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1 Introduction 
Under certain conditions the visual system cannot 
discriminate between apparent and smooth motion 
[1], despite the fact that in apparent motion only 
spatially separated start and end points of the 
movement path are stimulated. Exner was among 
the first to demonstrate this remarkable “closure” 
property of the brain in 1875 by his spark 
experiments in a dark room [2]. 
What would happen to evoked cortical activity’s 
latency and strength, if the apparent speed of 
moving stimuli, represented by their displacement 
within a fixed time interval,, were increased? 
Reported peak latencies of the first major evoked 
response to motion stimuli indicated values of 156 
ms (gratings) in MEG recordings [3] and 150-200 
ms (random dots) in EEG recordings [4]. 
Checkerboard-pattern experiments have established 
that evoked magnitudes of the first major peak of 
the evoked activity M1 were enhanced when 
pattern displacements increased, although latency 
fluctuations remained insignificant [5]. McKay et 
al. demonstrated that evoked cortical activity 
increased with spatial separation of motion stimuli 
[6]. In contrast to this line of evidence, Kaneoke et 
al. reported recently [7] that M1 latencies during 
evoked cortical activity were notably reciprocal to 
the extent of bar-stimuli displacements in their 
horizontal apparent motion experiments. They did 
not elaborate on measured M1 peak magnitudes and 
in their paper no systematic increase of the 
response strength was evident. 
In the present study we conducted a series of two-
bar experiments on horizontal apparent motion. Our 
goal was to verify these contradictory findings on 
the changes in visually evoked field (VEF) 
responses to expanding spatial separation (higher 
apparent speed). 

2 Methods 
2.1 Subjects 
Six healthy subjects, aged 23-38, had normal visual 
acuity or were corrected myopes, all of them with 
normal binocular and color vision. They were 

sitting in a dimly illuminated magnetically shielded 
room and at the beginning of each sitting we 
exposed subjects sufficiently to motion stimuli for 
training and allowed for at least 10-min dark 
adaptation under ambient light conditions. 

2.2 Experimental setup 
We used an OMEGA-64 whole-cortex 
biomagnetometer system (CTF Systems Inc, 
Vancouver, Canada), measuring the radial 
component of the magnetic field. Trials were 
recorded from -200 ms to +500 ms relative to 
stimulus onset, at sampling rate of 625 Hz and no 
real-time filtering. Apparent motion stimuli were 
delivered in front of the sitting subject on the left 
half of a 29° x 22° semi-transparent screen by a 
liquid crystal display (LCD) projector [8, 9]. 
Viewing was binocular in a sitting posture under 
the MEG sensors, at a distance of 1.5 m from 
screen center to nasion. Visual stimuli we used 
were bright photopic white bars on a dark 
background shown for 2000-3000 ms (random 
duration 1 ms step). Bar width was set to 0.05° and 
height - to 5° for optimal response. Stimulus design 
and latency measurements required additional 
measures on two factors affecting visual 
stimulation – video exposure aliasing and projected 
luminance rise slope. We fixated one of the bars 
foveally at 1°, while its more temporal motion 
counterparts were displaced horizontally on the left 
correspondingly by 0.05°, 0.1°, 0.2°, 1°, 3° and 5°, 
away from the center of the screen. Stimulus onset 
asynchrony (SOA) intervals were set at 2000-3000 
ms to avoid the 1400 ms trace lifetime of motion 
[3]. Experimental conditions presented apparent 
motion stimuli at six displacements and two 
directions of motion for each of them. In our 
paradigm all displacement conditions were 
randomized, although introduced within the same 
recording session. Each of the 12 experimental 
conditions was repeated at least 220 times within 6 
sessions on 3 separate days for every subject. We 
used 20-s presentation breaks between every 50 
stimuli in order to neutralize the effects of 
prolonged attention and fatigue. 



2.3 Data processing 

More than 15000 single trials recorded in this study 
were carefully tested, classified and rejected on the 
basis of each subject's blinking artifacts and 
individual brain noise, both in the time and 
frequency domains. Baseline-corrected and 
averaged MEG data was bandpass-filtered between 
0 and 40 Hz by a 10th order Butterworth filter. M1 
peak VEF latencies and magnitudes were estimated 
based on the first major root-mean-square (RMS) 
apex between 0 and 200 ms after motion onset. 
Data used was from a MEG sensor subset of 20 
parieto-occipital channels, positioned 
approximately over the main visual cortical areas of 
the human brain. We calibrated the subject-
parameter space by normalizing apex values for 
each subject with the corresponding mean levels 
over all tested displacements (normalized mean 
peak latency, normalized mean peak RMS 
magnitude). 

