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Abstract. It is important to show brain activities and their relations vi-
sually for the elucidation of the processing mechanism and for the diagno-
sis of diseases in the human brain. We developed a three-dimensional dis-
playing tool by estimating dipoles to show the activities and by analysing
information flow between them to show the relations. At first, we esti-
mate dipoles (via 3-layered concentric spherical model, 2-dipole estima-
tion) from evoked potentials. Secondary, using derived 2 dipole locations
and moments as loci and quantities of brain activities, we applied sta-
tionary analysis for the information flow between the two time-series of
the 1st and the 2nd dipole moments. Therefore, we obtain bi-directional
information flows between the neuronal activities localized in 3D space
of the brain with respect to somatosensory evoked potentials measured
with 21 electrodes arranged according to the international 10-20 stan-
dard. Furthermore, we tried non-stationary analysis for the information
flow with simulation data.

1 Introduction

Recently, an information flow between the scalp potentials measured by multi-
ple electrodes is reported [2]. However, it was not possible to reveal the three-
dimensional information flow within the brain, because this method is based on
the assumption that the intra-cranial activities might be indirectly estimated by
the information flow between the two-dimensional specified points on the scalp.
Therefore, it was not sufficient for the elucidation of the information processing
mechanism and the detection of disease in which the deeply seated neuronal
activities are involved.

In our previous study [I], we successfully developed a method to reveal brain
activities and their relations. To quantitatively represent neuronal activities in
the specified locations of the brain, we made dipole localization (via 3-layered
concentric spherical model, 2-dipole estimation) of evoked potentials (EPs) mea-
sured with multiple electrodes. Then, to derive the relations, we analyzed the
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bi-directional information flows between time-series of equivalent dipoles, as
schematically shown in Fig. 1.

In the present study, we totally develop a three-dimensional displaying tool
for the analyses and displays using our previous method. It can estimate the
time-series of equivalent dipoles, analyze the information flow between them, and
display results, automatically from the beginning to the end with small number
of pre-set parameters adequately adjusted. Furthermore, we try non-stationary
analysis for the information flow with simulation data.

2 Three-Dimensional Displaying Tool

A flow chart for the analyses and displays of the tool is totally shown in Fig.
2. In the analysis part (left side of Fig. 2), at first, time-series of equivalent
dipoles are estimated from EPs. Then, stationary or non-stationary analysis for
information flow is applied for the time-series of estimated dipoles. In the display
part (right side of Fig. 2), time-series of dipole positions is displayed in 3D (Fig.
6) and time-series of dipolarity and dipole moments are plotted (Fig. 5). Then,
stationary (Fig. 7) or non-stationary (Fig. 8) information flow is plotted in 3D.
All analyses and displays are automatically done at once.

3 Methodology

In the dipole estimation, we developed a method to align the time-series of
the 1st and the 2nd dipoles because in the two-dipole estimation at each time,
locations of the two dipoles can be exchanged, if we do not pay attention for
keeping the consistency in each series. In our previous study, we applied the
stationary analysis for information flow. However, the relations between brain
activities are considered as non-stationary processings with time course, so that
we developed a non-stationary analysis for information flow with different time
range.
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3.1 Dipole Estimation

The 2-dipole estimation in the 3-layered concentric spherical model [3/4] is car-
ried out for all samples in a time range of EPs by setting the 3-layered structure,
and all electrode positions on the 3rd layer of the sphere. The simplex method [5]
is used to solve the inverse problem. The estimation is carried out six times for
every sample from each initial simplex position randomly chosen, and a result
giving the best estimation accuracy is chosen from the six estimated ones. The
dipolarity (%) shows the estimation accuracy as,

_ 2
Dipolarity = 4|1 — |7 e ﬁ;‘”” x 100 (1)
Hﬁmeus”

where, Pyeqs and P.,; are the measured and the calculated scalp potentials based
on the two-dipole model respectively, both expressed in n-dimensional column
vectors composed of EPs on the n electrodes. The dipolarity ranges from 0 to
100 % and shows that the estimated dipoles are sufficiently accurate as the value
approaches to 100.

