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Abstract

[n the single sweep record of event-ralated potential
(ERF), the peak lalency ol P300, which is one of the
most prominent positive peaks in the ERP record, might
fluctuate according to the recording conditions. The
fluctuation of the peak latency (measurement fluctu-
alion) is the sumnation of the fluctuation caused by
physiological factor (physiological fluctuation) and one
by naise of background EEG (noise fluctuation). We pro-
posed a method for estimating the interval of the physi-
ological fluctnation of the peak latency of the P300 from
the measurement fluctuation based on a limited number
of single sweep records. The noise fluctuation was esti-
maled by usiug the relationship beltween the signal-to-
noise (SN} ratio and the noise fluctuation based on the
1’300 model and the background EEG model. The in-
terval estimate of the physiological fluctuation were ol-
tained by subtracting the interval estimate of the noise
fluctuation from that of the measurement luctuation.
The proposed method was tested by using simulation
data of ERP and applied to actual ERP data of normal
subjects, and gave salisfactory results.

1. Introduction

Event-related potentials (ERPs) are responses related
to recognition of certain stimulation, and recorded {rom
a human scalp. P300 waveform is one of the most promi-
nent positive peaks in the ERP and appears around 300
[msec] after stimulus {1). The characteristics of P300 for
each stimulus, especially the peak latency, might fluc-
tuate according to the recording conditions of a sub-
ject. Extraction of the [eatures of the P300 wavelorm
is requirert {or each stimulus. For ERP and evoked po-
tential, the method for extracting the characteristics of
waveform, which lluctuated for each stimulus, were pro-
posed {2} {4]. In our previous work [5] [6], we proposed a
method for an automatic detection for P300 waveform of
single sweep record, and calculated the fluctuation of {le
peak latency of the P300 {or healthy adults. Tt is impor-
tant to investigate whether the fluctuation of the peak la-
lency is caused by the physiological factor or by the noise
of background clectroencephalogram (EEG). The mea-
surement of the fluctuation, which is the standard devic
ation of the peak latency of the P300 waveforn, is the
sumimation of the physiological fluctnation and the fluc-
tnation cased by the background noise. Previously, we
proposed a method flor obtaining a point estimate of the
physiological lluctuation out of the measurement of the
fluctuation based on a large munber of single sweeps [7).

However, as a limited number of the single sweeps of the
P300 can be used in the actual recording, the physiolog-
ical fluctuation is required to calculate based on a small
number of single sweeps.

In this paper, we proposed a method [or oblaining
the interval estimate of the physiological fluctuation of
the peak latency of the P300 waveform based on a small
number of single sweep records. The relationship be-
tween the signal-to-noise (SN) ratio of the single sweep
P300 and the noise fluctuation was determined by the
use of appropriate models for the P300 and the back-
ground EEG. The interval estimaie of the physiological
fluctuation was obtained by subtracting the interval es-
timate ol the noise fluctuation frow that of the measure-
ment fluctuation. The proposed method was evaluated
based on the simulation data in which the true value
of the physiological fluctuation was already known, and
proved to have an accurate interval estimate of the phys-
iological fluctuation of the peak latency for the simulatec
P300 wavelorms. The proposed method was applied to
actual ERP data ol sixteen healthy adults, and the inter-
val estimate ol the physiological fluctuation of the peak
latency was obtained for a small number of single sweeps
of the P300.

2. Estimate Method of Physiological
Fluctuation of Peak Latency of P390

2.1 Recording coundition of single sweep ERP

Subjects ol the present study were sixleen healthy
adults (20-30 years old). Two tone stimuli of different
frequencies, 1000 [Hz} and 2000 {llz], were given to the
subjects in a pseudorandom order. The 2000 [Hz] tone
was given at a low rate (20 %) as the target stimulus,
and the 1000 [ITz] tone given at a high rate (80 %) as the
non-target stimnlus. The subject was asked to push the
button quickly as sooun as one heard the target stimulus.
[n the record, the ERP was expected to appear after the
target stimmlus, because the subject recognized the 2000
[11z] tone as the targel stimualus, while the ERP rarely
appeared after the non-target stimmlus. The interstim-
ulus interval was 2.530.28 [sec]. An exploring electrode
was fixed at Pz according lo the guidelines of the In-
ternational 10-20 System [8]. The linked earlobes were
used as the relerence, and the data was amplified with
filter setting of 0.05-60 [1lz] (-3dB).

