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was selected from three sources (on-mesh, skull screw and neck).
Fol]owiné amplification, signals from different sources were simulta-
neously acquired with two digital-to-analogue converting boards
running on the LabVIEW system (PCI-6259 and PCI-6225; National
Instruments, TX, USA) driven by the same clock source for
synchronization of samplings, with the use of a custom-made
multichannel data acquisition/display software (NS Computer Sys-
tems, Nagaoka, Japan). The sampling frequency was 20 kHz for depth
and silver-ball recordings and 1kHz for multichannel surface
electrode-mesh recording. Single- or multi-unit spike activities were
isolated from the high-passed signal using software slicers. For each
unit activity, a peristimulus time histogram (PSTH) was plotted (bin
width =10 ms, spike counts within any bin were summed across
trials). The mean and the standard deviation (SD) of the baseline
period activity was calculated for the 500-ms period prior to the
stimulus onset. The unit activity was defined as visually responsive if
at least a bin during the 50- to 200-ms post-stimulus period exceeded
mean + 35D of the baseline activity. The icLFPs and silver-ball ECoGs
were obtained by low-pass filtering (cutoff frequency: 300 Hz) and
resampling (20 kHz to 1 kHz) of the wide-band-filtered signals. The
latency was defined as the time between stimulus onset and the time
point where the signal exceeded -+ 35D of the baseline activity. The
offline data analysis was performed with custom-made software
written in FreePascal/Lazarus and GNU R on Macintosh computers.

Ocular dominance index

Ocular dominance index of neuronal spike activity (neuronal ODI)
was calculated as:

(ann'a_Fipsi) J'( ('antra = Fipsi)

where Feonra=spike frequency recorded in Contra condition, and
Fipsi=spike frequency recorded in Ipsi condition. If visual responses
were detected only in Contra condition, neuronal ODI should be 1. If
visual responses were detected only in Ipsi condition, neuronal ODI
should be —1. ECoG ODI was defined for each ECoG channel as:

(Slopemﬁa—slope,-mi) / (Slopem,m + Slapeip,i)

where Slopecsnera= peak slope of averaged visually evoked potentials
(VEPs) in Contra condition, Slopejps; = peak slope of averaged VEP in Ipsi
condition. If multiple peaks were observed in time course, the first peak
was used. Correlation between neuronal ODI and ECoG ODI was
evaluated by regression analysis using the “robustly fitted line”
recommended in exploratory data analysis (Tukey, 1977). In anatomi-
cally defined V1, the locations of binocular and monocular tracts were
chosen at the nearest mesh-hole in the vicinity of the most typical
bilateral and Contra-dominant ECoG response channels, respectively.
Because the tungsten microelectrode was inserted into the cortex
through the holes between the mesh, an ECoG ODI for each penetration

site was estimated by interpolation. Each 32-channel ECoG map was
interpolated into a 72 x 72 matrix using Akima's (1970, 1991) method.

Across-trial response variabilities

To evaluate a trial-wise variability of ECoG or LFP signals, we
calculated a trial-to-trial standard deviation at each sampling time.
Then, standard deviations during a period of 250 ms following the
stimulus onset were averaged (across-trial SD).

Decoding analysis

We used ECoG signals during a period from —25 ms to 325 ms
relative to the stimulus onset in each trial. The amplitudes at each
channel were sampled by a 50-ms time window shifted by 50 ms, and
25 the power spectrum in each time window was calculated. The
powers of each frequency, time window and channel were used as
input features (a feature vector) for classification analysis (7 time
windows x 5 frequency bandsx 32 channels; total of 1120 features in
each data sample for the electrode-mesh). The feature vector obtained
from each trial was labeled by the stimulated eye (left eye or right
eye). The dimensionality of feature vectors was reduced by selecting
informative features based on a univariate analysis (t-statistics)
applied to a training data set. We ranked the features by the t-value
that indicated the differential responses of the two stimulus
conditions (left eye or right eye) and selected top N features (n=1,
5,10, 25,50, 75, 100, 150 and 200). The N-dimensional feature vectors
served as inputs to the decoding model. We constructed a linear
classifier (decoder) to predict the stimulated eye from the ECoG
signals measured in each trial. The decoder calculated the linearly
weighted sum of the ECoG features plus bias for each class (left eye or
right eye), and the class with a higher value was chosen as the
predicted class. Individual weights and biases were determined using
a linear support vector machine (SVM) applied to a training data set
(Vapnik, 1998). The SVM algorithm was implemented using MATLAB
(Kamitani and Tong, 2005).

Decoding performance was evaluated by two types of analysis. First,
to evaluate the overall performance of each rat/hemisphere avoiding
the circularity that can arise from data selection (Kriegeskorte et al.,
2009), we performed a cross-validation analysis using the entire data
set. We divided the data into 10 subgroups, and 9 of them were used
to train a classifier, and the remaining subgroup was used for
evaluating the trained classifier. This procedure was repeated until
the samples from all 10 subgroups were tested (10-fold cross-
validation) and the percentage of correct classification was calculat-
ed. Second, to evaluate the stability of decoding with multichannel
ECoG responses, we selected top-100 features and trained a classifier
using the data measured during the first hour of the experiment and
tested on the blocks of data measured in the following 1-6 hours
(1 hour in 1 hemisphere, 3 hours in 3 hemispheres, 4 hours for 1
hemisphere and 6 hours for 1 hemisphere). We calculated the cross-