As the result of the estimation, two time-series of the 1st and the 2nd dipoles
are obtained. However, they become a mixed state from a time-series point of
view, because the order of the estimated 1st and 2nd dipoles at each sample
is indefinite. Therefore, we developed a method to align them. An explanatory
drawing is shown in Fig. 3. D1, D2 show the 1st and the 2nd dipole locations
respectively at a sample time. M1 and M2 show the mean locations of the 1st
and the 2nd dipoles respectively, averaged for several samples preceding to D1
and D2, with sufficiently high dipolarity. Thus, we define a criterion for the
evaluation of ”Proximity” as,

rl
P =
rl +r2

(2)

where, r1 and r2 show the distance between D1 and M1, D1 and M2 respectively
(or between D2 and M1, D2 and M2). Here we suppose, P1 and P2 as the
criterion for D1, D2 respectively. We perform the dipole alignment according to
the following rule:

If P1> P2; FExchange D1 and D2,
If P1< P2; No change. (3)

The alignment is carried out by the above exchange rule from the beginning to
the end of the time-series with respect to the 1st and the 2nd dipoles for all
samples.

After the alignment, magnitude of the 1st and the 2nd dipole moments is
calculated through all samples of the time-series. It is possible to regard the
time-series of the magnitude of the 1st and the 2nd dipole moments derived
through our method as being the time-series of the brain activities approximated
by the two equivalent dipoles.
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3.2 Information Flow

Stationary Analysis The stationary information flow is analyzed by use of the
time-series analysis method based on the directed transinformation [6]. First,
the correlation function of the two time-series is calculated. Next, the signal
representation by two-dimensional AR model (autoregressive model) is carried
out after the selection of the AR model order by FPE (final prediction error
criterion). Then, the linear production model is constructed from the derived
AR coefficients. When the two time-series of the moments, X and Y, are shown
as,

X=Xp_n.  Xp1 X0 Xpg1 - Xogonr = XV X XM
Y=Y n.. . VieetViYisr .. . Yiga = YV YM, (4)

the directed transinformation from Xy to Yii,, is given by
I(Xk — Y]H_m|XNYNYk) =

a2
g {14 g L

2
i=0 YXk+m,k+m7i+aYYk+m,k+m7i)

where ay x and ayy are the linear filter coefficients (the impulse response co-
efficients) in the linear production model. In (5), I(* — *) shows the mutual
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information, and the direction is regulated automatically because k point of
time is earlier time-related than k + m point of time. Therefore, we obtain the
bi-directional information flows by which both directed transinformation are cal-
culated for all delays of m. Since this method is steady-state analysis expressed
by AR model (stationary model), the information flow is same for any point of
time k.

Non-stationary Analysis The non-stationary information flow is analyzed as
an application of the bi-directional communication theory [7]. In the theory, the
directed transinformation from symbolized signal X to Y is given by

YlY,
where p(x|x,) is a conditional probability when the occurrence of previous n
samples is known. First, two time-series of dipole moments are symbolized as
proper number of symbols. Secondary, the n value in (6) is selected. Then, all
combinations of symbolized moments divided by same time range are calculated
by (6). Therefore, we obtain the bi-directional information flows with different
time ranges.

As simulation, we made two symbolized time-series X and Y as information
only flows from X to Y with some delay and magnitude of the delay changes
on the way of the time course. These time-series are simulated information flow
between brain activities when the conduction velocity becomes faster by learning
a short-cut transmission route on the way of the processing in the brain.

4 Results

We analyzed somatosensory evoked potentials (SEPs) evoked by the electrical
stimulation on the median nerve of the right hand, as shown in Fig. 4, that shows
a typical example chosen from our experimental results for three subjects. The
results of the dipole estimation are shown in Fig. 5 for time-series of dipolarity
and dipole moments and shown in Fig. 6 for time-series of dipole positions.