3 Results 
3.1 Apex analysis 

Recorded and processed MEG evoked fields in 
apparent motion are shown for one subject in Fig. 
1. Peak response strength (Fig. 1a) increased with 
greater spatial separation between the moving 
stimuli (higher speed). Due to the 5° displacement 
limit in our experiments, we could not determine 
precisely if the local maximum of the response 
strength was located near the end of our 
measurement interval or outside it. The cortical 
activation strength over the relevant parieto-
occipital visual areas was quantitatively measured 
by root-mean square (RMS) curves, as shown in 
Fig. 1b in the case of 1° displacement. In addition 
to the M1 peak activity (100...200 ms), in most 
cases we observed also late M2 (200...300 ms) and 
M3 (around 400 ms) peak cortical activities. 
Fig. 2 illustrates the main dependencies between 
motion-related spatial displacement (angular 
velocity) and normalized evoked M1 response 
parameters. Clearly, the mean peak magnitude (Fig. 
2a) increased substantially, while the mean peak 
latency (Fig. 2b) was not influenced significantly 
by the degree of stimulus separation. We found that 
the mean M1 peak latency of the visual evoked 
responses in two-bar apparent motion was 140 ±  
10.6 ms when averaged over all subjects, 
displacements and directions. To evaluate 
quantitatively the dependencies in our data, we 
applied a two-factor repeated-measures analysis of 
variance (ANOVA) (Table 1), with the six spatial 

displacements and the two horizontal directions as 
factors. The procedure confirmed the finding that 
spatial separation significantly influenced M1 peak 
magnitude (p=1.5*10-7), while it had no effect on 
peak latency (p=0.22).  

Table 1: Two-factor repeated-measures analysis of 
variance (ANOVA) – probability that data samples 
come from populations with the same means. 
Magnitude was strongly dependent on spatial 
displacement, while latency was not. Influence of 
direction on evoked response parameters was 
ambiguous. 

Probability for lack of change  
Source 

Magnitude Latency 

Displacement p = 1.5*10-7 p = 0.22 

Direction p = 0.40 p = 0.79 

Displacement-
Direction 
Interaction 

p = 0.09 p = 0.17 

 
The role, which horizontal motion direction played 
in evoked responses is shown in Table 1. ANOVA 
results pointed out that direction itself did not exert 
a significant influence neither for the mean M1 
latency (p=0.79) nor for the magnitude (p=0.40). 
This fact allowed us to increase the signal-to-noise 
ratio by averaging corresponding IN-OUT trial data 
for subsequent processing. 
Results from heteroscedastic t-tests (assuming 
unequal variances) demonstrated that all separate 
magnitude-displacement interactions were 
independent (p < 0.05) with the exception of 0.1° 
versus 0.2° (p = 0.4) and 3° versus 5° (p = 0.8), as 
can be seen in Fig. 2a. There were no independent 
latency-separation interactions. 

3.2 Data modeling 

We determined that evoked magnitude changes 
could be closely modeled by the Fechner’s law 
[10], which outlines the logarithmic relationship 
(Fig. 2) between the intensity of a perception 
response I and the stimulus strength S, 

I = k * log(S) + n .   (1) 

According to that principle, mean normalized peak 
magnitude MN (Fig. 2a) and latency LN (Fig. 2b) 
were described as a function of spatial separation 
between moving stimuli D by the following 
equations 



MN [%] = 16.1 * log(D) + 111.3 (r = 0.98) (2) 

LN [%] = 0.9 * log(D) + 100.6 (r = 0.86) (3) 

a) b) 
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Figure 1: a) Mean evoked field responses to 
apparent motion stimuli (0.05° x 5° bars) using 
whole-head 64-channel MEG. Static bar was fixed 
at an eccentricity of 1° left of gaze center and 
moving bar was displaced by 0.05°, 0.1°, 0.2°, 1°, 
3°, 5° arc. Data is shown for one subject. Left: 
small displacements, right: larger displacements, 
downwards: increasing displacement. b) Root-
mean-square (RMS) curve for 1° spatial separation, 
used by the M1 locator algorithm. 
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Figure 2: Apex analysis of 2-bar apparent motion 
peak VEF magnitude (a) and latency (b). To 
standardize inter-individual differences, data was 
normalized separately for each subject over all 
his/her displacements. Curves show mean values, 
lines display the best logarithmic fit and vertical 
bars represent standard deviation. 

