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Abstract—Transcranial magnetic stimulation (TMS) is a non-invasive stim-
ulation method for cortical neurons. When TMS is delivered to the primary mo-
tor cortex (M1), motor evoked potentials can be measured in electromyograms
for the peripheral muscle. However, the motor-evoked potential (MEP) ampli-
tudes measured by stimulations for M1 fluctuated from trial to trial. MEP fluc-
tuations are caused by changes in cortical excitability. We hypothesized that
MEP variability could be suppressed with application of TMS when cortical ex-
citability was stable. Thus, we developed a TMS system to suppress MEP am-
plitude variabilities. We used electroencephalographic (EEG) online measure-
ments with coherence analysis to obtain the similarity of cortical excitabilities.
The system enables us to trigger TMS if the EEGs measured from the two
channels have a high similarity in the frequency domain. In this study, we found
that the suppression of MEP fluctuation was dependent on the state of cortical
excitability obtained by EEG coherence analysis.

Keywords—Motor evoked potential, transcranial magnetic stimulation, coher-
ence analysis, cortical excitability, frequency analysis

1 Introduction

Transcranial magnetic stimulation (TMS) over the primary motor cortex can elicit
motor-evoked potentials (MEPS) in the electromyogram measured from a peripheral
muscle [1]. The afferent signal from M1 to motor neurons through the corticospinal
tract is delivered to the peripheral muscle after TMS stimulation [2]. MEP was meas-
ured at a latency of 20 ms following TMS. The MEP amplitude can be ordinarily
observed with an intensity of approximately 1 mV. However, MEP fluctuation is
often observed during the experiment even under constant stimulus conditions [3-8].

MEP elicited by the M1 stimulus is available to measure corticospinal excitability
in a perioperative assessment for clinical application [9-12]. This fluctuation would
affect the results of the evaluation of corticospinal excitability [13]. Thus, we needed
to develop a measurement technique suitable for use in the clinical examination room
to minimize MEP fluctuations.

Ogata et al. reported that the MEP amplitude depends on the frequency power
spectrum density of the electroencephalogram (EEG) calculated by the fast Fourier
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transform (FFT). According to this report, the MEP amplitude was strengthened when
the power of the o band spectrum was large. The power of the B band does not affect
the MEP amplitude [14]. In addition, several studies have shown that B oscillations
are inhibited when MEP amplitudes are large [15-18]. Because the intensity of MEP
is related to the state of cortical activity [13], we assumed that the variability of the
MEP could be suppressed after application of TMS over M1 when the cortical activity
was stable. Our aim of this study is to develop the TMS navigation system for sup-
pressing MEP fluctuation using online EEG measurements. We employed EEG co-
herence analysis to measure EEG stability using two channel electrodes [19]. EEG
coherence analysis is generally used to measure the similarity of two or more signal
waveforms in the frequency domain. Here, we conducted experiments to verify the
validity of the proposed system. In the experiment, we measured the MEP variability
and coherence values. We concluded that MEP variability could be suppressed with
the stimulus condition based on the coherence value.

2 Materials and Methods

2.1  TMS system for suppression of MEP variability

We developed a TMS system to suppress MEP fluctuation. Figure 1 shows an
overview of the proposed system. The system was composed of a TMS device (Mag-
stim 200, Magstim Co. Ltd., UK), an EEG device (Polymate mini AP108, Miyuki
Giken Co., Ltd, Japan), an EMG device (myoelectric sensor, Oisaka Electronics, Ja-
pan), and a personal computer with a data acquisition device (DAQ device: USB-
6210, National Instruments, USA). The EEG electrodes were placed at the locations
of P3 and C4 with the international 10/20 system coordinates. Two EEGs were con-
secutively measured and analyzed. The TMS coil was placed over M1. MEP was
measured with an EMG device with a sampling rate of 5 kHz, and then stored in the
hard disk drive of the PC through the data acquisition board. The participants were
asked to gaze at one point on the screen during the experiment. EEG was recorded at
a sampling rate of 500 Hz and filtered using a fourth-order Butterworth bandpass
filter with a cutoff frequency of 1 Hz to 30 Hz. The software was written in
MATLAB (Mathworks, Inc., USA), including the Data Acquisition Toolbox and
Signal Processing Toolbox.