The positive peak P300, which appears 300 fmsec]
alter the stimulus, is regarded as the most prominent
component of the BIP. The P300 wavelorm is not visi-
ble clearly in the raw time series for each stimmlus, be-



causge of the contamination with the noise componenis of
background ELG, especially the dominant rhythm. To
improve the SN ratio ol the single sweep ERP, the raw
data were filtered through the discrete Fourier transform
(DPTY and inverse discrete Fourier transform (IDFT)
filter of 1-8 {lIz]. The processed data were obtained by
calculating the Fourier component from the raw data
ol 1.024 [sec] length after the stimulus, and again -
plemented the inverse Fourier transform [or the Fourier
components within the frequency band of 1-8 [Hz]. The
sampling interval of the processed data was 2 [msec].
The frequency band of the filter was determined to im-
prove the SN ratio in the healthy adults’ data. The fluc-
tuation of the peak latency of the P300 in the processed
data was analyzed.

2.2 Characteristics of fluctuation of peak la-
teucy of P300

The measured value (y) of the peak latency of the
P300 in the single sweep record is the summation of the
true value (s) and the noise (n). It is assumed that
the components s and n are independent. Then, the
measurement, [luctuation {g,), which is the standard de-
viation of the peak latency for several single sweeps of
the 300, is the summation of the physiological fluc-
tuation (7,) caused by the physiological factor and the
noise fluctuation (7,) caused by the noise of back ground
EEG. Then, if the characteristics of the noise fluctuation
is known, the physiological fluctuation can be obtained
from the following equation

7y =\ (7,)? = (7). ()

In order to obtain the characteristics of the noise fluc-
tuation, the simulation data were used. The simulation
data were generated by using P300 model and back-
ground EEG model. The P300 model was represented
by the typical single sweep P300 wavelorm shown in Fig-
ure 1, and ils peak latency was fixed at 350 [insec] alter
stimulus. The peak latency was defined as the time from
the stimnlus point to the positive peak point of the P300.
The background EECG, which consisted of § wave, donr
inant thythm and A wave, was simnlated by using the

model of sinusoidal” waves with Markov process ampli--

tude {9},

3
2(nAt) = Y a(nAt)sin(2rmunAt — 6)) (2)

k=t
(1 + 1) At) = yra(nAt) + &(nAt)
where z(nAf) was an output of the EEG model, £ (nAt)
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Mgure 1 Typical single sweep P300 waveform
recorded {rom Pz of a notnal subject in the auditory
-~ oddball paradigm.

was an independent white noise with zero mean and vari-
ance {(73)%, Al(=2 msec) denoted the sampling interval.
The stinulation data of healthy adults’ TEG were gen-
erated by using the EEG model parameters with mean
frequency m,; = 1{[12], m, = 10[l{z] and my = 25[Hz}.
Other model parameters v, o, k = 1,2, 3 were selected
appropriately in order to generate the simulation data
with various SN ratios.

In order to extract the single sweep P300 wavelorm,
the band-pass filter of 1-8 {flz] was used. The P300
waveformn was detecled in the processed data, and its
peak latency was measured. The simulation data of 1000
segments wele generated under each condition, and the
standard deviation (g,) of the peak latency was calcu-
lated. This standard deviation ([luctuation) was caused
only by the noise of the background EEG, since the peak
latency of the P300 model was fixed in the simulation
data. ‘i'he relationship belween the SN ratio () and
the ftuctuation of the peak latency (7,) was investigated
based on the simulation data by changing the parameters
of the background EEG model. The SN ratio (1) was
delined as the ratio of power of the 300 (7,) to power of
the background BEG (£,) within the {requency band of
1-8 [ilz] (R = P,/ P,). The noise lluctuation was proved
to be proportional to the inverse of the square root of
the SN ratio [7],

7 = ¢/ VR. (3)

2.3 Estimate of physiological fluctuation of
peak latency of P300
2.3.1 Point estimate
The point estimate of the physiological luctuation ol
the peak latency of the P300 is oblained according to
the following procedure [7).