Fig. 2. Visually evoked ECoG signals from an electrode-mesh. (a) Multichannel ECoG responses to Contra (blue traces) and Ipsi (red traces) stimulation superimposed on the cortical
map reconstructed from Paxinos Atlas. Vertical black line in each panel indicates the stimulus onset. Numbers of averaged trials were 40 and 39 for the Contra and Ipsi conditions,
respectively. TM' and ‘TB' indicate the positions of penetration tracts in the monocular and binocular visual cortex, respectively, defined by mesh ECoG responses (see Methods for
electrode coordinate nomenclature). Ant: anterior (rostral), Lat: lateral, V1: primary visual cortex (V1B: binocular V1, VIM monocular V1), V2: secondary visual cortex, 51: primary
somatosensory cortex, Au: auditory cortex, TeA: temporal association cortex, M1: primary motor cortex, M2: secondary motor cortex, Pt: parietal cortex, LPtA: lateral parietal
association cortex, MPtA: medial parietal association cortex, RSD: retrosplenial dysgranular cortex. (b-1) Simultaneously recorded ECoG, icLFP, PSTH and rastergrams in Contra and
Ipsi conditions at TM. ECoG was from the nearest electrode-mesh channel. Shaded areas in ECoG and icLFP indicate mean +3SD of the baseline. Dashed and dotted lines in PSTH
indicate mean and mean + 35D levels of baseline spike counts. ECoG, icLFP and spike activity was consistently Contra-dominant at this recording site. (b-2) ECoG, icLFP, PSTH and
rastergram at TB. Bilateral ECoG, icLFP and spike activity was observed at this recording site, Presumably, difference in VEP polarity between TM and TB icLFPs was due to different
recording depths (TM: 588 pm, TB: 226 um from dura, by manipulator readout). (c) Scatterplot of simultaneously recorded neuronal ODI versus mesh ECoG ODI, showing a
significant positive correlation. Different symbols/colors indicate different hemisphere/penetrations. Each symbol represents an individual neuron. Solid line indicates the robustly
fitted line (Tukey, 1977) (see Methods). (d) Simultaneously recorded visually evoked responses from 4 channels (‘lic’, 'ld", ‘IVc’ and ‘IVd’) of the electrode-mesh and from the
silver-ball ECoG electrode (SB) at the center of 4 electrode-mesh channels as well as icLFP and spikes at the penetration tract. Data were obtained from a left hemisphere under the
Contra condition in a control experiment. In each icLFP or ECoG trace, a red line and orange shadow represent mean + SEM. Vertical dotted lines indicate stimulation onset.
Horizontal bars: stimulation duration (500 ms). Number of averaged trials was 39.
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validation classification accuracy for the first hour and the general-
ization accuracies for each of the following hours. We used the
binomial test to examine whether the frequency of correct classifi-
cation exceeded the chance level.
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Results are expressed as means-+standard error of mean (SEM)
unless otherwise mentioned. Differences were tested using two-tailed
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Student's t-test. In all pair-wise tests, results from the same hemisphere
were paired unless otherwise mentioned. All statistical calculations
were performed using GNU R.

Results
MEMS fabrication of a flexible electrode-mesh

To record surface LFPs systematically across broad cortical regions
and simultaneously with reference to intracortical neuronal sources,
we intended to develop a multichannel electrophysiological probe
that enabled three operations: (1) the probe should flexibly fit to the
curved surface of the brain; (2) the probe would be prevented from
disturbing an exchange of physiological materials; and (3) the
microelectrodes could be penetrated into the cortex through the
probe. To meet these requirements, we specifically devised an

H. Toda et al. / Neurolmage 54 (2011) 203-212

“electrode-mesh”, a flexible ECoG electrode array of mesh-form
structure (Fig. 1a) with interelectrode space open as fenestrae
(square holes). For fabrication with MEMS technology (Fig. 1b, also
see Method), a flexible base substrate of Parylene-C was used. An
electrode-mesh in the present study contained 32 recording electro-
des spatially extending 6x 6 mm, wide enough to cover approxi-
mately half of the entire dorsal surface of the rat brain. The
interelectrode distance was 1 mm (Fig. 1c), which enabled much
finer-resolution functional mapping compared with 10- or 5-mm-
interspaced standard clinical-use ECoG array. The total thickness of
the electrode-mesh was only 20 pm, much thinner than conventional
probes of millimeter thick. Electrodes had impedance of 603 £ 16 k(1
and 103 45 k) (mean 4 SEM for 216 electrode at 1 kHz), before and
after platinum black coating (Fig. 1d), respectively. The feasibility of
the electrode-mesh for simultaneous ECoG and spike recordings was
tested in the visual cortex of anesthetized Long-Evans rats (Fig. 1e).
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Fig. 3. Recording quality of the electrode-mesh compared with conventional probes. (a) Comparison of VEP amplitudes and trial-to-trial variability at the same channel. Upper:
averaged VEPs recorded at the electrode IIb with different references, on-mesh, skull screw and neck (from left to right, respectively). Vertical lines indicate stimulation onset.
Horizontal bars: stimulation duration (500 ms). Scales: 0.2 mV. Number of averaged trials was 100, 98 and 99 for on-mesh, skull screw and neck, respectively. Orange bands and grey
line indicate +5EM and =+ SD, respectively. Across-trial SDs were SDs averaged through 0- to 250-ms period after stimulation onset (green shadow). Amplitudes of VEP (0.197 mV,
0.214 mV and 0.232 mV, respectively) and across-trial SDs (0.116 mV, 0.111 mV and 0.107 mV, respectively) were comparable among three reference conditions. Recorded under
Contra condition in a chronic implantation experiment. Lower: the similar comparison was made in the same recording session at the channel Ve, adjacent to the on-mesh reference
electrodes. In this case, the amplitude was smaller in on-mesh condition than other reference conditions, presumably due to effects of closer signal reference. Amplitudes were
0.04 mV, 0.08 mV and 0.08 mV, respectively. Across-trial 5Ds were 0.05 mV, 0.06 mV and 0.07 mV, respectively. (b) Visually evoked responses simultaneously recorded from three
types of electrodes, electrode-mesh (mesh ECoG), depth electrode (icLFP) and silver-ball ECoG electrode (SB) with a common signal reference at neck for all electrodes. In each
column, the top trace represents averaged VEP & SEM. Rest traces represent VEPs recorded in five consecutive trials, arranged from top to bottom. The order of each trace in the five
trials was indicated by color. Horizontal colored lines indicate 0 volts for corresponding traces. Vertical dotted line indicates the stimulation onset and horizontal black bar indicates
stimulation duration (500 ms). Scale bar = 0.2 mV. For mesh ECoG plot, the channel nearest to the depth electrode and silver-ball ECoG electrode was selected. DC fluctuations were
evident in 5B traces. (c) Across-trial SDs (see Methods) versus peak-to-trough amplitudes of averaged VEP responses recorded in control experiments. Different colors indicate
different types of electrodes. The dotted line represents the mesh ECoG regression line obtained from the main experiments (Fig. 6¢). (d) Across-trial SDs were plotted against peak-
to-trough amplitudes of averaged VEP responses in the same way as (c), except that DC fluctuations were eliminated by subtracting prestimulus (—20 to —1 ms) mean voltage from
each trial's data. Across-trial SDs of SB decreased obviously. (e, f) Comparisons of peak-to-trough amplitudes of averaged VEP responses (e) and across-trial SDs (f) among different
probes. (g, h) Comparisons similar to (e) and (f) were made using DC fluctuation-eliminated data, The p-values were post hoc Tukey honest significance differences (The family-wise
confidence level =0.95, n=31. Only significant (p<0.05) values are shown).
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As intended, our electrode-mesh softly fit onto the moderately convex
surface of the rat occipital cortex (Figs. 1f, $1), covering V1 and V2.
This was in sharp contrast with a “meshless” sheet type electrode
array made from the same material, which failed to fit to the curved
surface of the cortex (Fig. S1). Since the electrode-mesh was safely
attached to and detached from the epidural/subdural surface of the
brain, a single probe was able to be repeatedly and durably re-used for
5 different hemispheres in acute experiments.