Figure 2 illustrates the experimental landscape. The subject comfortably sat on the
chair and looked at one point on the monitor. The TMS coil was placed over the left
M1, and MEP was recorded from the left index finger. Once the online EEG analysis
starts, the system shows (a) the real-time EEG waveform and its power spectrum, as
well as (b) the EEG coherence spectrum. After the TMS condition was satisfied, TMS
was applied over M1 and the MEP waveforms were overlaid (c). The system can
calculate the mean MEP amplitude and store all data of the EEG, the MEP waveform,
and its stimulus condition into the hard disk drive.
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Fig. 1. TMS navigation system for suppressing MEP variability
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Fig. 2. Experimental landscape for online EEG analysis and TMS system.
(a) EEG waveform and power spectrum, (b) EEG coherence value,
(c) MEPs by TMS

2.2 Coherence analysis of EEGs

Coherence analysis was performed to measure the similarity between the two
EEGs measured from P3 and C4. Coherence analysis can obtain the similarity be-
tween two waveforms as a frequency spectrum. We calculated the mean coherence
values in the a and B frequency bands as shown in Figure 3. The coherence function is
defined as follows:

|Pp3—ca(f)I? )

coherence(f) = Pp3(fPca(f)

where coherence (f) is the power spectrum function of the similarity in the fre-
quency domain. We calculated the coherence value using Eq. (1) with online EEG
measurement and then calculated the similarity functions Coh(a) and Coh(f) by the
area of the coherence value between 8 Hz to 14 Hz and 14 Hz to 30 Hz using the
following equations:
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Fig. 3. Definitions of coh(a) and coh(f). The frequency spectrum for
coherence function was obtained from EEGs for 1 sec and
then the mean value was calculated in each frequency band.

2.3 Experimental setup

We confirmed the validity of the developed TMS system by measuring its coher-
ence distribution. Seven healthy subjects participated in this experiment. Prior to the
experiments, written informed consent was obtained from all subjects for publication.
All procedures used in this study were approved by the Ethical Committee of the
Maebashi Institute of Technology. Figure 4 shows the procedure for TMS experi-
ments. TMS over the left M1 was applied 100 times at an interval of 153 s. TMS
intensity was set at 150% of the resting motor threshold. The resting motor threshold
was defined as the intensity that was observed above 50 uV with a probability of 50
%. The subject gazed at one point on the screen and sustained the resting condition as
much as possible. The MEPs were recorded from the first dorsal interosseous (FDI)
muscle in every trial, and the amplitude of MEP peak-peak value was measured. EEG
was measured from the electrodes of P3 and C4, and EEG coherence analysis was

90 http://www.i-joe.org



performed online. We then attempted to qualify the coherence value and show the
distribution of MEP variability for each coherence condition.
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Fig. 4. Time sequence of TMS

2.4 Analysis of MEP

We attempted to detect the peak-peak voltage of the MEP and calculated the coef-
ficient of variation (CV). The MEP normally appears approximately 20 ms after the
TMS. CV was calculated using the following equation:

cv==> (4

where o is the standard deviation of the MEP amplitude and V is the mean MEP
value. CV expresses the variability of the measured values, and the data can be com-
pared without considering the number of datapoints.

3 Results and Discussions

3.1 Distribution of MEP coefficient of variation

We created two color maps: the first for the number of MEP data and the second
for the distribution of the coefficient of variation (CV) of MEP from each subject’s
data. Figures 5 and 6 show examples of the measurement results obtained from Sub-
ject 1. Figure 5 shows a color map of the number of MEP data. The four-color maps
were arranged such that the number of MEP data increased around the center of the
figure. We categorized the MEP data with threshold values and showed a color map
of the number of MEP data.

