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Synopsis

In this study we deal with an objective method of identifying the boundary between two contiguous EEG

frequency bands and the classification of EEG waves recorded from the telencephalon in carp. First, a paired t-test was

carried out at 0.1 Hz intervals between the EEG-power obtained by fast Fourier transform at defined two epochs, and

the t-files, which consisted of t-values at the ordinate and frequencies at the abscissa were made. Next, the t-values

were smoothed by using a moving average, and frequencies with a t-value of zero were determined. From the zero-

crossing frequencies, telencephalic EEGs were classified into five frequency bands, 1.5-3.9, 4.0-6.9, 7.0-10.9, 11.0-16.9,

and 17.0-30.0 Hz.

Introduction

There have been several reports on EEGs in
fish **. In these studies, one or two dominant
frequency ranges identified by visual inspection
were usually employed for the analysis of EEGs.
The dominant frequency range is variable with the
fish species and brain region: 4-6 Hz for the
telencephalon, 8-13 and 14-32 Hz for the optic
tectum, 14-32 Hz for the medulla oblongata in cod,
Gadus callarias V; 4-8 and 9-14 Hz for the
telencephalon, 7-14 and 18-24 Hz for the optic
tectum, 25-35 and 120-180 Hz for the cerebellum
in goldfish, Carassius auratus *. In goldfish, the
other classification of dominant frequency ranges
was proposed “: 6-8 and 16-24 Hz for the
telencephalon, 6-9 and 16-24 Hz for the optic

tectum, 6-9 and 15-20 Hz for the cerebellum. The
discrepancy between those studies in goldfish may
result in the difference of experimental conditions,
as pointed out by the latter author, such as EEG
recording in a bipolar or monopolar lead and with
or without anesthetic. However, it seems to be
due in part to the subjective identification of the
frequency ranges by visual inspection. Using fast
Fourier transform or linear prediction analysis,
tectal EEGs in carp, Cyprinus carpio, were
classified into three contiguous frequency bands,
4-7, 8-13, and 14-25 Hz . However, its ground for
determination of a beginning or end of the
frequency bands was obscure.

In fish, the telencephalon has been shown to be
associated with olfaction, arousal responses, and
reproductive behavior "', but the physiological
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significance of telencephalic EEGs is still unclear.
Here, we report an objective method of identifying
the boundary between two contiguous frequency
bands and the classification of telencephalic EEGs
in carp.

Materials and Methods

We have examined the effect of acute change in
environmental conditions on telencephalic EEGs
recorded in a bipolar lead in carp, each weighing
about 500g, which were immobilized with d-
tubocurarine chloride under artificial ventilation ™,
The EEG data, which had been stored on
magnetic tape, in carp subjected to MS222
(tricaine methanesulfonate) " or CO, anesthesia ",
hypoxia ', hyperthermia ", or hypothermia " and
in the respective control carp were used in the
present study. The experimental protocol and
breeding condition were described in the reports
cited above.

First, 1-min EEG signals without artifacts were

analyzed every 10 seconds by fast Fourier
transform and an average power spectrum was
calculated at seven particular periods in each
experiment: at 0, 7, 11, and 30 min during 30 min
anesthesia and at 17, 30, and 60 min after
anesthesia in case of MS222 or CO, anesthesia; at
15 min intervals during 60 min acute
environmental change and subsequent 30 min
periods in case of hypoxia, hyperthermia, or
hypothermia. The EEG data at these periods, such
as the raw EEG waves and average power
spectra, have been shown in the reports cited
above.

Next, a paired t-test with ten carp was carried
out at 0.1 Hz intervals between the EEG power at
two epochs in everyv combination with seven
particular periods in each above-mentioned
experiment. Then, t-values obtained by the paired
t-test were shown as a t-file where the positive t-
value denotes a decrease in the EEG power and the
negative t-value denotes an increase, with the t-
value at a level of p<0.05 regarded as significant.
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Fig. 1.

Statistical analysis by paired t-test between the EEG power at different two periods. In this and

the following figures, using each group of ten carp, t-values were obtained at 0.1 Hz intervals
ranging from 0 to 30 Hz. (a): a t-file showing comparison between the EEG power at 17 and 30
min after 30 min MS222 anesthesia, (b): a t-file showing comparison between the EEG power in
the control carp at two periods similar to in (a), (a') and (b’): t-files smoothed by moving average
of 7 points. As for the number of serial t-values used for the moving average, see the text. An
arrow indicates a boundary between two frequency bands.
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In some t-files, a defined frequency range
showed a pattern as a whole different from other
frequency ranges. For example, as shown in Fig.
la, most of the frequencies below about 7 Hz
showed negative t-values, whereas most of those
above 7 Hz showed positive t-values. We
attempted to apply a smoothing technique by
using the moving average to the t-file. The result
is shown in Fig. la'which is smoothed using the
moving average of 7 serial t-values. For reference,
an original t-file and a smoothed t-file in the
control carp are shown in Fig. 1b and Fig. 1b’,
respectively. No marked boundary was
recognized in the smoothed control t-file, showing
small negative or positive t-values. These results
strongly suggest that about 7 Hz is a boundary
between the two contiguous frequency bands.
Therefore, to detect the other boundaries and
determine an accurate frequency corresponding to
the boundary, we made the 105 smoothed t-files
obtained by using the moving average of 7 to 15
serial t-values in every combination with seven
particular periods in each experiment. The
number of serial t-values used for the moving
average was determined so that all t-values of a
defined frequency range in either side of a
boundary showed a sign, positive or negative,
different from those of the other frequency range.
We also made the smoothed t-files in the control
carp obtained in the same way as in the carp
subjected to the above-mentioned treatment.

