after placement. Extraoperative video-ECoG
recordings were obtained for 3 to 5 days, using a 192-channel Nihon Kohden Neurofax
1100A Digital System (Nihon Kohden America Inc., Foothill Ranch, CA, USA) at a
sampling frequency of 1,000 Hz and an amplifier band pass of 0.08 to 300 Hz. The averaged
voltage of ECoG signals derived from the fifth and sixth intracranial electrodes of the ECoG
amplifier was used as the original reference (Wu et al., 2011). ECoG signals were then re-
montaged to a common average reference (Sinai et al., 2005; Wu et al., 2011). Channels
contaminated with artifacts or large interictal epileptiform discharges were excluded from
the common average reference.

Coregistration of electrodes on individual three-dimensional volumetric MRI was previously
described (Muzik et al., 2007; Alkonyi et al., 2009; Wu et al., 2011); spatial accuracy was
confirmed by intraoperative digital photographs showing in situ electrode locations (Dalal et
al., 2008). Sites showing either seizure onset or interictal spike discharges (Asano et al.,
2009) were excluded from the subsequent analysis.

Stimulus protocol
During extraoperative ECoG monitoring, trains of electrical stimuli were delivered to a
contiguous pair of subdural electrodes within one of the three occipital regions (Figure 1) at
a frequency of 1 Hz for 10 seconds (Grass S88 stimulator: Astro-Med, Inc, West Warwick,
RI). A small number of stimuli were employed to minimize the patient participation time.
Each electrical stimulus consisted of a square wave pulse of 0.3 ms duration, 3 mA intensity,
and biphasic polarity. Such a systematic application of stimuli with fixed parameters

Matsuzaki et al. Page 3

Clin Neurophysiol. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



allowed us to quantitatively determine directional dependence in discharge propagation
(Goldring et al., 1994; Rosenberg et al., 2009). The employed stimulus intensity was even
smaller than those reported to be safe (Valentin et al., 2002; Matsumoto et al., 2004;
Koubeissi et al., 2012).

A total of 25 pairs within the medial-occipital region (range: 1 to 4 pairs per patient; median:
3 pairs), 23 pairs within the ventral-occipital-temporal region (range: 1 to 4 pairs per patient;
median: 2 pairs), and 25 pairs within the dorsal-occipital region (range: 1 to 5 pairs per
patient; median: 2 pairs) were stimulated. The order of stimulation sites across three
occipital regions was counterbalanced within and between subjects. The patients were
comfortably lying on the bed while closing the eyes in a dimly lit room. No clinical
symptoms (such as phosphenes) were elicited by electrical stimulation. No adverse effects
(such as after-discharges or pain) were noted.

Measurement of cortico-cortical evoked potential (CCEP)
ECoG signals were averaged time-locked to the onset of each electrical stimulus with a time
window of −100 to +500 ms with a low-frequency filter of 1.0 Hz and high-frequency filter
of 300 Hz (Figures 2A and 2B). Averaged ECoG signals were further grand-averaged within
each of the three occipital regions according to the stimulated occipital region. Thereby, we
incorporated CCEPs recorded at least 2 cm away from the stimulus site, in order to
minimize the effects of stimulation artifacts (Swann et al., 2012). The aforementioned
procedures yielded a total of four grand-averaged CCEPs (Figure 2C and 2D). The grand-
averaged CCEP in the ventral-occipital-temporal region consisted of 98 individual CCEPs
(980 trials) recorded at 38 ventral-occipital-temporal sites, with each CCEP elicited via
propagation in feed-forward directions; such a grand-average measure will be referred to as
‘grand-averaged CCEPmedial→ventral’ in the following text. Subsequently, ‘grand-averaged
CCEPmedial→dorsal were calculated by grand-averaging 111 CCEPs recorded at 42 dorsal-
occipital sites. Likewise, ‘grand-averaged CCEPventral→medial’ and ‘grand-averaged
CCEPdorsal→medial’ were calculated, by grand-averaging CCEPs recoded in 42 medial-
occipital sites.

