Differential brain activity states during the perception
and nonperception of illusory motion as revealed
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racetrack illusion

| visual motion perception

V

isual motion has been studied using random-dot stimuli for
many years (1, 2). In these stimuli, a random distribution of
dots is displayed every few milliseconds. In each successive display or frame, most of the dots are displayed in new, randomly
generated, positions. However, some percentage of the dots is
displaced by a ﬁxed distance in a particular direction. These coherently moving dots produce a motion signal in the direction of
the displacement that can be perceived by subjects, as long as the
percentage of coherently moving dots is above some threshold
value. Typically, if none of the dots move in a coherent direction—
that is, all dots move randomly from frame to frame—then no
motion is perceived. More recently, a stimulus has been described
in which motion is often perceived in the absence of any coherence
between dots (3). This stimulus, referred to as the “racetrack,”
consists of successive displays of random dots conﬁned to an annulus. When no coherent motion exists, subjects often perceive
rotary motion, which spontaneously ﬂips in direction. Interestingly,
the direction of perceived motion does not depend on the speciﬁc
dot patterns shown. For example, on separate viewings of the same
stimulus, a subject’s time courses of the direction of perceived
motion (which ﬂip between clockwise and counter clockwise) are
uncorrelated (4). In other words, a sequence of frames showing
random dots may elicit clockwise perception in one viewing, but
counter clockwise in another viewing.
In the study reported here, we used magnetoencephalography
(MEG) to measure the brain activity of subjects as they viewed
the racetrack stimulus. Because perception of rotary motion is
uncorrelated with the particular features of any particular racetrack stimulus, we were able to analyze brain activity under
conditions of perceptual awareness of motion and of nonawareness of motion independently of the stimulus that subjects
viewed. We show here that brain activity in the posterior left
hemisphere varied with perceptual awareness, when no coherent
motion signal was available in the stimulus. Furthermore, we
found that although brain activity differentiated states of per-

www.pnas.org/cgi/doi/10.1073/pnas.1009857108

ception equally during stimuli with any of the motion coherences
we studied (5–30%), perception did not increase until 10% dot
coherence. We also show that the brain carries information
about the amount of coherence in the stimulus, but only in the
case that visual motion was not perceived. These results suggest
that during perception, the brain may lock into a state with
a reproducible activity pattern (5) in which lower-level features
of the stimulus may be ignored or explained away (6, 7).
Results
Motion Perception. Subjects viewed the racetrack stimulus, an

annulus of randomly placed dots whose positions varied over
time (Fig. 1A). In some trials, the locations of all dots from frame
to frame in the display were uncorrelated from their previous
positions. In other trials, some percentage of the dots (5–30%)
moved coherently: that is, through some ﬁxed angle (Fig. 1B).
All subjects reported seeing rotary motion under dot-coherence
percentages ranging from 0 to 30%. In nearly all trials, periods of
clockwise rotation and counter-clockwise rotation perception
were intermixed with periods of no stable motion perception (the
exceptions being that two subjects always perceived motion of
one direction or the other at all times during the 30% motioncoherence trials). An example of the response of one subject to
the 0% coherent dot stimulus is shown in Fig. 2A. Table 1 shows
the mean length of time subjects indicated perception of motion
or no motion for each of the dot coherences. In general, the
mean length of perception of motion in any one direction was
relatively stable across dot coherences until coherence reached
30%, in which case the mean length of time increased appreciably. Mean durations of periods where no motion was perceived went down as motion coherence went up. Interestingly,
although there was no global motion signal in the 0% coherence
stimulus, subjects reported a perception of rotational motion
of the dots. As expected, the percentage of time that motion
was perceived increased as dot coherence increased (Fig. 3,
solid line).
Additionally, subjects were more accurate in correctly identifying the direction of motion at higher dot coherences. We crosscorrelated each subject’s response with the actual direction of
the correlated dots, denoting χ as the maximum value of the
cross-correlation function. (At 0% dot coherence, subject responses were cross-correlated with a simulated sequence of
directions randomly generated in the same manner as the actual
sequences.) The dashed line in Fig. 3 shows the relationship
between χ and dot coherence.
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We studied visual perception using an annular random-dot motion
stimulus called the racetrack. We recorded neural activity using
magnetoencephalography while subjects viewed variants of this
stimulus that contained no inherent motion or various degrees of
embedded motion. Subjects reported seeing rotary motion during
viewing of all stimuli. We found that, in the absence of any motion
signals, patterns of brain activity differed between states of
motion perception and nonperception. Furthermore, when subjects perceived motion, activity states within the brain did not
differ across stimuli of different amounts of embedded motion. In
contrast, we found that during periods of nonperception brainactivity states varied with the amount of motion signal embedded
in the stimulus. Taken together, these results suggest that during
perception the brain may lock into a stable state in which lowerlevel signals are suppressed.