Results and Discussion

Five boundaries, about 1.5 Hz (Fig. 2a), about 4
Hz (Fig. 2a,b), about 7 Hz (Fig. 2¢), about 11 Hz
(Fig. 2c,d), and about 17 Hz (Fig. 2d), could be
detected. It should be noted that all of the five
boundaries were generally detected in the
smoothed t-files for each above-mentioned
experiment, and that the ambiguous boundaries,
such as a boundary (Fig. 3a) like a bottom
between two frequency ranges with the same sign
of negative or positive and a boundary (Fig. 3b)
without the t-value above the significance level of

p<0.05 in both sides in an original t-file, were not
taken into account, although ambiguous
boundaries were usually recognized at similar
frequencies. In addition, no marked boundary
could be found in the control t-files. The data
concerning the five boundary frequencies are
summarized in Table 1.

The analysis of EEGs has usually been
performed by comparing two epochs, before
external stimulus and a subsequent period during
or after the stimulus. However, in this study, few
boundaries could be detected by this routine
method. In most cases, a defined frequency range
demonstrated an evident increase or decrease in
the EEG power, while other frequency ranges
remained unchanged. These showed a small
negative or positive t-value in the t-file, or else all
frequencies ranging from 0 to 30 Hz showed t-
values with the same sign, being either negative or
positive. Most of the boundaries were found by
comparing between two defined periods during
environmental change, or between two defined
periods during and after the change. In this
context, we considered that the t-files to be used
for the present purpose were not restricted to
those by comparison between the EEG power
before the exposure and at a subsequent period,
and that any two periods could be used. Even if
two contiguous frequency bands demonstrated a
similar pattern, such as an increase in the EEG
power during exposure and recovery to the initial
level at a subsequent period, a boundary between
the contiguous frequency bands might be detected
under the following conditions: (1) after both bands
increased in the EEG power at the first
measurement during exposure, one frequency
band showed a further increase while the other
band conversely showed a decrease, although
continuing to show a higher power than that
before exposure when the second measurement
was taken during subsequent exposure, or (2)
before both bands were restored to the initial level
after exposure, one band transiently increased
while the other band gradually decreased without
a transient increase. This is probably because the
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Smoothed t-files showing comparison between the EEG power at 30 and 60 min during 60 min

hypoxia (a), comparison between the EEG power at 7 min during 30 min CO, anesthesia and at 30
min after anesthesia (b), comparison between the EEG power at 15 min during 60 min
hypothermia and at 15 min after hypothermia (c), comparison between the EEG power at 15 min
during 60 min hypothermia and at 15 min after hypothermia (d). Each arrow indicates a boundary
between two frequency bands. The numbers of serial t-values used for the moving average were
11, 13, 13, and 11, respectively.
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Smoothed t-files showing comparison between the EEG power at 30 min during MS222
anesthesia and at 17 min after anesthesia (a) and comparison between the EEG power at 17 and
60 min after MS222 anesthesia (b). Each fine arrow indicates a boundary between two frequency
bands, and each bold arrow indicates an ambiguous boundary which was not regarded as a
boundary. These two smoothed t-files were obtained by the moving average of 11 serial t-values.
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responses, whether an increase or decrease in
EEG power compared with that before external
stimuli, of five frequency bands to environmental
changes used in this study were similar in quality,
but different in time course, for example, recovery
to the initial level with or without a transient
change after external stimuli. Our method
probably detects differences in the time course of
responsiveness of two contiguous frequency
bands.

respiratory movement of about 3 Hz or below ®.
The artifacts of relatively low frequency in this
study were probably due to the use of a muscle
relaxant. The maximum frequency could not be
determined in this study, but an EEG component
above 30 Hz was scarce in telencephalic EEGs in
carp.

Therefore, we propose the five frequency bands,
1.5-3.9, 4.0-6.9, 7.0-10.9, 11.0-16.9, and 17.0-30.0
Hz, in telencephalic EEGs in carp. As shown in

Table 1. The classification of telencephalic EEGs in carp.

Boundary frequency® in Hz Band
(mean+SD) range [ No. Frequency range in Hz
1.5+0.3 1.2—-1.9 16 1 1.5-3.9
4.1+04 3.3-48 13 2 4.0-6.9
6.9+0.3 64-7.3 14 3 7.0—10.9
10.8+0.8 9.8-11.9 8 4 11.0—-16.9
17.2+0.5 16.4—17.8 5 5 17.0—30.0

a minimum frequency within a frequency band: when there are two

bands of 0-a Hz and b-30 Hz in both sides of a boundary, b Hz is
shown as a boundary frequency because a boundary itself has no

frequency.

** the number of each boundary found in the 105 smoothed t-files.

Generally, it is difficult to determine a minimum
or maximum frequency of EEGs. Also, in fish
EEGs as in human EEGs, the DC component or
steady potentials usually below 2 Hz are known to
change in response to external stimuli ***¥,
Although about 1.5 Hz was regarded as a
boundary in this study, it seems that the greater
part of the component below 1.5 Hz resulted from
artifacts produced by body movement or changing
pressure of electrodes on the brain surface and
was superimposed on an original frequency band
of 0-3.9 Hz. Tectal EEG waves above 4 Hz were
employed for identification of the frequency bands
in restrained carp because of artifacts by

Table 1, each boundary has some variations in
frequency, indicating little significance of a
decimal fraction in frequency.

The identification of EEG frequency bands by
visual inspection of the wave form or power
spectrum is difficult because beginnings and ends
of the frequency band can only obscurely be
determined. Using the present method, five
frequency bands of telencephalic EEGs in carp
were detected objectively, but a great deal of data
were required to detect each frequency band. A
more convenient method would be necessary to
classify the frequency bands of EEGs in other fish
species or brain regions.
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