Reliable ECoG signals from the electrode-mesh

In Contra (contralateral-eye-stimulation) condition, VEPs were con-
sistently recorded from most electrodes assigned to V1 and V2 based on
Paxinos and Watson's Atlas (blue traces in Fig. 2a). On the other hand, the
response was small and localized around the binocular V1 (V1B) and the
anterolateral area of V2 (AL) in Ipsi (ipsilateral-eye-stimulation) condition
(red traces). The VEP amplitude at the peak channel in Ipsi condition was
0.15+0.06 mV, approximately half of Contra condition (031 +0.07 mV,
p<0.001, paired-t, n=6 hemispheres). The peak VEP slopes were
534+21mV/s and 1324+4.6mV/s in Ipsi and Contra conditions,
respectively (p<0.001, paired-t, n=6 hemispheres).

Next, we conducted simultaneous recording by penetrating the
tungsten microelectrode through a hole of the electrode-mesh
(Fig. 1f). At a monocular penetration tract (TM in Fig. 2a) where
ECoG responses were predominantly elicited in Contra condition,
Contra-dominant spikes and intracortical LFPs (icLFPs) were typically
observed (Fig. 2b-1). In contrast, at a binocular tract (TB) where
bilateral ECoG responses were recorded, bilateral spike/icLFP
responses were found (Fig. 2b-2). We quantified Contra/Ipsi
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selectivity of neural responses in terms of the ocular dominance
index (ODI; see Methods). Neuronal ODI and ECoG ODI were
significantly correlated for a population of 154 visually responsive
neurons isolated from 18 tracts (Fig. 2c), presumably because of the
regional difference of ODI between binocular and monocular regions.

We further conducted two experiments to examine reliability of
signals from the electrode-mesh. First, we compared across-trial
variability of VEP signals recorded from the electrode-mesh (mesh
ECoG) with those from conventional probes (Fig. 2d). Relative
response variability normalized with VEP amplitude (orange
shadows in Fig. 2d) appeared smaller for mesh ECoG than for icLFP
or silver-ball ECoG signals. The difference may not be attributable to
artifacts from the reference electrode, since a control experiment
confirmed that across-trial SDs of mesh ECoG during the response
period (green shadows) were very small regardless of where the
reference electrode was connected (one of the electrode on-mesh,
skull screw or neck muscle) (orange shadows in Fig. 3a). A separate
analysis of VEP amplitudes and across-trial SDs indicated that DC
fluctuation was a major factor increasing across-trial variability of
silver-ball ECoG (Figs. 3b-d). In contrast, the apparent instability of
icLFP (Fig. 2d) was not due to difference in SD (p= 0.557, post hoc
Tukey honest significant differences after Friedman's test), but to
smaller mean VEP amplitudes than mesh ECoG (Figs. 3e-h),
presumably because the icLFP size would depend on the depth of
the microelectrode tip that was optimized for spike recording in
each session.

