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ABSTRACT 

Apparent motion stimulus induces visual perception 
of smooth motion even though there is no speed in-
formation. We examined whether human brain re-
sponse as measured by magnetoencephalography car-
ries direction information in the visually presented 
apparent motion of a random-dot pattern in a similar 
manner as continuous motions that have speed and 
direction information. Although there was no signifi-
cant effect of motion direction on the peak response 
latency and amplitude, mutual information entropy 
(IE) significantly increased after the motion onset at 
approximately 36 ms after the response latency in 
41% of the evaluations. Detailed analysis of the data 
from five subjects who participated in both the pre-
sent apparent motion and our previous coherent mo-
tion studies revealed that the maximum IE latency 
(delay) for apparent motion was significantly longer 
than that for coherent motion, although the mean 
maximum IE was the same. The results indicate that 
direction is represented in the response waveform 
evoked by apparent motion but the manner is differ-
ent from that for coherent motion probably due to 
the distinct neural processes engaged only for the 
apparent motion perception. We consider that direc-
tion and speed can be processed separately in the 
human brain because direction information was gen-
erated without speed information for the perception 
of apparent motion. 
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1. INTRODUCTION 

Humans visually perceive motion of objects even when 

the objects do not move but change their positions dis-
continuously. The neural process underlying such ap-
parent motion perception must be different from that for 
the real motions, because human brains create vivid im-
ages of the path of the apparent motion that do not exist 
and cannot not be seen [1-3]. Further, apparent motion 
stimulus is inherently ambiguous; subtle changes in the 
stimulus conditions, such as presentation timing and 
distance of the position change, could induce quite dif-
ferent perceptions. For example, shifts of random-dot 
patterns induces apparent motion when the amount of 
shift is sufficiently short, but the same pattern shift over 
a longer distance induces perceived blinking of dots 
[4-6]. Thus, human brains must determine what hap-
pened from the two possibilities such as motion or blink. 
Such neural processes would not be engaged in motion 
perception induced by continuous motion stimulus. 

Direction information of visually detected motion has 
been shown to be represented in the human brain re-
sponse waveform as measured by electroencephalogra-
phy [7] and magnetoencephalography [8]. These studies 
used the continuous motion of random dots (coherent 
motion) to evoke human brain response to motion onset. 
Further, previous study showed that direction informa-
tion was represented in the response waveform inde-
pendent of speed information [8], suggesting that human 
brains process direction and speed information sepa-
rately at least in part. For apparent motion, there is no 
physical speed and an image of motion direction (and 
path) is generated possibly by a top-down process [2,3]; 
continuous motion, on the other hand, has physical speed 
and direction that could be detected by bottom-up proc-
esses. In this study, we investigated whether direction 
information was represented in the human brain re-
sponse waveform evoked by apparent motion. If it were 
the case, the next question is whether such direction in-
formation is represented in a similar manner as that for 
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continuous motions. We hypothesized that direction in-
formation of apparent motion is also represented in the 
response waveform but in a somewhat different manner 
as that for continuous motion because of different neural 
processes. 

2. MATERIALS AND METHODS 

2.1. Subjects 

Ten healthy right-handed colleagues (two women and 
eight men, 24 to 48 years old) participated in this study. 
All subjects had normal or corrected to normal visual 
acuity. They provided informed consent and were ex-
perienced subjects of the MEG experiments. The study 
was approved by the ethical committee for the human 
study in the institute (National Institute for Physiological 
Sciences). 

2.2. Visual Stimulus 

A random dot kinematogram (RDK) was used to present 
apparent motion or blinking of the dots. Stimuli were 
generated by a program on an IBM-compatible personal 
computer (PC9800, NEC, Japan) and then projected onto 
a rear-projection screen in a magnetically shielded room. 
A projector with digital light processing (Mirage 2000; 
Christie Digital Systems Canada, Kitchener, ON, Can-
ada) was used to present the visual stimuli. As this 
monitor has a memory for the two frames, the actual 
image presentation was about 33 ms after the command 
from the computer because the refresh rate was 60 Hz. 
This delay was subtracted from the measured MEG la-
tency. The stimuli (RDK) subtended a square of 4.6˚ × 
4.6˚ visual angle at a distance of 234 cm, with a dot size 
of 0.039˚ × 0.039˚ (5.0 cd/m2). Dot density was 10% of 
the area and background luminance was 1.2 cd/m2. 