In the experiment, we set the four thresholds of the stimulus condition as follows:
(1) (Coh(a) = ath, Coh(p) < Bth), (2) (Coh(a) > ath, Coh(p) > Bth), (3) (Coh(x) < ath,
Coh(B) < Bth), and (4) (Coh(a) < ath, Coh(B) > Bth). Because the coherence values of
Coh(a)) and Coh(pB) should be in the range of 0 to 1, the weakest conditions in each
figure were determined as follows:
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1. Coh(a) > 0, Coh(B) < 1
2. Coh (a) > 0, Coh(B) > 0
3. Coh(a) < 1, Coh(B) < 1
4. Coh(a) < 1, Coh(B) > 0

Under these stimulus conditions, the number of recorded MEPs were certainly a
hundred. Meanwhile, the number of MEP datapoints became smaller as the stimulus
condition became stricter.

Figure 6 shows the distribution of the CV calculated from the MEP data. Each axis
was determined in the same manner as shown in Figure 5. The color bar indicates the
CV of MEP. We left these cells blank if the number of measured MEPs was less than
ten in Figure 5. As shown in this figure, the MEP fluctuation in TMS was not sup-
pressed under the weakest conditions at the center of the color map. Meanwhile, the
MEP fluctuation was suppressed under stricter conditions than under the weakest
conditions. Hence, this result indicates that there is a certain stimulus condition in
which MEP fluctuation can be suppressed.
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Fig. 5. Distribution of number of MEP data.
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Fig. 6. Distribution of CV of MEP fluctuations for each stimulus condition.

3.2 Color maps of CV of MEP

Figure 7 shows the six color maps of the CV of the MEP measured from all sub-
jects except for Subject 1. As shown in this figure, the CVs of MEP tended to de-
crease around the outside of the color map. We found that the coherence of EEG was
related to the suppression of MEP fluctuations.

3.3  Comparison of the CV of MEP between in the weakest and the strictest
conditions

As shown in Figure 7, we found that there is a relationship between the coherence
value of EEG and the suppression amount of MEP fluctuation.

Here, we compared the results at the strictest and weakest conditions by determin-
ing each condition as conditional and non-conditional stimuli, respectively. We sum-
marized the comparison of the CVs between conditional (the strictest) and non-
conditional stimuli in all subjects in Table 1. The stimulus conditions are also listed in
this table. Figure 8 shows a comparison of the CVs between the conditional and non-
conditional stimuli. We found that the CVs of MEP fluctuation were lower for the
conditional stimulus than for the unconditional stimulus.

The CVs of the MEPs were calculated at the stimulus conditions determined by the
EEG coherence values. The variability of MEP amplitudes in each subject became
small under some stimulus conditions obtained from the EEG coherence analysis.
Although there is no certain condition for the lowest variability of MEP between
subjects, the coherence value of cortical excitabilities measured from EEGs might be
related to the changes in MEP variability. The CVs of MEP were significantly smaller
in all subjects at the conditional stimulus, as shown in Figure 8. As listed in Table 1,
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all the conditions of the minimum CV of MEP, except for the condition of Subject 1,
included a sign of equal to the threshold value or higher indicated with a red-colored
symbol. This might indicate that a high similarity of EEG coherence is important in

lowering fluctuations in MEP.
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Fig. 7. Distributions of CV in Subject 2-7.
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Table 1. Summary of stimulus conditions

Subject Stimulus condition Conditional Non-conditional
1 =04& =03 0.209 0.326
2 =06& =05 0.441 0.555
3 =04& =04 0.327 0.629
4 =204& =05 0.272 0.354
5 =02& =02 0.250 0.316
6 =08& =00 0.447 0.560
7 =07&=07 0.263 0.416
*
P 0.7
% 0.6
'g 0.5
..E 0.4 =
£ 0.3 I_I
$ 02
$0.1 I
S o
1 2 3 4 5 6 7
Subject

B conditional stimulus ® non-conditional stimulus

Fig. 8. Comparison of CVs of MEP between in conditional and
non-conditional stimuli (*: p < 0.05)

4 Conclusion

In this study, we performed EEG coherence analysis and showed the distribution of
the CV of MEP in TMS. The variability of MEP by a conditional stimulus was sup-
pressed compared to that by an unconditional stimulus. This result indicated that the
variability in MEP amplitude was related to cortical excitability. In another future
study, we aim to develop a system for the suppression of MEP to observe stable MEP
amplitudes for perioperative assessments. This system can enable precise evaluation
of cortical excitability, and these results may improve the efficacy of patient prognos-
tication.
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