Second, we examined across-session and within-session reliability
of multichannel ECoG signals from the electrode-mesh. As exempli-
fied in Fig. 4, recordings were reliably maintained for 6 hours.
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Fig. 4. Across- and within-session stabilities of multichannel ECoG signals from the electrode-mesh. (a) Data recorded 4, 5 and 6 hours following the initial session (0 hours). The
inset indicates the simultaneously recorded icLFP for reference. Scale bars: 0.2 mV and 500 ms. Recordings were reliably maintained for 6 hours, although slight variations in
waveforms were similarly found in simultaneously recorded ECoGs and icLFPs. Ant: anterior (rostral), Lat: lateral. (b) Visually evoked responses in consecutive ten trials were shown
from top to bottom in each column. Signals were recorded at the electrode Vd (marked by asterisk) in the same sessions as (a).
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Fig. 5. Single-trial decoding accuracy by ECoG signals from the electrode-mesh.
(a) Decoding accuracies on single-trial mesh ECoG signals plotted against the number
of features used in the analysis. Different colors/symbols represent different hemi-
spheres. Colored dotted lines indicate 1% significance levels for each hemisphere of the
same color. Accuracy increased with the number of features, approaching 90% at
50-100 features. (b) Generalization accuracy of the classifier for hourly repeated
recording sessions with top-100 features from the mesh ECoG signals. The abscissa
indicates time after the initial session wherein the classifier had been trained. The
performance was above the 1% significance level (solid line of the same color) for any
given session and hemisphere.

Although slight variations were observed over times, waveforms were
significantly correlated in simultaneously recorded ECoGs and icLFPs
(Fig. S2).

Single-trial decoding of stimulus condition with signals from the
electrode-mesh

Our electrode-mesh might be applied not only for electrophysi-
ological recordings, but also for building brain-machine interface
systems using single-trial-based decoding. To test this possibility, we
examined whether the stimulation condition (ie., left eye or right
eye) could be reliably decoded from single-trial ECoG signals by a
statistical classifier (linear support vector machine, SVM).

Correct classification rate was around seventy percent with top-
ranked features derived from the ECoG signals (see Methods), and
increased with the number of features, approaching ninety percent at
50-100 features (Fig. 5a). Consistent with across-session stability of
the mesh ECoG signals (Fig. 4), generalization accuracies of the
classifier across sessions (training the decoder on the first session, and
testing it on the subsequent sessions) were above the significance
level for 6 hours through the test period (Fig. 5b). Though interleaved
presentation of monocular- and binocular trials within a block was

more appropriate, Contra- and Ipsi responses were distinctively
recorded (Fig. 2a) and decoded over times (Fig. 5) in the present
block-design experiments.

Stimulus-locked topographical weight maps (Fig. S3) show
spatiotemporal profiles of effective information used in the decod-
ing-based analysis. Channels with high weight values were mainly
found 75-175 ms following stimulation onset, and tended to form a
few clusters.

Feasibility of the electrode-mesh in chronic recording

One possible problem with the type of electrode like ours may be
deterioration in impedance and S/N ratio of the electrode due to growth
of some tissues between the electrode surface and dura or pia with time
in a chronic application. The small surface area of each electrode in our
electrode-mesh might enhance this problem. We therefore examined
the feasibility of our electrode-mesh in chronic subdural/epidural
implantation for 2 weeks. No gross trends in electrode impedance
change were observed through 2 weeks (Fig. 6a, V=4270, p=0.8564,
Wilcoxon signed rank test with continuity correction).

The recording experiments showed reliable mesh ECoG responses
even after 2 weeks (Fig. 6b). Although VEP amplitude tended to be
smaller in the chronic condition, across-trial SD was also reduced
correspondingly. Consequently, plots of VEP amplitude and SD in the
chronic experiments (colored symbols in Fig. 6¢) aligned closely
around the regression line calculated from the acute main experi-
ments (dotted line in Fig. 6¢). These results indicate that across-trial
stabilities of the mesh ECoG signals in the chronic preparation were
comparable to those in the acute preparation. Here again the
reference issue was not likely a major factor affecting S/N ratio of
the electrode-mesh. Notably, no clear difference of impedance or S/N
ratio was observed between subdural and epidural implantation for
rats, probably because the dura is relatively thin in rat than larger
animals.

Discussion

In the present study, we produced a flexible electrode-mesh and
developed an electrophysiological technique for simultaneous multi-
channel ECoG and intracortical spike/LFP recordings within the same
region. We applied this method to the rodent visual cortex and obtained
reliable spatiotemporal profiles of multichannel ECoG activations
through individual eye stimulation up to 2 weeks. The combined ECoG
and microelectrode recording revealed close correlation of ocular
dominancy between surface ECoG and depth spike signals. Close
examination of the VEP amplitudes and across-trial SDs showed that
mesh ECoG signals exhibited comparable or better signal variability
than conventional ECoG or LFP recording methods, which could not be
attributable to reference artifacts. In the present study, the microelec-
trode tip was positioned at different depth positions where single-unit
activity was optimally isolated from session to session. If the
microelectrode was optimally placed for icLFP recording, the mean
amplitude of icLFP signal (Figs. 3e and g) would increase. Nevertheless,
our findings demonstrate the potential advantage of our flexible ECoG
approach for characterizing trial-wise brain dynamics with minimal
invasiveness.

Our electrode-mesh is a type of ECoG electrode array on a flexible
sheet fabricated with MEMS technology. The base substrate, Parylene-C,
is a flexible, biostable and biocompatible material (Takeuchi et al.,
2005). Signal quality recorded from the electrode-mesh was compara-
ble or better than conventional methods (Figs. 2d and 3). Recently,
several other groups also developed or used flexible ECoG arrays based
on different substrates (Chao et al,, 2010; Hollenberg et al, 2006;
Rubehn et al., 2009; Yeager et al, 2008). For example, Chao et al.
reported long-term decoding of motor signals in monkeys by
customizing clinical-use silicone ECoG sheet (Unique Medical, Japan)
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to contain array of 2.1-mm-diameter platinum electrodes with an inter-
electrode distances of 3.5 mm. Ruben et al. developed a 252-channel
electrode array on a polyimide sheet. Their platinum electrodes had a
diameter of 1 mm with electrode pitches of 2 mm, 2.5 mm and 3 mm,
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respectively. Compared to these examples, our probe has a finer
interelectrode distance suitable for spatially resolved, systematic
mapping of ECoG with reference to intracortical neural activity.
Moreover, the mesh structure would help to stabilize mechanical
contact on the cortical curvature (Figs. 1f and S1). Air/fluid drainage
through the holes might also contribute to the stability. The holes would
further allow simultaneous penetration of various sorts of biological
probes such as stimulation/recording microelectrodes, injection/
microdialysis cannulas or optrodes (Deisseroth et al., 2006). It would
be possible to estimate the horizontal or vertical source of ECoG using
the flexible electrode-mesh in combination with needle electrode arrays
or depth multichannel microelectrodes. It should also be interesting to
explore the relationship of specific band powers of ECoG signals to those
of intracortical spike/LFP activities.