The visual stimulus consisted of two frames (Figure 
1). In Frame 1, stationary random dots were presented 
for 2 to 3 s. The subsequently presented Frame 2 con-
sisted of the same stationary dots, but the whole dots’ 
locations in Frame 1 were shifted one of four directions 
(left, right, up, or down-ward) at a fixed distance (0.17˚ 
or 1.5˚). There was no so-called interstimulus interval. 
The amounts of shift was determined so that the condi-
tion with the shift of 0.17˚ evoked vivid apparent motion 
perception and the other (1.5˚) evoked no motion ac-
cording to our previous study [9]. Frame 2 was shown 
for 0.5 s. With this stimulus presentation, we could 
measure the magnetic response evoked that was related 
only to the change in the frame (from Frame 1 to 2). 

One experimental session consisted of randomly pre-
sented 8 (4 directions × 2 shifts) stimuli, in each of 
which Frame 1 and 2 were projected sequentially. In one 
experimental session, 100 epochs for each direction of 
apparent motion with a shift of 0.17˚ and 25 epochs for 

 

Figure 1. The random-dot pattern. In frame 1, the 
pattern (shown here by black squares) was pre-
sented for 2 s to 3 s. Subsequently, the pattern 
shifted at a certain distance (shown by gray 
squares). When the shift was small enough, the 
subjects saw vivid motion of the pattern (in this 
case, towards the right). 

 
each direction of blink with a shift of 1.5˚ were collected 
(in total, 500 epochs) with intermission (less than 5 min). 
To keep the subject’s attention, he or she was requested 
to count the number of blink stimulus. The direction and 
the distance of the pattern shift were chosen at random 
for each epoch. The pattern in Frame 2 at the opposite 
side of the shift was not a wraparound of Frame 1, but 
rather the area was replaced by the new dot pattern so as 
not to evoke the perception of motion at the direction 
opposite to the shift. 

2.3. MEG Measurements 

A whole-head 306-channel MEG system (Vectorview; 
Electa Neuromag, Helsinki, Finland) was used to acquire 
human brain responses to motion onset. Subjects were 
seated in a dimly lit, magnetically shielded room and 
passively viewed a fixation point (marked with a red 
spot) at the center of the screen. They were instructed to 
fix their eyes on the spot at all times during the re-
cording session and blink if necessary while stationary 
dots were presented after the frame change. Blink and 
eye position were monitored and recorded along with 
MEG signals using an infrared eye tracker (pupil/corneal 
reflection tracking system; ISCAN, Cambridge, MA, 
USA). A subject’s head position relative to the MEG 
sensor coils was determined by measuring the positions 
of four small head position indicator (HPI) coils attached 
to the scalp (using nasion and bilateral tragi as anatomi-
cal landmarks for opositioning) with a three-dimensional 
digitizer (3 Space Fastrak; Polhemus, Colchester, VT, 
USA) outside the shielded room. Positions of the HPI 
coils were also measured with MEG sensors by feeding 
current to the coils at the beginning of each recording 
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a magnetic field using a pair of coils oriented perpen-
dicular to each other, the strength (magnetic field gradi-
ent, MFG) of the gradient at each sensor location was 
calculated as the square root of (gx(t)2 + gy(t)2), where 
gx(t) and gy(t) are the amplitude data at time t for the 
two planar gradiometers. In this study, we used the mean 
magnetic field gradient (mMFG) in each sensor location 
to evaluate the temporal structure of the MEG response, 
because peak latency and amplitude of the global re-
sponse waveform have been shown to vary with motion 
speed [8,10-12]. For the calculation of mMFG, sensor 
locations were divided into four regions (anterior, left, 
right, and posterior) (Figure 2). At each location, the 
time course of the mMFG was calculated by simply av-
eraging the MFG within the locus at each time. The 
mMFG is useful for quantifying global response strength 
evoked by the visual responses in neurons, and this value 
corresponds to the root mean square value seen in many 
EEG and MEG studies. The peak latency and amplitude 
of each response waveform was determined for the first 
response component as in our previous study [8]. 

session. 
MEG signals were continuously measured with tri-

ple-sensor elements at 102 locations above the head. 
Each sensor element has a magnetometer and two planar 
gradiometers oriented perpendicular to each other. Pla-
nar gradiometers measured the spatial gradient of the 
magnetic field that would be typically measured with 
magnetometers. Signals were band-pass filtered at 1 - 
200 Hz and digitized at 1 kHz. Digitized data—includ-
ing MEG waveforms, eye movements, and eight event 
codes for the stimulus conditions—were stored on the 
hard disk of the workstation for further analysis. 