Table 1. Mean length of time subjects indicated perception of
motion or no motion

Fig. 1. Racetrack stimulus. (A) The racetrack stimulus was composed of
white dots arranged in an annulus on a black background. Every 35 ms (one
frame), the position of the dots was changed, such that the overall density of
dots was uniform over the annulus. A ﬁxation cross was present in the center
of the stimulus. (B) On some trials, the position of a percentage of the dots
across sequential presentations was correlated, or coherent. In these cases,
5%, 10%, or 30% of the dots were not randomly redrawn in the next frame of
the stimulus, but were translated through a ﬁxed amount of rotation, centered at the middle of the annulus, and were redrawn at these new locations.

MEG Activity Related to Motion Perception. To ﬁnd neural signals
that differed between periods of motion perception and no
motion perception, we compared average MEG signals of each
sensor during these periods. First, we divided the time course
into periods of motion perception (clockwise or counter clockwise) or no perception (Fig. 2A), deﬁned as “epochs.” From each
epoch lasting at least 1 s, we took the average MEG activity of
each sensor from the middle 500 ms of the period (Fig. 2B). To
test for differences in sensor activity between perceptual states,
we performed an analysis of covariance on this MEG data
(Methods). We found that 36 of 248 sensors (14.5%) displayed

Fig. 2. Subject response on one trial and data epochs. (A) Rectangles show
periods of one 120-s trial during which motion was perceived. Solid lines
indicate perception of clockwise motion, dashed lines indicate counterclockwise motion. Subjects indicated whether they perceived motion by
pressing and holding one of two mouse buttons (left for counter-clockwise
motion, right for clockwise). When no motion was perceived, they did not
press either button. (B) Neural data analyzed in this study were taken from
the middle of epochs of consistent states of perception: clockwise, counterclockwise, or none. Five hundred milliseconds of data were averaged from
each of these epochs that lasted at least 1,000 ms.
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activity that signiﬁcantly differed (P < 0.05) as a function of
perceptual state. The locations of these sensors are indicated by
the large dots in Fig. 4A. Because MEG data were taken from
the middle of epochs, it is unlikely that these results were caused
by differential brain activity resulting from the pressing of the
mouse button during periods of motion perception. To test this
ﬁnding, we applied the same analysis as above to data recorded
during a control task in which ﬁve subjects pressed and released
a mouse button when ﬁxating on a point in an otherwise blank
screen. Using a comparable number of epochs as above (210
epochs for the control task, 204 for the racetrack task), we found
only 5.6% of sensors with activity that varied signiﬁcantly (P <
0.05) between button-down and button-up conditions, with no
distinct spatial pattern.
Using Patterns of MEG Activity to Classify Periods of Motion
Perception. Using stepwise linear discriminant analysis, we

tested how well patterns of MEG signals could classify periods of
motion perception. In this analysis, we decoded the state of
motion perception from patterns of MEG activity taken from the
middle 500 ms of each period of the task. The ability of this
analysis to correctly classify periods of the trial is a function of
the information about the perception states carried in the MEG
signals. If a large amount of such information is present,
decoding accuracy will be high. If little or no such information is
present, decoding accuracy should be near chance levels (given
that there are two states, perception and no perception, chance
level for this analysis is 50%). At each motion coherence we
found that patterns of MEG activity could decode perception at
levels above chance (Fig. 4B). Percent-correct classiﬁcation
ranged from about 78%, in the case of 0% coherence, to about