The number of channels, interelectrode distance, thickness and the
pattern of the electrode-mesh in the present study were optimized for
covering both VIM and V1B of rat. These spatial parameters can be
easily modified with MEMS technology. It would be interesting to
further examine whether finer-density ECoG array can resolve neural
activity from an individual cortical column extending several hundred
micrometers. Though the largest size of a single mesh is limited by the
size of a silicon wafer which can be handled using the process
equipments (in the present study it was 5 inches), it may be
effectively scaled up to any desired size since multiple meshes can
be flexibly composed with each other using our technique. Therefore,
optimization of the probe for different resolution of experiments
including monkey or cat animal models (Buschman and Miller, 2007:
Hasegawa et al., 1998; Koyama et al., 2004; Ohki et al., 2005; Toda et
al, 2006) and human patients (Leuthardt et al., 2006; Liu et al.,, 2009)
would be basically possible. In these cases, however, the electrode
should be placed subdurally, not epidurally.

We found that single-trial ECoG data carried information reliably
signifying the stimulated eye with an accuracy approaching 90%. Such
high single-trial decoding performance complements the results of
other analyses based on averaged and channel-by-channel data and
provide evidence for the feasibility of our electrode-mesh as a signal
input device to BMI systems. In our preparation, we just placed the
electrode-mesh on the surface of an anesthetized rat's brain, and still
the decoding classifier was significantly generalized across sessions
for 6 hours. Since we used only time window, frequency and channel
information for decoding, adding other precise time-relevant signal
features, e.g. phase components, would improve decoding perfor-
mance because VEPs were time locked to the stimulus onset, Also
chronic awake experiments with appropriate behavioral control and
trainings might increase long-term recording stability and decoding
durability. Consistent with this view, long-term decoding stability for
months was reported with motor ECoG signals in monkeys (Chao et
al,, 2010). In addition, our mesh-film probe of 20-um-thick is less
invasive than the conventional clinical ECoG sheet of approximately
1-mm-thick that might cause mass effects when multiply inserted in

Fig. 6. Electrode impedance and recording performance after 2-week chronic
implantation. (a) Time courses of impedance of electrode-meshes through 2-week
implantation. Data are represented by mean+ SD. Different colors indicate different
animals. NoPtB and PtB indicate in vitro measurements before and after platinum black
coating. The day of implantation is denoted as day1. Inset: distribution of rate of change
in normalized impedance (impedance in dayl=1), The arrow indicates the mean
(0.0055). (b) Visually evoked responses recorded under Contra condition from an
electrode-mesh implanted subdurally for 2 weeks. The skull screw was used as the
reference electrode. Ant: anterior (rostral), Lat: lateral. (c) Across-trial SDs (see
Methods) versus peak-to-trough amplitudes of averaged VEP responses recorded from
electrode-meshes implanted subdurally (n=2) or epidurally (n=2) for 2 weeks.
Triangles, squares and diamonds indicate the electrode references used in chronic
recording experiments; on-mesh reference, skull screw and neck, respectively. Colors
indicate animals in the same way as (a). Small open circles and dotted line represent
mesh ECoG data obtained from the combined recording sessions in acute main
experiments and their regression line. Results from chronic experiments fitted well on
the regression line obtained from acute experiments.
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the cranium. Although further clinical tests are needed to establish
long-term stability for months and years, the animal experiments
suggest that our probe is safely and repeatedly attached to and
detached from cortical surfaces during neurosurgery. These findings
support the view that the electrode-mesh is one of the promising
candidates for the next-generation input devices for BMI (Lebedev
and Nicolelis, 2006; Leuthardt et al., 2006).

Supplementary materials related to this article can be found online
at doi:10.1016/j.neurcimage.2010.08.003.
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White Matter Mapping by DTI-based Tractography for Neurosurgery
by
Kyousuke Kamada, M.D.
from
Department of Neurosurgery, Graduate School of Medicine, The University of Tokyo

To validate the corticospinal tract (CST) and arcuate fasciculus (AF) illustrated by diffusion tensor imaging
(DTY), we used CST- and AF-tractography integrated neuronavigation and monopolar and bipolar direct fiber
stimulation. Methods : Forty seven patients with brain lesions adjacent to the CST and AF were studied. During
lesion resection, direct fiber stimulation was applied to the CST and AF to elicit motor responses (fiber~MEP) and
the impairment of language-related functions to identify the CST and AE The minimum distance between the
resection border and illustrated CST was measured on postoperative images. Results ® Direct fiber stimulation
demonstrated that CST— and AF-tractography accurately reflected anatomical CST functioning. The cortical stimu-
lation to the gyrus, including the language-fMRI activation, evoked speech arrest, while the subcortical stimulation
close to the AF reproducibly caused “paranomia” without speech arrest. There were strong correlations between
stimulus intensity for the fiber—-MEP and the distance between eloquent fibers and the stimulus points. The con-
vergent calculation formulated 1.8 mA as the electrical threshold of CST for the fiber-MEE, which was much
smaller than that of the hand motor area. Validated tractography demonstrated the mean distance and intersection
angle between CST and AF were 5mm and 107°, respectively. In addition, the anisotropic diffusion-weighted
image (ADWI) and CST-tractography clearly indicated the locations of the primary motor area (PMA) and the
central sulcus and well reflected the anatomical characteristics of the corticospinal tract in the human brain. Discus-
sion : DTI-based tractography is a reliable way to map the white matter connections in the entire brain in clinical
and basic neuroscience. By combining these techniques, investigating the cortico-subcortical connections in the
human central nervous system could contribute to elucidating the neural networks of the human brain and shed
light on higher brain functions.