Measurement of stimulation-elicited gamma-activity
We determined the temporal dynamics of gamma-amplitudes at 80–150 Hz following
electrical stimulation, using a previously validated method (Wu et al., 2011; Matsuzaki et
al., 2012). Each ECoG trial containing a stimulus was transformed into the time–frequency
domain using a complex demodulation technique (Papp and Ktonas, 1977) incorporated in
BESA® EEG V.5.1.8 software (BESA GmbH, Gräfelfing, Germany; Hoechstetter et al.,
2004). The time–frequency transform was obtained by multiplication of the time-domain
signal with a complex exponential, followed by a low-pass filter. The low-pass filter used
here was a finite impulse response filter of Gaussian shape, making the complex
demodulation effectively equivalent to a Gabor transform. The filter had a full width at half
maximum of 2 × 7.9 ms in the temporal domain and 2 × 14.2 Hz in the frequency domain.
The corresponding time-frequency resolution was ±7.9 ms and ±14.2 Hz (defined as the
50% power drop of the finite impulse response filter). A given ECoG signal was assigned an
amplitude (a measure proportional to the square root of power) as a function of time and
frequency at each trial. Time–frequency transformation was performed for frequencies
between 80 and 150 Hz and latencies between −150 and 500 ms relative to the onset of
electrical stimulation, in steps of 10 Hz and 5 ms. At each time-frequency bin, we analyzed
the percent change in amplitude (averaged across 10 trials) relative to the mean amplitude in
a reference period at −150 and −100 ms relative to the stimulation. Such a change in
amplitude has been termed “temporal spectral evolution” (TSE) (Salmelin and Hari, 1994).
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In the present study, we did not differentiate between phase-locked and non-phase-locked
components (Crone et al., 2006) of TSE values.

The aforementioned procedures allowed us to evaluate how stimulation-elicited gamma-
activity was altered as a function of time at each occipital site. We then calculated the grand-
averaged percent change of stimulation-elicited gamma-amplitudes in each occipital region,
according to which occipital region was stimulated (Figure 3). In the following text, for
example, ‘grand-averaged Gammamedial→ventral’ will indicate the grand-averaged percent
change of stimulation-elicited gamma amplitudes measured at 38 ventral-occipital-temporal
sites when stimuli were delivered to 25 pairs within the medial-occipital region. Likewise,
‘grand-averaged Gammaventral→medial, Gammamedial→dorsal, and Gammadorsal→medial’ were
calculated.

Statistical analysis
We determined whether and when the voltage of CCEP or percent change of stimulation-
elicited gamma-amplitude of each type differed from zero, using a studentized bootstrap
procedure. A false discovery rate (FDR) corrected p-value < 0.05 was considered
significant. Likewise, we determined whether and when the voltage of CCEP or percent
change of stimulation-elicited gamma-amplitude of each type differed from that of its
counterpart.

RESULTS
CCEP

Individual averaged CCEP trace at each electrode site as well as grand-averaged CCEP of
each type is presented in Figure 2. CCEPmedial→ventral contained an early (20–40 ms)
negative deflection with a trough-peak amplitude of >50μV in 7 of the 98 traces (7%) and a
delayed (40–200 ms) negative deflection with a trough-peak amplitude of >50μV in 35 of
the 98 traces (36%) (Figure 2A). Visual assessment of each trace confirmed that each
stimulus reproducibly elicited such deflections. The early negative deflection, if present,
appeared more sharply-contoured compared to the delayed one, consistent with previous
studies of CCEPs recorded outside of the occipital lobe (Matsumoto et al., 2004; Lacruz et
al., 2007; Conner et al., 2011; Keller et al., 2011; Garell et al., 2012; Koubeissi et al., 2012).
Conversely, CCEPventral→medial contained an early negative deflection with a trough-peak
amplitude of >50μV in only 2 traces (2%) and a delayed negative deflection with such a
trough-peak amplitude in 19 traces (19%) (Figure 2A). The bootstrap statistics suggested
that the voltage of CCEPmedial→ventral was larger than that of CCEPventral→medial at 130 ms
(FDR-corrected p- value<0.05) (Figure 2B). In order to minimize the effects of the polarities
of CCEPs across the recording sites, we also measured |CCEP| (i.e.: absolute amplitude of
CCEP) at each site. The bootstrap statistics suggested that the amplitude of |
CCEP|medial→ventral was larger than that of |CCEP|ventral→medial at 90 ms (FDR-corrected p-
value<0.05).