(i} The several responses for target stimuli are
recorded. The processed data for each stimulus are
obtained by using the DIT-IDUVT filter with 1-8
(17}

The P300 wavelorms are detected from the single
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sweep processed data by using the antomatic detec-
tion methad [5]. The criteria of the automatic de-
tection method are as follows : (a) the peak latency
of the positive peak exists within 200-500 [msec] al-
ter the stimulus, (b) amplitude (difference between
the posilive peak value and the prior negative peak
value) is 14 [v] or more, (¢} correlation coefficient
between the positive peak and the template, which
is made for each individnal subject and updated, is
0.85 or more, (d) all the other positive peaks after
the P300 are smaller than 0.85 of the amplitude of
the P1300. If the positive peak salisfies all 4 criteria,
it is regarded as 1300 waveform. The measurement.
fluctuation (g,) is estimated by calculating the stan-
dard deviation of the peak latencies of the detected
300 waveforms.

(iii} The SN ratio is estimaled. The power of the P300
(P7) is assmmed as I5[V?), which is the power
of the typical P300 waveform within the frequency
band 1-8 [Ilz]. The power of the noise of the back-
ground BEEG (F,) is estimated by subtracting the
power of the 300 (P?) from that of the processed



data (£}). The power of the processed data (12) is
calculated fromn the power spectrum of the processed
data, and include the hoth powers of the signal and
the noise components. Then, the SN ratio (R) is
estimated as ) po

[
where 1 denotes the estimated value of R.

{(iv) The estimate of the noise lluctuation (4,) is ob-
tained by subslituting the estimated SN ratia (R)
into the equation (3) instead of R.

(v) The estimate of the physiological fluctuation (5,)
is obtained by substituting the estimaled values 7,
and 4, into the equation (1) instead of ¢, and g,
respectively.

2.3.2 Interval estimmate

If a limited number of the single sweeps of the P300
can be used in the actual recording, the point estimate
of the physiological fluctuation may change accordiug to
the samples. In case of {ew sweeps, the interval esti-
mate of the physiological fluctuation is required for an
appropriate estimate of the Hluctnation. The procedure
for chlaining the interval estimate of the physiological
{luctuation is as follows.

(i) The processed dala are obtained in the same way
as the procedure (i) of the section 2.3.1.

(ii) The P’300 wavelorms are detected and the standard
deviation of the peak latencies is calculated in the
same way as the procedute (ii) of the section 2.3.1.
It is assumed that the measured peak latency obeys
anormal distribution. Il the number of samples (the
mimber of single sweeps of the P300) is K, the nor-
walized variance of the peak latencies (square of the
measurement {luctnation) (K(4,/0,)?) obeys a chi-
square distribution with degree of freedom K — 1.
Then, the true value of the ineasurement fluctuation
(7,) exists in the following interval

. []i' < <5 /1( (5)
a _— T a -, 1)
Vo™ 77 "V

where [y, x2] is the confidence interval with a given
confidence level (80%) in the chi-square distribution
with degree of freedom K — L.