(Received July 7, 2009 ; accepted July 13, 2009)

Key words : arcuate fascicles, corticospinal tract, diffusion tensor imaging, subcortical stimulation
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ISR R R Bl U CHEENREYIR 2T T E
7z,

EEOHREE L EEEMOESE, fEkotEsl
2L BRE L “nvisible” REEETRLT L
EMTED XS o7, MRIBEFTEDO—DTH Bk
HORFE B (diffusion-weighted imaging ; DWI) 1&, “H
BA7T OB ORESR PEHROaV I AT
WAL T3, PIRAHREERTREE 2HIRS Nk
B (restricted diffusion) PHEINZ T EPBMoNTW»
2V, PREEROKGTO “diffusion” 1, WOFRES
M (anisotropy) 25% D, Z 15 ISR BB T
FrzERBRLTwS LBRINTWS, L hEElicEE
MEROETEMB DI, CI7VITEIZREG S
H OIEEERFREE SV A (mpg) % HIIN L CHBARE D
RIS, RESRBET VY AVPEETHRGORY
J e NVHEWAEZRELTHS EIRTR3D) 7y
NVERIET 23 M0FHIMEFCHE LY, BEHIh:
R 3 DOEEHE (eigenvalue: A1, A2, A3) L Zh
KRGS BEA Y PV (eigenvector: el, e2, e3) T
RIND, AL IZHERREIOR - 7 FROIEERECT,
A2, A3 ZHHEHEMEICER L R FAORRE RS, 0
W8T v VOVl (diffusion tensor imaging ; DTI) D F
BhJ5r 2 BHE (fiber tracking) $5Z ki k b, HHEL
- HEREOHEIEL Ty YNV E I VT T 74
tractography) 2STIEEIZ 72 7290 | Tractography % i < B
DNRFRA=F LT, AFA4RE, €7 NM¥ A X, mpg
DX (b fH), BXOEMT S tracking B, TR,
fractional anisotropy (FA) & tracking angle % £%33% % 23,
Z DEHREC L VERPRECELSTL B,

ARG T3 tractography 12 & % HE3E invisible structure "¢
H o7 AEDHEEILOER L RN RN BT 58
BRI\ THRR 2,

MRETTE

iR

BEBEBER (corticospinal tract 3 CST) SRESRZ 40 M
E BRH (arcuate fasciculus ; AF) EERE 7H, B &
CHEHEBNREO @S 15 i\ 2R E L,

[EIER

1) DTI ¥—4WB

MRI 5—#% 1%, echo planer imaging (EPI) &—7% ¥ X
B TEE R ERR 1.5, £7:13 ST RECHE L. #B&
Seffi3 SE-EPT I & b = o — K5 67~80 msec, B DIE

L K 13,000 msec, A 7 4 AH551, A 74 AE3
mm, Z2fEFEEIE 1875 mm & L7z, b EIZ 1,000 s/mm?
o mpg 15 8 (1.5T), 308 (3T) 2EML 7% DTI 7
Z L, bENO0s/mm?>TH % T2 MFAE G2 WS L 7.
ETF-7 3 T2 RHABRICEDOETEARAHLER2T
7=, Boht DTI 7= i, YREBEHEBCRE L
VOLUME-ONE & dTV (http://volume-one.org) % fvs
TTF VY NVEHEERT 52,

2) CST-tractography M{EH

EEWETTIRMETH B CST i3, FRCTIRAMBEA D 4
ZETFLTCO S, BT CST BEREEIFEL TS
D, ZOEIE HTHEBEGME CEBR X2 AIIES
PEL w2, NETRTE ETEREsEeEL
T3 7D, BESENIC L TR e b Bl
TV 3 KA seed iIKEL T 5 2 E 2 (one-ROI
). R e —REFHFOMD CST DA 2T 3
Rj, BENE T 45 (target) 2 —SGEEIFICIBE T 3 (two-
ROI ). IE% CST O FA “PIZfEIX 0.6 B2 L MEINT
v 3%, bitbiid CST-tractography @ FA % 0.18 & 3%
E L7, 7z, tracking angle 3@ 30° IBREL 1=,

3) AF-tractography DfEH

BISHEE, MIEEANSET 2SS AF & CST L8B4,
2R BB R 2 IEET 5 Z L EETH S, N
2 ERIE R BRI REAT L TV B LR O Sl TS
T LTV 2HHEIC seed ZBE, X 71X THIEERI & |k
ISE RN seed & target ZEHET 5 T & T AF Offilis
HETH2, bhbhDlERTE, ZOFHEHORED
Wi, BFEEREEEIC X B0 MRI, & 72 I MRERIG
AR Z AT 50, RETIRERT 2, AFHEO
72D FA {HIX 0.18 TH D, tracking angle & 50~60° 5%
WL T,

4) Tractography Bi# functional neuronavigation

WHRDBRZED TRHERICEL BRI, AER
CST,AF 2 BB T TH-oTHHAET 2 Z L AT
H5. IOk, YKREHE, BRI R ERRET
5702 tractography 2 RRWREE Lizmz—0 )
F—yavhPBRTHS.