The result of the stationary analysis for the bi-directional information flows
from the SEPs is shown in Fig. 7. The AR model order is selected as 30 where
FPE takes a minimal on the way of the analysis. The positive side of the abscissa
is the directed transinformation from the time-series of the 1st dipoles to that of
the 2nd dipoles and the negative side of the abscissa is the directed transinfor-
mation from the time-series of the 2nd dipoles to that of the 1st dipoles, derived
by (5). The horizontal scale is a time expression of the delay of m in (5). The
result of the non-stationary analysis for the bi-directional information flows is
shown in Fig 8. The X and Y are time-series with 2000 samples and are divided
100 samples by 100 samples. The right lower triangle part on X-Y plane shows
the information flow from X to Y and the left upper triangle part on X-Y plane
shows the information flow from Y to X.
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Fig. 5. Results of dipolarity and dipole moments (left: before alignment, right: after
alignment).
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Fig. 6. Result of dipole positions (left: before alignment, right: after alignment, upper:
from 14.5 to 16.5 ms latency, lower: from 20.5 to 22.5 ms latency. Length of the moment
is 1 mm per 1 pA - mm).
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5 Discussion

In comparing with left and right plots in Fig. 5, the irregularity of Momentl
(time-series of the 1st dipole moments) and Moment2 (time-series of the 2nd
dipole moments) in the left plots was eliminated in the right plots. And with
left and right displays in Fig. 6, the mixed state of the dipole locations in left
displays was solved in right displays for both latencies. These results proved the
effectiveness of the alignment procedure we proposed.

The result of the stationary information flow in Fig. 7 shows that the infor-
mation mainly flows from the time-series of the 1st dipoles to that of the 2nd
dipoles. According to the neurophysiological knowledge of SEPs by the electrical
stimulation on the median nerve of the hand, it is considered that the transmis-
sion route of the neuronal activities goes through the thalamus at about 15 ms
latency, and reaches the somatic sensory area at about 20 ms latency. From Fig.
7, it is possible to consider that the time-series of the 1st dipoles reflects the
neuronal activities of the thalamus because the positions are near the center of
the sphere (right upper display in Fig. 7), and the time-series of the 2nd dipoles
reflects that of the somatic sensory area because the positions are in the left
upper part of the sphere (right lower display in Fig. 7). Therefore, The result
that the information mainly flows from the 1st dipoles to the 2nd ones, agrees
with the knowledge that the neuronal activities move from the thalamus to the
somatic sensory area. In addition, the result indicates that there might be a
slight information flow from the 2nd dipoles to the 1st ones around the latency
of 11 to 15 ms (from -11 to -15 ms in Fig. 7). This indicates that there might be
a feedback from the somatic sensory area to the thalamus.

The simulated result of the non-stationary information flow in Fig. 8 shows
that information flows from X to Y in which the magnitude of delay changes
from 500 samples to 200 samples on the way of the time course. It proves that
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the method is sensitive for information flow between brain activities as delay
changes.

6 Conclusion

We proposed the three-dimensional displaying tool totally with analyses and
displays to reveal relations between brain activities. And we applied it for actual
experimental data of SEPs in the stationary method and for the simulation data
in the non-stationary method. In the stationary analysis, the causal relation
between the two time-series of the 1st and the 2nd dipoles is revealed, and
its intensity is obtained as a time-series of information quantity (bit/sec). We
confirmed that there are the bidirectional information flows between them, and
mainly the time-series of the 1st dipoles is a cause and that of the 2nd dipoles is a
result, in case of the SEPs. And it agreed with the neurophysiological knowledge.
In the non-stationary analysis, we confirmed that the method is sensitive for a
kind of delay changing in the information processing of the brain. Thus, our tool
can be applied for the elucidation of the information processing mechanism and
the diagnosis of diseases in the brain.
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