2.4. Data Analysis 

2.4.1. Mean Magnetic Field Gradient 
Data files were converted to Matlab files (Matlab ver-
sion 7.5; Mathworks, Natick, MA, USA) and analyzed 
with programs developed using Matlab commands. For 
each motion direction, epochs in a session ranging from 
50 ms before and to 500 ms after the onset of motion 
(frame change) were averaged for 100 epochs. The mean 
signal amplitude of signal obtained before frame change 
was used for baseline correction. Epochs in which MEG 
signal variations for planar gradiometers were >3000 
fT/cm (or eye movements were >0.5˚) during epoch ac-
quisition were excluded from averaging. Averaged data 
were low pass filtered at 30 Hz and residual noise was 
reduced by wavelet analysis (denoise procedure in the 
Matlab toolbox). 

We measured four different responses at each experi-
mental session, since apparent motions with four differ-
ent directions were presented. These four responses ac-
quired in each session are referred to as the “response 
data set” in this study and were used to calculate mutual 
information entropy (see below). 

2.4.2. Mutual Information Entropy 
We calculated the mutual information entropy (IE) 
[13-15] between response amplitude data before motion As planar gradiometers measure the spatial gradient of 

 

 

Figure 2. The response waveforms and the magnetic field gradient map. The 
map the center of the figure shows the pattern at the peak latency (200 ms after 
the stimulus onset). The mean magnetic field gradient waveforms are shown for 
each sensor location. 
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onset and response amplitude data after motion onset as 
in our previous study [8]. This value indicates how much 
IE increases (or decreases) in the response to motion 
stimuli. If the response amplitude was varied with dif-
ferent stimulus motion directions of stimulus and the 
amount of variance was significantly larger than the 
variance before motion onset, IE would increase, indi-
cating that direction information is actually represented 
in the MEG response waveform. 

The mutual IE for each response data set (see above) 
was calculated using the following equation: 

    2 2
20.5 log 1IE t s t n    , 

where IE(t) is the IE at time t, σ2s(t) is variance of the 
signal amplitude variance at time t, and σ2n is the vari-
ance of the noise, determined as the mean variance of 
amplitude among the responses (mMFG) with four dif-
ferent directions before motion onset. We assumed that 
variance of the amplitude after motion onset, σ2r(t) was 
the sum of signal and noise variances, that is: σ2r(t) = 
σ2s(t) + σ2n. Using σ2r, IE was calculated as 0.5 × 

  2 2
2log r t n   . The value of σ2s(t) could vary sim-

ply with noise. The 95% probability of the upper limit of 
the variance due to noise was estimated with a χ2 distri-
bution using three degrees of freedom as 18.51 × σ2n. 
With that value, IE < 2.14 was shown to occur by chance. 
We thus considered that any data with IE > 2.14 were 
significantly increased after motion presentation. 

3. RESULTS 

All subjects perceived vivid motion of random-dot pat-
terns when the frame shift was 0.17˚ for all the direc-
tions. Of the 160 response waveforms acquired (ten sub-
jects × four directions × four sensor locations), 88 re-
sponse waveforms for eight subjects were examined be-
cause these response amplitude exceeded two standard 
deviations (S.D.) of noise level before stimulus onset. 
Figure 2 shows the illustrative response waveforms and 
the magnetic field gradient map at the peak of the re-
sponse (200 ms after the stimulus onset) for one subject. 

Multivariate repeated-measure analysis of variance 
(ANOVA) revealed that stimulus direction did not sig-
nificantly affect both the peak latency and the amplitude 
data (F(3, 12) = 0.476, p > 0.05 for the latency data, F(3, 
12) = 2.536, p > 0.05 for the amplitude data). Figure 3 
shows the mean latency (±standard error of the mean, 
S.E.M) and amplitude data for each stimulus direction. 

The maximum mutual IE for each response data set 
(see Materials and Methods) is shown with the relative 
latency from the peak response latency (delay) in Figure 
4. All the IE data were more than “one”, indicating that 
the mutual IE increased after the stimulus onset. In 22 
response data sets, nine data sets (41%) showed signifi-

cant increase in IE (that is > 2.14, see Materials and 
Methods). 

Generally, the data distributed after the peak response 
latency (mean ± S.D. was 45.9 ± 38 ms). The mean 
(±S.D.) delay for IE > 2.14 was 35.5 (±49.7) ms and that 
for IE < 2.14 was 53.1 (±27.3) ms. There was no sig-
nificant difference of the delay between the data for IE > 
2.14 and those for IE < 2.14 (by t-test, where signifi-
cance was identified as p > 0.05). 