Tractography F @ DTI & fEHI%E 1 3D-MRI 5°— ¥ 1X
B EEZRAEL TS0, FEERREDEELSRIC
FBLYAML—vaVyRRELLS, bbbl Ol
T, Mutual information &% fiV> TEIREREHRZ1T-
T3 Z)4, tractography % 3D-MRI L EE L /-
#%, digital imaging and communication medicine (DICOM)
TEAD MRI R 74 ARCE#L, Ty —vaviiErc
BEREEROMB L 3 RTERREITY.
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Fig. 1 Different profiles of CST- and AF-tractography
A : CST-tractography illustrated with a 30" tracking angle.
B : CST with a 120° tracking angle.

C ¢ AF-tractography illustrated with a 30" tracking angle.
D AF with a 90° tracking angle.

Fig.2 Left frontal glioma, which compressed corticospinal the tract (CST) and arcuate fascicles
(AF).

A : Isotropic diffusion-weighted image (DWI) showing a hyperintense lesion in the left frontal lobe,

B : CST-tractography demonstrating that the tumor was located near CST.

C : AF-tractography revealing that the anterior part of AF was shifted inferiorly by the tumor.

D, E: Two-dimensional (2D) and 3D-reconstructed neuronavigation images with CST and AE

F : Postoperative DWI showing that the tumor was mostly removed with no neurological
deterioration.
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Fig.3 A : Tractography integrated neuronavigation showing that the tumor resection
(green cross) reached the CST (white areas), which was markedly compressed
by the cyst. Direct fiber stimulation with a 1.86 mA stimulus intensity evoked the
fiher-MEP in the upper and lower extremities.

B : Three-dimensionally reconstructed MRI revealing the spatial relationship among
the tumor (T), CST (arrowheads) and the stimulator.

C : Intraoperative view showing the spatial relationship among the tumor(T), CST and
the stimulator. Note that direct fiber stimulation only to a groove on the CST
(arrowheads) evoked the fiber- MEP and functionally demonstrated the CST profile.

5) fihE_4 U T EBEBRIM tracking 12T H - 72, ‘Tracking angle % 30~12° L %
AUEHEF S R & VIRRIEN @ CST RO H TR WLTY, BffEoE 7t onc, MmN
1% (direct fiber stimulation) (= X O ETRED A4 B @ fiber DAIMIEARTETH > (Fig.14). Z Do,
L ZogFdik & D sl (MEP) ZBeHid 5, CST i WAL CST Loyl L T, RBEE T K D L pic
(28 /A= fHE L, 0.2msec BiOHIENZ 5 MFEE B L THE L,
Sl T 72, AF oAU E0C R T Rl h AF (1 30° X B 4 60° O tracking angle TE5E L 72734k
EEE, VMR 2 T Aadt s, WEER 5 mm 9% DFHEN 2N 5 2 EETH -7 (Fig. 1B).
{ A= 2 WS % V€ 1 msec B O B2 50 Hz CST-, £/:l3 AF —1ra-.tographv o s b
O E 4~5 BTy, EaEEIL, PRRRINEE & CEAT 2 LT, M ETERBSO (I, Wiy
IR B L 7 £y SR ERRMICETA I LM TEL (Fig.2).

ffitzic DTI HﬂfH. , WIRME X CST, AF kokikhi
! il l f — F— 2
AR CST—tractography &E./R—SBXHE
(direct fiber stimulation)
T R

Il 'i'i"--L" G X D MEP ki a - aE g 17 W)

CST %2 #%7 L 72 40 5T, 0.18 9 FA & 30° 9 track- Hh, BB TCSTORHHE= vy Ev T RITHI ZEBTE
ing angle v 2 2 L©, Khalid & —-2GUH% £ To . f'L{TT I MEP - ¥ IR 156 mA TH o 1
CST Zfiih+5 2 & 75"('.‘:’/’:. g & D & EE iR L, FIETHEE MEP 28138 L Z0E o T i
@ CST 1%, MEAMIC 1P, cortico-bulbar tract % & 12 9.4 mA TH- 72, BT L AIFTIRIGMIZ 12 Student
AT A Z M e o B A, MR~ fiber {-test o X DS DR HEELH -~ (<001, T4
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Fig.4 A, B: Anisotropic DWI (A) and three-dimensional anisotropic contrast (3D-AC) (B)
superimposed on a anatomical MRI indicating the primary motor area (PMA) as hyperintense
and purple areas, respectively.

C, D: CST-tractography showing the location of PMA in case with right frontal glioma.

D : 3D-reconstructed brain surface image demonstrating craniotomy (white square), the central sulcus

(arrow) and PMA with CST-tractography.

O R D EE CST 259 il x4 2 [ Aty DS, CST Z ML TWnbH 2 & ;‘,‘-,{ﬂfilll.ﬂﬂt,’*- $E,

rErohi KR L T oW I 8 2 & W6 iz
EREE R 'Z;ﬂ) fir. & CST-tractography & @ 1 ¥ B i (1 ot