Fig. 3. Relationship between motion coherence and perceptual behavior.
The solid line shows the percentage of time subjects perceived rotary motion
when viewing the racetrack stimulus for each amount of motion coherence in
the stimulus. The dotted line indicates the average highest cross-correlation
between subjects’ responses and the actual motion signal in the stimulus
(at 0% coherence, there was no motion signal in the stimulus, so a random
sequence was cross correlated with the behavioral response). Error bars indicate ±SEM.
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90% in the case of 30% coherence. Table 2 shows classiﬁcation
results from individual subjects.
Neural Activity Related to Dot Coherence During Periods of Motion
Perception and No Motion Perception. We tested whether neural

activity recorded at each sensor varied, as a function of the dot
coherence, under the conditions that motion was perceived or
was not perceived. We found that in the cases that motion was
perceived, only 3 of 248 sensors (1%) showed activity that varied
with dot coherence. In the cases that motion was not perceived,
however, 48 sensors (19%) recorded activity that differed between dot coherences. The locations of sensors with activity
signiﬁcant for dot coherence during perception and nonperception are shown in Fig. 5A (white triangles and black circles, respectively). The fact that sensors did not show signiﬁcant
changes in activity related to dot coherence in the perception
condition could be attributed to their mean activity not varying
with coherence, high within group variance, or some combination of both of these factors. We tested these possibilities by
calculating the mean and SD of MEG signal for each sensor,
across trials, for each coherence and perceptual condition. We
Table 2. Motion coherence classiﬁcation results
Motion coherence (%)
0
0
0
0
0
0
0
5
5
5
5
5
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10
10
10
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Subject
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found that during nonperception, those sensors showing signiﬁcant effects of coherence (black circles in Fig. 5A) had an average range of 41.1 fT across coherences. Those same sensors
showed an average range of only 9.8 fT across coherences during
motion perception. These values were highly signiﬁcantly different (t test, P < 0.00001, n = 48 sensors). In contrast, withingroup SD did not vary appreciably across perceptual conditions.
During nonperception, the mean within-group SD of the 48
signiﬁcant sensors was 56.5, 51.4, 54.9, and 59.3 fT for dot
coherences of 0, 5, 10, and 30%, respectively. In the same sensors
during motion perception, those values were 53.5, 53.8, 49.5, and
59.3 fT (values at 0, 5, and 30% coherence were not signiﬁcant in
t tests, P > 0.3; values at 10% coherence were signiﬁcantly different at P < 0.05). These results indicate a similarity of activity
across coherence conditions during motion perception.
Finally, we tested how patterns of neural activity varied with
motion coherence. We again used a stepwise linear discrimination analysis to classify epochs of data as one of four motion
coherences (0%, 5%, 10%, or 30%). If classiﬁcation in this case
was found to be high, this would be an indication that patterns of
brain activity varied with, or carried information about, motion
coherence. We found that for every subject who viewed motion
coherences above 0%, classiﬁcation of motion coherence was
higher during epochs when motion was not perceived. Across
subjects, the average correct classiﬁcation of motion coherence
was signiﬁcantly greater than chance (59%; t test, P < 0.05;
chance classiﬁcation was 25%) during epochs when motion was
not perceived (Fig. 5B). However, classiﬁcation of coherence was
much lower during periods of motion perception, not differing
signiﬁcantly from chance (34%; t test, P = 0.09). Classiﬁcation
was signiﬁcantly higher during nonperception than periods of
motion perception (t test, P < 0.05). In the classiﬁcation analyses
(Figs. 4B and 5B), sensors entered into the stepwise classiﬁer
were primarily a subset of those that showed signiﬁcant activity
in the ANCOVA (Figs. 4A and 5A), likely reﬂecting redundant
information carried by neighboring sensors.
Discussion
A number of visual stimuli have been developed that attempt to
dissociate the stimulus form from perceptual awareness (8). We
show in this article the ﬁrst neural signals recorded during the
viewing of a novel stimulus, the racetrack, which at times elicits
the perception of rotary motion (3). We recorded MEG signals
during times of motion perception and nonperception under
conditions of various, underlying, “true” motion strengths: from
no motion signal to an underlying motion signal so strong that it
elicited perception over 90% of the time. MEG signals represent
PNAS | December 28, 2010 | vol. 107 | no. 52 | 22679
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Fig. 4. Brain activity differences between perceptual states. (A) Location of sensors whose activity showed a signiﬁcant difference between epochs of motion
perception and epochs of no motion perception. Large circles in the sensor map indicate sensors with activity signiﬁcantly different between perception and
no perception portions of the trial. (B) Circles show how well patterns of brain activation could be used to classify whether or not the data were taken from
a period of motion or no motion perception, using stepwise linear discriminant analysis. Error bars indicate ±SEM.