4 Discussion 
4.1 Comparison with earlier studies 
Increasing the displacement (apparent speed) of 
two-bar motion stimuli originated visually evoked 
M1 peak responses with enhanced magnitudes, but 
unchanged timing in our apparent motion 
experiments. These findings were in agreement 
with previous reports on spatial displacement [5, 6]. 
However, in their 37-channel MEG study, Kaneoke 
et al. argued that increasing stimulus separations 
facilitated significant M1 latency decline, ranging 
from 182 ms to 74 ms [7]. We attempted to verify 
the results of these apparent motion experiments, 

but were unable to reproduce them in a satisfactory 
manner. Further, we also performed several 
experiments in collaboration with Dr. Kaneoke, 
using both their and our equipment. Our suggestion 
is that the discrepancies between our studies most 
likely were not of physiological origin and could 
probably be explained by differences in the 
methodology or by hardware / software glitches. 
We endeavored to make the experiments as 
compatible as possible and to verify thoroughly the 
timing of all stimulus-related stages in our 
experimental setup. 

4.2 Apparent motion processing hypotheses 
We suggest that these findings may be attributed to 
substantially augmented and overlapping receptive-
fields of motion-sensitive extrastriate neurons, as 
well as to weaker lateral inhibition over larger 
spatial jumps of apparent motion stimuli. 

4.2.1 Global retinotopic hypothesis 
The first, high-level cortical hypothesis deals with 
the problem in terms of global retinotopic 
phenomena within the extrastriate visual cortex, 
along the dorsal visual stream. 
1. One possible mechanism exploits the notion of 

enhanced spatial integration due to growing 
neuronal receptive field (RF) sizes away from 
the fovea and the synchronization of their 
activity as a result of overlapping RF sizes. It is 
known that RF sizes of extrastriate neurons 
responding to motion become larger at 
successive hierarchical levels [11] and that 
percentage of cells with overlapping RF is 
reportedly higher for velocity-high-pass (VHP) 
neurons [12] at increasing eccentricities. 
Kreiter and Singer have also demonstrated that 
a common moving bar stimulus can engage two 
separate cortical cells with overlapping 
receptive fields and different preferred 
directions in a much stronger synchronous 
activity, than two bar stimuli moving strictly in 
each individual cell’s preferred direction [13]. 

2. Another feasible cortical mechanism assumes 
an increasingly weakening lateral inhibition 
interaction between adjacent neural regions as 
discrete stimulus displacements / speeds during 
apparent motion become larger [14]. In view of 
the saturating duration and contrast of our bar 
stimuli, the notion of inhibitory regulation may 
come in support of the idea that changes in 
evoked response strength were due to relative 
displacement itself, not fixed eccentricity [6, 8]. 
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4.2.2. Local retinotopic hypothesis 

The second, low-level hypothesis attributes the 
speed anisotropy to local retinotopic properties at 
the lower stages of the visual system. Such 
properties include retinal photoreceptor diameters, 
ganglion cell receptive field sizes (Ricco’s area) 
and relative density of fast-conducting Y-cells in 
the lateral genicular nucleus (LGN), as well as 
cortical magnification of the retinal image in the 
striate cortex and direct interpolation of the 
apparent motion path. We did not find sufficient 
support for this line of explanation and we suggest 
that neurons with local retinotopic preprocessing 
capabilities cannot endorse alone the logarithmic 
relationship between the evoked magnitude and 
displacement without the involvement of higher-
order mechanisms. 

4.2.3 Other mechanisms 

Visual information may arrive in area V5 by at least 
three separate pathways – from area V1, directly 
from the LGN or via the superior colliculus and the 
pulvinar nucleus. Pathway “switching” is a 
velocity-dependent processing mechanism 
proposed by Ffytche et al, according to which if the 
speed of a motion stimulus exceeded a critical 
threshold of 22 deg/s, motion information could 
reach visual extrastriate area V5 faster than striate 
area V1. However, our high stimulus velocities may 
have activated only the fast-lane pathway to the 
extrastriate visual cortex, since peak latency data 
remained relatively constant and we did not observe 
any abrupt pathway or visual area “switching” in 
our data. In addition, although the striate cortex 
might have also contributed due to parallel input 
connections, the majority of its neurons have 
manifested predominantly velocity-low-pass (VLP) 
properties [12], which could hardly match the high 
stimulus speeds in our study. 
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