CCEPmedial→dorsal contained an early negative deflection with a trough-peak amplitude of
>50μV in 5 traces (5%) and a delayed negative deflection with such an amplitude in 38
traces (34%) (Figure 2C). Conversely, CCEPdorsal→medial contained such an early negative
deflection in 1 trace (1%) and a delayed negative deflection in 31 traces (28%) (Figure 2C).
The bootstrap statistics suggested that the voltage of CCEPmedial→dorsal was larger than that
of CCEPdorsal→medial at 70–85 ms (FDR-corrected p-value<0.05) (Figure 2D). Difference in
the amplitude between |CCEP|medial→dorsal and |CCEP|dorsal→medial failed to reach
significance (FDR-corrected p-value>0.05).
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Stimulation-elicited gamma-activity
The bootstrap statistics suggested that Gammamedial→dorsal became greater than zero at 220–
275 ms following the onset of stimulation (FDR-corrected p-value<0.05) (Figure 3B).
Gammamedial→ventral, Gammaventral→medial, and Gammadorsal→medial failed to differ from
zero (Figure 3). No difference between Gammamedial→ventral and Gammaventral→medial or
between Gammamedial→dorsal and Gammadorsal→medial was found.

DISCUSSION
Significance of CCEPs in the visual pathways

The present study of the large-scale cortical networks demonstrated that electrical
stimulation of the lower-order visual region elicited CCEPs in the higher-order visual
regions, while stimulation of the higher-order region elicited CCEPs in the lower-order
region. These observations provide a direct evidence of functional connectivity between
lower- and higher-order visual regions within the human occipital lobe.

Grand-averaged CCEPs observed in this study consisted of a small early (20–40 ms)
negative deflection, followed by larger delayed (40–200 ms) negative deflection. The
mechanism of CCEPs remains to be determined. It has been speculated that early deflections
reflect excitation of neurons, while delayed ones reflect inhibition (Logothetis et al., 2010;
Alarcón et al., 2012). A study of non-human primates demonstrated that microstimulation of
the lateral geniculate nucleus had spiking rates in V1 increased at 10–20 ms and decreased
subsequently for up to 300 ms (Logothetis et al., 2010).

Assessment of individual traces revealed that only a subset (up to 7%) of individual CCEPs
contained an early negative deflection with an amplitude of >50μV. The lack of well-
defined early negative deflection in most of individual CCEPs in our study may be attributed
to the stimulus parameters. An early study of non-human primates reported that larger
intensity of cortical stimulation was associated with a large amplitude of early signal
deflections (Goldring et al., 1994). Electrical stimuli employed in our study were smaller,
and the number of averaging was smaller than those in previous human studies of CCEPs
(Valentin et al., 2002; Matsumoto et al., 2004; Koubeissi et al., 2012). We deliberately
employed such a weak electrical stimulus in order to minimize the chance of perception of
phosphenes, which might secondarily modulate cortical oscillations. None of the patients
reported such perception during electrical stimulation in the present study. Thus, we believe
that CCEPs recorded in our study were not affected by the secondary changes in visual
attention or awareness.