(ii1) The SN ratio is estimated. It is assumed that
Fourier component of the processed data obeys a
normal distribution. ‘Then, the normalized peri-
odogram, which is squate of the Fourier compo-
nent, obeys a chi-square distribution with degrec
of freedom 2, and the normalized power spectrum
(2K 11/ P,), which is average of K periodograms,
obeys a chi-square distribution with degree of free-
dom 2K. Then, the true value of the power spec-
trum () exists in the following interval

. JRES
2Py <P< AAL, ()
X4 X3

where [x3, x4] is the coufidence interval with a given
confidence level (80%) in the chi-square distribution
with degree of freedom 2K. From the equalions

(4),(6), the interval estimate of the SN ratio is ob-
tained as follows
R I
XsR_ g X .
2K(1+ R) — 3R IN(1+ R) — yaRt

(iv) From the equations (3),(7), the interval estimate of
the noise fluctualion is obtained as follows

. 2K(1+ R? - x4t <o <e
X‘i”
(®)

(v) Trom the cquations (1),(5),(8), the interval estimate
of the physiological fluctuation is obtained as lollows

sl 2RO R R
Y X2 xalt -
K 2K(1+R)— xult
o, < ,33_‘ _ 22U+ R) = xilt (9)
T X1 xaR

3. Results

2K (1 + ) — x3 1
\3]} )

3.1 Relationship between SN ratio and noise
fluctuation
The eight cases of the simulations were done for dif-
ferent model parameters. The obtained telationship be-
tween the SN ratio and the noise lluctuation is shown in
Figure 2. The plots are the results for each simulation,
and the straight line of the linear approximation

an = 10.33/VR (10)

was obtained by using the leasl squares method. The
coelficient ¢ in the equation (3) was determined as 10.33.

3.2 Interval estimate of physiological fluctua-
tion for simulation data

In order to evaluate the proposed method, we used the

simulation data whose characterislics were known. The

physiological fluctuation of the peak latency of the P300

20

Standard deviation 7 [ms]
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Inverse of square root of SN ratio 1/vR

Iigure 2 Relationship between 1/VR (R, signal-to-
noise ratio of the processed data of the single sweep
ERP) and the standard deviation (s, ) caused by noise
components. The straight line is the linear approxi-
mation for the sample dala of the simulation.
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was simulated by using the normal random numbers with
the mean of 350 {msec] and the variance (5,)2. The six
cases of the simulations were implemented for different
variance (7,)? and the varions parameters of the back:
ground EEG model. Figure 3 illustrates the results of
the inlerval estimate of the physiological fluctuation of
the P300. In the case 1-4, 5 aud 6, the physiological
(luctnation (o,) was set as 30 [insec], 20 [msec] and 40
[tnsec], respectively. The number of sweeps of the 300
() was 20, and three simulation were done in each case.
Figure 3 means that the physiological fluctuation exists
iu the estimated interval with the confidence level 80%.
The points in the Tig. 3 show the results of the point
estimate of the physiological fluctuation (4,) calculated
by using the method mentioned in the section 2.3.1. In
all the cases, the estimated interval of the physiologi-
cal {luctuation always include the true valne, although
the point estimate value do not always equal to the true
value. ’

3.3 Interval estimate of physiological fluctna-
tion for actual data

Figure 41 illustrates 20 single sweeps of the raw ERP
larget data from subject 7 and the corresponding pro-
cessed data by the use of the band-pass filter of 1-8 [lIz].
The positive peaks indicated by arrows were judged to
be P300 by the automatic delection method [5]. From
Iig. 4, it is seen thal the peak latencies of the P300 fuc-
tuale in each single sweep record. The interval of the
physiological fluctuation was estimnated by subtracting
the noise finctuation from the measurement fluctualion,
Figure 5 illustrates the results of the interval estimate of
the physiological fluctuation. The ERP data for sixteen
subjects were analyzed, however, the resulis [or twelve
subjects, for which the number of detected P300 was over
7, were shown. Because, the estimated interval becaine
so wide for a few number of sweeps of the P300, and it
was not useful to estimate the interval of the physiolog-
ical fluctuation. The number of detected P300 was 7-14
for twelve subjects. ln all the cases except subject 14,
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Figure 3  Results of the interval estimates and the
point estimates of the physiological fluctuation for the
simulation of different conditions. The dolted line
shows the true value,

the lower band of the intervals has positive value, then,
the physiological fluctnation is proved to exist with the
confidence level 80%.