84mm THor, UERIZHE S A ETHEERY A 10 mm BL

HIsESO IR, FEERIC X i v E v

YA s b0 LELGNS, T, AR CSTng%}ggglgﬁlu}:%
I £ % MEP 585 & 1k i Z-5EBICLE, B & e
CST-tractography & OHEEAY 26.8 mm & EiliTwiz, 1) AN 7 1R I il e (dnhulmpm DWI : ADWI),
BRIz k) MEP 2 BRTARELMIELT CST-tractography % M v» T ~JGMBYF (primary motor
i, FEER L CST 2 COMBNTERTHL L EALN area: PMA) 76 BICEAI L Ty B CST %4, JEHHL
5. 7o, fulid, PMA L, G C T SEP D {2 B
Fig. 3 (2 PFSE A0 o BERERE P o) 72 & W IRIGUT B4 %Y A ETHEIEL 7. ADWI Ti3 12 (1T, PMA 555
L 7=3EWCdh A, 2 OIEMCIBENNED CST 28 iEmn Fiik L e AT DENNETH - 7. BHEMOHEY 5
L Cuwiat=oh, HECC CST-tractography Dt | % il {#clz 3D-AC, tractography {2 X 2SSl = bk -
A5 EMRETH A, AIEFDREGER & CST- BT AL TCST 2L, PMA ZIET S Z L4
tractography & O 2mm BLINTH Y, FIE 0L TE7% (Fig.4)., Eoi2, DWIGM-CEEEL 72 CST i1,
MEP H{fii2 1.8 mA Chor, 7, EREEOMIH- PU%uhm um%ﬂﬁiduhuﬁﬁwm SN L
7o CST 2243 2 mA BL F O fili¢ MEP 23387k & 41 Cuade, BiE MRI iGlihd: & S hDilmEsc BT A 2 &
7= AR CST-tractography 206 b5 &, [l BT L, TR 2 ‘J CST st
WERIETIE MEP iRt s o, AEMI LK # EhuhOigRRsc b L Tw s 2 L aslliiah s,

T MEP @ $ill R 16 mA <H U, FUTRIMIRIIZZ D
15 TTtHo,
s Rk D, CST-tractography 4 & b & T{EH

796 fasbis 18 &1 2000011 H

NII-Electronic Library Service



The Japanese Congress of Neurological Surgeons

Fig.5 White matter structures by tractography
Tractography dem(mstratin& that distances between the CTT and AF (D), the CST
and the lateral ventricle () and the intersection angle of the CST and AF (®)).

13 AF O RIT L A6 WA 5 o & HiEffiElc

AF-tractography &/ (- K—5 RS Tt WAV L FIRDRAIC & b UIRIANED 5

TR FRili% 1 7 7HEHI T, 6~10mA (3 X O (Y ECRAE 2 i3 5 2 & ¢, AEAAMH MEP, i#f*
TR 2 @ 7 & 2 A, R0 CRIE Ik AE T SandR RS ER A NS, Colikicky, @
ENd, FASURAMY, TEF -2 a v O AF L CST-tractography T 45 4172 CST DfiEiE, QAF-trac-
ML 2 L A CHBERRATTORS, 14EHT tography b AF OBGiE, GBIz X3~y EY
IO FRREE AR 2, a.|-:irwﬂm*-1.iff§qr,r)uj;;.1»-r}f¢'f Ttk ORETTRNTO CST, AF OiifF {1
AF OF ik 22413 mm Th-7, <A, il Ui KIROIHPRYNFHE E o 7
MEEROIMBIL 22 dp o 2 FREEE 124434 mm TH JEHELE tractography % Hiv T, wf*]%ﬂ'!‘:.‘-).ﬁ'l:ri‘-”C*l"?
D, NAFR—FHBI L AT~y B 7L & Zip e CST & Ofill, thfebhE Y iz & DIMRICIN T 2

F TOMEIELEN FTho 1, AR E N ATY, 4 L EHERIC 11’1('tcwr113hv k-

D & RN AR e AR E AL TwE I L Y
I hTuk, AEERIBC ke vy EV 7Y

Tractograpgy £® CST & PECIIE ¢ MR i
AF & DZERMIERR CIRHIRCHMAT S L9124, wactography & 11T

A & 2R LR H BV

P L 7z XA CHERUERAIY TS X D tractography KBGO R D 3 B, 80%1% -t*f; HEAAIETH
DIFEE2 BT 5 2 LT EL, BEETRIZMN 2T D, PEMZEET 1mm®*H20 e FTEERZ 1 DM
I RF IR R M CST & AF HEHE L TV 525, A Ee 5, = b oMM I
Fig.5 T, OCST-AF, @CST-hai% & »Fiaki, & 12 10pm 206 50um (2 ETHAH, < vl L LfE
X @CST & AF @288 HE % Sl 9] 15 (Tt L 7, N5 -JGEMEFO V MO RE S, b T
2OHE OOTHI2491mm, @i 23mm, @i AN RA 100pm 124 %, £ 2 lTFO DR 3%
107.6° ChHote, Ok I ICIELO BN CLEFA 1L5~45mm 2 EH D, RO ErThLIEL, I
A[fiETdh - 22 eloquent fiber DEGN DT, fridiRIC MONETH: vy, Brodmann @MIHIZHH 35 k912,
DWCHMT 3 2 LAE L o i, ZOAREANIE PMA DB EBICEZ(RE>TLS R

&, CST 1 PMA 818  S iz FANEHL Tw 3,
z = ADWI, CST-tractography Tt Z DREGIFAVFE % Bl
B L Tw 3 2o, PMA ®1:59 ADWI DE{E 5,

CST-, AF-tractography Z L =2 -0t E5— [ % ¢ CST~tractography 25idifid 5 Z & TPMA %
> oa AN LT, BRI TIREL Tv15 CST, £ EST A Z LdffETh -1,
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¥/, BREEZWNICKHEE L7 CST, AF 022
MEBERIZ OV TOEI 2T, ZORKR, NEEHE
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3) REEZFMTCHIT B functional neuronavigation
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subcortical stimulation, tractography
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b, 20084 0B EREISCE C TR P
FEME (FEHF—vay) ELT2,000E0HE
FMELBRD s,

EELEED = 2 —aFEF -y a »eld bl
LEMENTEESCEEEEEENTcho 7.
BRI EARAIRE T & » 7= IO R E
BT E 282 MRI (IMRD), Bl (tracto-
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A. Functional neuronavigation
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