Our five subjects in this study participated also in our 
previous study that examined the direction information 
in the response to continuous coherent motions [8]. Us-
ing these data, we examined whether there was any dif-
ference in the representation of direction information 
between apparent motion (AM) and continuous coherent 
motion (CM). The data for CM were the response data 
sets for the same subjects and locations at the speed of 
7.0˚/s. Twelve response data sets for each motion (AM 
and CM) were used to compare the maximum IE, delay, 
peak response amplitude, and peak response latency.  

 

 

Figure 3. The peak response latency and amplitude data. The 
data were plotted as mean ±S.E.M. for each stimulus direction 
(right, up left, and down). There were no significant effects of 
direction on the data (see text). 

 

 

Figure 4. The maximum mutual information entropy (IE) plot-
ted with the delay. The delay indicates the relative latency be-
tween the peak response latency and the maximum IE latency 
after the stimulus onset. 
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The results are shown in Figure 5. Paired t-tests re-
vealed that the delay and the peak amplitude for AM 
were significantly larger than those for CM (p < 0.05), 
but there was no significant difference in the maximum 
IE or peak latency. 

4. DISCUSSION 

The peak response amplitude (20 to 30 fT/cm) and la-
tency (160 to 170 ms) data for the apparent motion (Fig-
ure 1) were similar to those for the coherent motions 
noted in our previous studies [8]. The results were rather 
surprising considering the stimulus durations: the co-
herent motions were presented for 0.5 s but the apparent 
motion stimulus was the frame change in 16.7 ms be-
cause the refresh rate was 60 Hz. Our previous study, 

 

 

Figure 5. Comparison of the data between apparent motion 
(AM) and coherent motion (CM). Twelve response data sets 
(48 response waveforms) for five subjects were used to exam-
ine the difference in direction information representation in the 
response waveform between AM and CM. The maximum mu-
tual information entropy (IE) and the peak latency (Latency) 
for AM were not significantly different from those for CM. The 
latency when maximum IE occurred relative to the peak re-
sponse latency (Delay) for AM was significantly larger than 
that for CM. The peak response amplitude (Amplitude) for AM 
was also significantly larger than that for CM. 

however, showed that the stimulus presentation of 10 ms 
was enough to perceive motion speed and that response 
latency was not different from that for the longer stimu-
lus durations [10] using the light spot continuous motion. 
Although the study revealed the significantly smaller 
amplitude for the 10 ms presentation than that for the 
longer durations, the difference may be due to the 
stimulus presentation area. That is, the previous study 
used just one small light spot, but the present study used 
a random dot pattern over a larger area, which resulted 
in amplitudes similar to those for the longer stimulus 
presentation of coherent motion. 

Consistent with our previous coherent motion study, 
the peak response latency and amplitude did not signifi-
cantly vary with motion directions. The results were 
apparently inconsistent with the previous EEG study that 
showed the response amplitude for the N170 component 
was significantly varied with coherent motion directions 
[7]. This discrepancy could be due to the difference in 
the stimulus presentation conditions and the response 
measurement methods (EEG or MEG). It is well-known 
that the response waveforms for MEG tend to vary be-
tween subjects much more than those for EEG [16]. In 
the MEG study, the effect of motion direction on the 
response amplitude might have been obscured by the 
subjective difference of the response waveform. 

The maximum mutual information entropy (IE) in-
creased after the stimulus onset (frame change) (Figure 
4). The mean latency relative to the peak response la-
tency (delay) was 35.5 (±49.7) ms for IE > 2.14, which 
was similar to our previous finding for coherent motions 
[8]. The delay, however, was significantly larger for the 
apparent motion in this study than that seen for the co-
herent motion in our previous study [8] when the data 
for the subjects who participated in both studies were 
compared (Figure 5). The larger delay found for the 
apparent motion would not simply be due to the differ-
ence in the response properties (latency, amplitude, and 
signal to noise ratio of the response). The maximum IE 
was related to the response amplitude probably due to 
the signal to noise ratio [8]. Generally, lower response 
amplitude indicates lower stimulus intensity, which could 
cause slower direction information calculation. On the 
contrary, the mean response amplitude for the apparent 
motion was larger than that for the coherent motion 
(Figure 5). Further, the mean maximum IE for the ap-
parent motion was similar to that for the coherent mo-
tions. These results suggest that the longer delay was not 
due to the lower stimulus intensity or signal to noise 
ratio of the response for the apparent motion. 

It should be noted that the mean response latency for 
the apparent motion was similar to that for coherent mo-
tion, indicating that the time to reach maximum IE after 
the stimulus onset was actually increased for the appar-
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