Delayed (40–200 ms) negative deflection was noted in a larger subset of individual CCEPs,
and the voltage of such a delayed component was significantly greater in CCEPlower→higher
than in CCEPhigher→lower. These observations are the direct evidence of reciprocal
connectivity between lower- and higher-order visual regions via cortico-cortical (or cortico-
subcortical-cortical) pathways, and suggest that the manner of propagation differed between
the directions. The mechanism for such difference still remains to be determined. Possible
explanations include that antidromic propagation of CCEPs may collide with spontaneous
orthodromic propagation (Fuller, 1975; Movshon and Newsome, 1996). A previous study of
rats showed that microstimulation of the lower-order visual cortex elicited excitatory
postsynaptic potentials (EPSPs) that were followed by GABA-mediated hyperpolarizing
inhibitory postsynaptic potentials (IPSPs) in the higher-order visual cortex, while
microstimulation of the higher-order visual cortex rarely elicited such IPSPs (Shao and
Burkhalter, 1999). We cannot rule out the possibility that electrical stimulation of the lower-
order visual cortex, compared to higher-order ones, may have more efficiently activated the
axons of underlying neurons, perhaps because the human lower-order visual cortex is a thin

Matsuzaki et al. Page 6

Clin Neurophysiol. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



structure with a larger granular layer and a prominent bundle of fibers (Huttenlocher, 1990).
The number of fibers projected between the stimulated and recording sites should be the
same between the stimulus conditions, though previous studies of cats using retrograde
transport of fluorescent tracer showed that the lower-order visual cortex sends widely
divergent projections to larger higher-order visual cortices (Price et al., 1994). Variability in
the laminar termination should be also considered, since it may cancel out the generated
signals. A study of non-human primates showed that the feed-forward connections terminate
mainly in layer IV in higher-order visual cortices, while the feed-back connections arise
mainly from the supragranular and infragranular layers of the higher visual areas and
terminate mainly outside of layer IV of the lower-order visual cortex (Felleman and Van
Essen, 1991).

Significance of stimulation-elicited gamma-activity in the visual pathways
We found that stimulation of the lower-order visual cortex elicited augmentation of gamma-
activity at 80–150 Hz in the higher-order visual cortex at 220–275 msec, when delayed
negative deflection of CCEPs subsided. Such gamma-augmentation may reflect weak but
still significant cortical excitation. Previous ECoG studies of human cerebral cortex have
shown that the amplitude of gamma-activity spontaneously waxes and wanes by being time-
locked to the phase of slow wave at delta to theta range (Canolty et al., 2006; Csercsa et al.,
2010; Le Van Quyen et al., 2010; Nagasawa et al., 2012). Such delayed gamma-
augmentation is unlikely to reflect delayed epileptic spikes induced by stimulation (Valentín
et al., 2002; van ’t Klooster et al., 2011), since the sites involved by interictal spikes, seizure
onset zones or structural lesions were excluded from the study.

Methodological considerations
The location and extent of subdural electrode placement were determined solely by clinical
considerations; thus, spatial sampling was limited. No subcortical structures were sampled,
and we are unable to determine whether CCEPs were generated strictly via cortico-cortical
or cortico-subcortical-cortical projection. Our analytic approach was unique, since all CCEP
traces were included into the statistical analysis, regardless of presence of visually-
noticeable and reproducible deflections. Limitations include that a smaller number of
repeated stimuli may have resulted in underestimation of a small deflection in each
individual CCEP trace. Increasing the number of stimuli (for example up to 40 per a pair)
seemed to be feasible and is expected to improve the signal-to-noise ratio in the future.

We cannot completely rule out the effect of patient age on stimulation-elicited cortical
signals, but there is no objective evidence that the main findings of the present study have
been driven by the age of our study patients (Table 1). A study of healthy children and
adults using diffusion-weighted MRI suggested that the myelination process starts earlier in
the occipital than in the frontal lobe, and that the changes of diffusional anisotropy in the
occipital white matter are completed within 6 months after birth (Nomura et al., 1994). The
synaptic density in the human visual cortex has been reported to rapidly increase during the
first year of life, and gradually decrease until 11 years of age (Huttenlocher and de Courten
C, 1987).