Fig. 5. Neural signals related to motion coherence, under conditions of when motion was and was not perceived. (A) Large circles in the map indicate sensors
whose activity varied as a function of motion coherence during epochs when motion was not perceived. White triangles indicate sensors whose activity varied
with coherence during periods of motion perception. (B) Patterns of brain activity classiﬁed epochs as the correct dot coherence more often when motion was
perceived than when it was not. Bars indicate average correct classiﬁcation of motion coherence over subjects (error bars = SEM). Dotted line indicates chance
classiﬁcation performance (25%, four levels of motion coherence).

an accurate, faithful, millisecond-by-millisecond record of integrated synaptic events. In this study, we used these raw MEG
signals and simple statistical tests to characterize brain activity
during viewing of the racetrack illusion. We were ﬁrst interested
in determining how brain activity varied with the presence or
absence of the perception of motion during the viewing of
a stimulus containing no coherent motion signal at all (c = 0%).
In this case, we found that the neural activity recorded by 36 of
248 sensors varied their activity depending on whether motion
was perceived or not. These results show that brain activity varies
as a function of perceptual awareness of motion, even in the case
that the stimulus carries no motion signals (and does not elicit
reproducible responses to repeated viewings of the same stimulus) (4). Most sensors showing differential activity were located
above the left parietal cortex. Rees (9) has recently reviewed
evidence that suggests that dorsolateral prefrontal and superior
parietal cortices often show changes in activity with changes in
visual awareness. However, we did not ﬁnd any prominent
clusters of sensors over prefrontal cortex that related to perception. Still, the locations of the sensors showing activity differences should be interpreted with caution, as localization with
MEG is not as good as with other methods. In this study, we were
more interested in what is represented by the brain as a whole,
rather than individual sensors or brain areas, particularly because many brain areas that are active during conscious perception are also often active during presentation of stimuli that
are not perceived (9). It is possible, in the case of 0% dot coherence, that a combination of spontaneous cortical noise and
the noise present in the stimulus may lead to visual perception
(10). Indeed, some studies have found this to be the case in cats
(11), rats (12), and humans (13, 14).
We further investigated how brain activity varied when subjects viewed racetrack stimuli with various degrees of dot coherence. The results show that patterns of neural activity differed
more between perceptual conditions where there were coherent
dots than they did where there were none. Interestingly, the
ability of the neural activity to discriminate perceptual state did
not differ much between the three conditions that contained
some dot coherence (Fig. 3B), suggesting that the brain may lock
22680 | www.pnas.org/cgi/doi/10.1073/pnas.1009857108