4. Discussion

The method for extracting the physiological fluctua-
tion of the peak latency of the 300 by subtracting the
noise fluctuation from the measurement fluctuation was
proposed. In the case of a large number of single sweeps
of the 300, the plot estimate of the physiological fluc-
tuation of the peak latency is sufficient. However, in the
case of a limiled number of single sweeps of the P300, the
plot estimate changes according to the samples, then, the
interval estimate becomes to be an appropriate estimate
{or analysis of the fluctuation. :

The relationship between the SN ratio and the noise
fluctuation was obtained hy using the P300 model and
the background EEG model. By use of the relationship,
the noise fluctnation can be estimated from the SN ra-
tio. The 300 madel is the typical single’sweep P300
wavelorm generated based on actual data (5], and the
background EEG model can appropriately represent the
characteristics of the background EEG in the time do-
main and the frequency domain [9]. Then, it can be
declared that the relationship of the equation (10}, oh-
tained based on the simulation, represents the charac-
teristics of single sweep ERP data appropriately.

In order to evaluate the proposed method, the phys-
iological fluctuations were eslimated for the sinulalion
data. Tn Fig. 3, the estimated interval of the physiolog-
ical fluctunation always includes the true value, though
the width and the lower band of the estimated inter-
val change according to the condition of the simulation.
These simulation results prove that the proposed method
is effective. The proposed method was applied to sixteen
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Figure 4  Actual data of the single sweep ERP for
the subject 7 (normal mail adult) : (a) raw data and
(b)processed data Lhrough the band-pass filter of 1-
8 [lIz]. The positive peaks iudicated by arrows were
judged to be P300 by using the automatic detection

method.



normal adulis” ERP data, and the results were obtained
according to the subjects. In almost all the subjects, the
physiological fluctuation evidently existed, because the
lower band of the inlervals had positive value. Ilowever,
in the subject 11, it was not clear that whetler the phys-
jological fluctuation exists or not, since the large noise
fluctuation was included in the measurement fluctuation.

The measurement fluctuation was calculated based on
the P300 waveforms detected by the automatic detection
method {5]. Therefore, accurate detection of the P300
waveform is required. The automatic detection method
was developed so that the result of this method agreed
with thal of visual inspection by investigator [5]. Then,
the correct estimate of the measurement fluctuation was
obtained. I the SN ratio is extremely low, it is difficult
to detect the P300 waveform accurately. In this case, the
correct physiological fluctuation can not be estimated.
However, the proposed method can be applied to the
other biomedical data, if the SN ratio of the processed
data is about 1 or more.

In the proposed method, the two-sided interval esti-
mate was done. 1{the one-sided interval estimate is done
in the interval estimate of the SN ratio and the noise
fluctuation (x4 = 2K(1 + R)/R), the lowest limit of
the interval of the physiological fluctuation can be ob-
tained, and it can be indicated that at least how much
the physiological fluctuation exists. Furthermore, the
requisite nmnber of the single sweeps of the P300 for ol
taining the required interval estimate of the plhysiologi-
cal fluctuation can be calculated by using the proposed
procedure.

5. Conclusion

We proposed a method for extracting the physiological
fluctuation of the peak latency of the P300 by subtract-
ing the noise fluctuation from the measurement fluctua-
tion. We clarified the relationship belween the SN ratio
and the noise fluctuation based on the simulation, and
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Pigure 5 Resulls of the interval estimates and the
point estimates of the physiological fluctuation for the

actual data.

estimated the noise fluctnation by using the relationship.
In the case of a large number of samples, the plot esti-
mate of the physiological fluctuation is sufficient, how-
ever, in the case of a hmited number of samples, the
interval estimate of the physiological fluctuation is more
uselul. In order to evaluale the proposed method, we
used the simulation data whose physiological fluctnation
was generated by using the normal random numbers, and
the physiological fluctuation was estimated accurately.
Furthetinore, the proposed method was applied to the
actual KRP data of sixteen normal adults, and satisfac-
tory results were obtained.
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