Measurement of stimulation-elicited cortical signals on subdural EEG may be, in part,
advantageous to fMRI and diffusion tractography in delineating the connectivity involving
less well-described cortical networks. A previous fMRI study demonstrated that BOLD
signals fluctuated with a frequency of <0.1 Hz during a resting period with the eyes closed;
thereby, hemodynamic activation in the lower-order visual regions was temporarily coupled
with deactivation in the higher-order regions bilaterally, while activation in the higher-order
visual regions was in turn coupled with deactivation in the lower-order regions (Beckmann
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et al., 2005). Diffusion tractography is a useful tool to quantitatively visualize the white
matter pathways in a living human brain, but the presence of major crossing fibers (such as
the superior longitudinal fasciculus) may make it difficult to accurately visualize the fibers
directly connecting the lower- and higher-order visual regions within the occipital lobe
(Singh and Wong, 2010). Neither neuroimaging modality can delineate the temporal
dynamics of signal propagation in an order of milliseconds nor determine in which direction
electrical signals propagate more effectively. Further studies are warranted to determine how
useful CCEPs recorded in the visual pathways are to localize the eloquent cortices in
presurgical evaluation.
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HIGHLIGHTS

• Electrical stimulation of the lower-order visual cortex elicited cortico-cortical
evoked potentials (CCEPs) and augmentation of gamma activity in the higher-
order visual cortex via feed-forward propagations.

• Electrical stimulation of the higher-order visual cortex elicited smaller CCEPs
but no detectable gamma-augmentation in the lower-order visual cortex via
feed-back propagations.

• Difference in the propagation manners of stimulation-elicited cortical-signals
between feed-forward and feed-back directions may need to be taken into
consideration for future clinical application of CCEPs and stimulation-elicited
gamma-augmentation in presurgical evaluation for epilepsy surgery.
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Figure 1. Subdural electrode placement
The locations of subdural electrodes in 10 patients were superimposed on a brain template
(Matsuzaki et al., 2012). The electrodes were implanted on the left hemisphere in five
patients and on the right hemisphere in the remaining five (Table 1). The upper panels show
the stimulated pairs in the medial-occipital regions; the middle panels show those in the
dorsal-occipital regions; the lower panels show those in the ventral-occipital-temporal
regions. Each electrode pair is color-coded based on a given patient. All stimulating and
recording sites are shown.
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Figure 2. Cortico-cortical evoked potentials (CCEPs)
(A) The upper panel superimposes all individual traces of CCEPmedial→ventral, while the
lower shows all CCEPventral→medial. Stimulus artifacts are noted at the onset of electrical
stimulus (at 0 ms). (B) The black line represents ‘grand-averaged CCEPmedial→ventral’, while
the gray line represents ‘grand-averaged CCEPventral→medial’. *: At 130 ms after the
stimulus onset, the voltage of CCEPmedial→ventral became significantly larger than the
voltage of CCEPventral→medial.
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(C) The upper panel superimposes all individual traces of CCEPmedial→dorsal, while the
lower shows all CCEPdorsal→medial. (D) The black line represents ‘grand-averaged
CCEPmedial→dorsal’, while the gray line represents ‘grand-averaged CCEPdorsal→medial’. *:
At 70–85 ms after the stimulus onset, the voltage of CCEPmedial→dorsal became significantly
larger than the voltage of CCEPdorsal→medial.
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Figure 3. Stimulation-elicited gamma activity
(A) The graphs show the temporal profiles of gamma-amplitudes at 80–150 Hz following
electrical stimulation. The gamma-amplitude was calculated as the percent change in
amplitude relative to the mean amplitude in a reference period at −150 and −100 ms relative
to the stimulation. Black line: ‘Grand-averaged Gammamedial→ventral’. Gray line: ‘Grand-
averaged Gammaventral→medial’. Due to the effects of stimulus artifacts, it was not possible
to accurately evaluate gamma-amplitudes within 30 ms from the stimulus. (B) Black line:
‘Grand-averaged Gammamedial→dorsal’. Gray line: ‘Grand-averaged Gammadorsal→medial’. *:
Gammamedial→dorsal at 220–275 ms was significantly larger than that during the preceding
baseline period.
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