into a stable state of activity during perception, the strength of
which is unrelated to the strength of the motion signal. Additionally, although many sensors varied their activity with dot
coherence when motion was not perceived, few did so during
perception. Taken together, these data suggest that brain states
associated with perception arise in an all-or-nothing fashion,
which is stable across states of perception no matter the underlying visual stimulus characteristics. This result is similar to
one found by Schurger et al. (5), who recently showed that neural
activity patterns associated with conscious perception were
characterized by reproducibility, rather than higher signal-tonoise ratios when compared with activity patterns associated with
nonperception. One potential mechanism for this stability of
neural patterns across varying stimulus characteristics is “perceptual explaining away” (7), in which one of competing hypotheses about visual input becomes more probable, and in
doing so makes other hypotheses less probable by explaining
away confounding variables. An example of this phenomenon
has been shown in the primary visual cortex, where neural activity was reduced when subjects perceived groups of visual
stimuli as objects, compared with when they were seen as individual elements (6). The authors of this study argue that once
higher-order visual areas dedicated to shape perception can explain the stimulus, they send feedback projections that reduce
activity in lower-level areas. Consequently, ambiguity resulting
from the raw visual stimulus can be reduced and the “winning”
percept can be maintained. The data reported here are similar,
in that information about low-level stimulus features (dot coherence) was reduced during the perception of visual motion. It
is possible that, during the viewing of the racetrack illusion,
perception of motion arises from the interaction of an initial
integration of motion signals (or a combination of cortical and
stimulus noise) and the consequent feedback signals that reduce
activity related to stimulus parameters.
Methods
Subjects. We recorded the brain activity of seven healthy volunteers (ﬁve
male, two female, mean age 31.8 ± 2.9 SEM, range 22–44 y). All subjects were
right handed. Informed consent was obtained from all subjects, and proto-
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Stimulus. The racetrack stimulus consisted of a changing display of white dots
(on a black background) whose positions were conﬁned to an annulus (Fig.
1A). Every 35 ms, the dots were redrawn in new positions, with the condition
that they were distributed evenly across the annulus. In different trials,
different proportions of dots were redrawn in random locations and the rest
moved coherently (i.e., through a constant angle) in either a clockwise or
counter-clockwise direction (Fig. 1B). The percents of correlated dots (motion coherences) used were 0%, 5%, 10%, and 30%. During each trial of
motion coherence greater than zero, motion direction (clockwise or counter
clockwise) was determined randomly every 3 s, with an equal probability of
each direction at each 3-s interval.
We tailored various parameters of our stimuli to each subject, so that
during a prerecording trial using fully randomized dots (0% coherence), each
saw rotation approximately half of the time. The inner diameter of the
annulus ranged from 14 to 19°, and the outer diameter ranged from 19 to
27°. The number of dots in each frame of the stimulus was constant for each
subject, but varied from 56 to 100 across subjects. For all subjects, the
stimulus was displayed at 85 Hz, and the dots were randomly changed every
three frames (every 35 ms). Stimuli were projected onto a screen 60 cm
above the subjects’ eyes by a liquid crystal display projector located outside
of the recording room.
Task. Subjects viewed the racetrack stimulus while ﬁxating at a cross in the
center of the display. On each trial, the stimulus was presented for 120 s
during which time the subjects pressed one of two buttons on a mouse indicating what direction of motion they perceived, if any. Subjects pressed and
held a button with the index or middle ﬁnger of their right hand if they
perceived counter-clockwise or clockwise motion, respectively. During periods in which they perceived no rotary motion, subjects did not press either
button. Subjects were instructed to ﬁxate the cross located at the center of
the annulus and to refrain from blinking for the duration of the stimulus. Two
subjects viewed only the 0% coherence stimulus. The other ﬁve subjects each
viewed the 0% the stimulus for two trials and viewed one trial each of stimuli
with 5, 10, and 30% motion coherence.
MEG Recording. Subjects viewed the racetrack stimulus as the MEG data were
acquired from a 248-channel axial gradiometer MEG system (Magnes 3600
WH; 4D-Neuroimaging), which was located within an electromagnetically
shielded room to reduce environmental noise. MEG data were acquired at
1,017.25 Hz and low-pass ﬁltered (400 Hz cutoff) during acquisition. The state
of three buttons was sampled at the same rate as the MEG data (at
1,017.25 Hz) and was incorporated directly into the MEG data ﬁle to ensure
correct time alignment. The data were preprocessed as follows. First, the
cardiac artifact was removed by the method of event synchronous subtraction
(15). A representative heartbeat from the data was used as a template. This
template was then slid through the data, sample by sample, and the correlation between the template and the overlapping data segment was cal-
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culated at each point. Sharp peaks in the resulting correlation output
reﬂected heartbeat detections. For each cortical MEG channel, the beats
were averaged to obtain a clean averaged waveform. The averaged beat
was then subtracted from the raw data at each occurrence of the cardiac
artifact. After cardiac correction, environmental noise was removed using
4D Magnes software. The 4D Magnes acquisition system uses a combination
of magnetometer and gradiometer reference coils to monitor environmental noise (16). These coils were positioned sufﬁciently above the head to
receive little brain signal, but close enough to receive similar environmental
noise to what is seen by the cortical channels. Environmental noise was removed from the cortical channel recordings by subtracting a weighted sum
of the reference recordings from each cortical channel. After environmental
noise reduction, the data were then high-pass ﬁltered using a 0.1-Hz cutoff.
Analysis. Analyses of neural data were performed on average MEG signal
from individual channels. We ﬁrst divided the time course into periods of
clockwise motion perception, counter-clockwise motion perception, and no
motion perception (Fig. 2A), which we deﬁne as epochs. From each unique
epoch that lasted at least 1 s, we took the average MEG activity of each
sensor from the middle 500 ms of the period (Fig. 2B). No data were used
from epochs lasting less than 1 s.
To ﬁnd sensors whose activity differed between periods of motion perception and no motion perception, we performed an analysis of covariance,
using these mean MEG signals as the dependent variable, perception of motion
(a binary variable) as the factor, and time of recording as a control covariate.
This analysis was performed across subjects and across motion coherences.
We then used a stepwise linear discriminant analysis (17) to test how well
patterns of MEG signals could classify periods of motion perception. To do
this, we used the mean MEG signals from the epochs described above. Each
sensor’s data were treated as an independent variable in the discriminant
analysis. This analysis was performed using the stepwise discriminant analysis
in the SPSS statistical package (Version 17; SPSS Inc.), using the default F values
(F to enter = 3.84, F to remove = 2.71), and leave-one-out cross validation.
To determine how neural activity varied with motion coherence, we performed an analysis of covariance on the activity of each sensor, using motion
coherence as the factor, and time of recording as a control covariate. This
analysis was performed across all ﬁve subjects who viewed stimuli with coherent motion, and was repeated separately for epochs in which motion was
perceived and epochs during which no motion was perceived. We then used
a similar stepwise linear discriminant analysis (as above) to classify epochs
based on their motion coherence (based on the pattern of MEG data, each
epoch could be classiﬁed as 0%, 5%, 10%, or 30% coherent). This analysis was
performed separately for each subject, and separately for groups of epochs in
which motion was perceived and for which motion was not perceived.
ACKNOWLEDGMENTS. We thank Donald Glaser for drawing our attention
to this problem and encouraging us to pursue it. This work was supported
by the Center for Cognitive Sciences of the University of Minnesota, the US
Department of Veterans Affairs, and the American Legion Brain Sciences Chair.

10. Riani M, Simonotto E (1994) Stochastic resonance in the perceptual interpretation of
ambiguous ﬁgures: A neural network model. Phys Rev Lett 72:3120–3123.
11. Funke K, Kerscher NJ, Wörgötter F (2007) Noise-improved signal detection in cat
primary visual cortex via a well-balanced stochastic resonance-like procedure. Eur J
Neurosci 26:1322–1332.
12. Stacey WC, Durand DM (2000) Stochastic resonance improves signal detection in
hippocampal CA1 neurons. J Neurophysiol 83:1394–1402.
13. Linkenkaer-Hansen K, Nikulin VV, Palva S, Ilmoniemi RJ, Palva JM (2004) Prestimulus
oscillations enhance psychophysical performance in humans. J Neurosci 24:10186–10190.
14. Mori T, Kai S (2002) Noise-induced entrainment and stochastic resonance in human
brain waves. Phys Rev Lett 88:218101.
15. Strobach P, Abraham-Fuchs K, Härer W (1994) Event-synchronous cancellation of the
heart interference in biomedical signals. IEEE Trans Biomed Eng 41:343–350.
16. Nowak H (2007) Magnetism in Medicine: A Handbook (Wiley-VCH, Berlin).
17. Georgopoulos AP, et al. (2007) Synchronous neural interactions assessed by magnetoencephalography: A functional biomarker for brain disorders. J Neural Eng 4:
349–355.

PNAS | December 28, 2010 | vol. 107 | no. 52 | 22681

NEUROSCIENCE

cols were approved by the Institutional Review Boards of the University of
Minnesota and Minneapolis Veteran’s Affairs Medical Center.

