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Although a high proportion of the motion selective cells in primate
motion area, MT, are disparity-selective, there is no convincing
evidence for cells in this area specific to stereomotion-in-depth and the
neural basis of stereomotion processing remains obscure. With
functional magnetic resonance imaging (fMRI), we identify an
occipito-temporal region activated by cyclopean stereomotion-in-depth
stimulation, centered anterior to the human motion complex hMT+.
This discovery suggests a reconceptualization of the architecture of the
motion complex to incorporate the processing of motion in the third
dimension.
© 2007 Elsevier Inc. All rights reserved.
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Introduction
The world we live in is three-dimensional and dynamic.
Perception of visual scenes, navigation through them, and successful
interactions with moving objects require our visual system to
interpret 3D events from flat 2D retinal images. The two-eyed
architecture of the visual system gives rise to the most powerful
depth cue, binocular disparity, which derives from the relative
displacement of the image-projections on the two retinas and makes
stereoscopic depth vision possible. Changes of object distances over
time as they approach or recede from the viewer are encoded as
temporal derivatives of their binocular disparities thus forming the
cue for the perception of motion-in-depth. The extensive literature
on stereovision is mostly limited to the static stereopsis and
stereoacuity (for review, see Tyler, 1991; Howard and Rogers,
2001). Much less attention has been paid to dynamic stereopsis,
particularly in neurophysiological studies.
Stereomotion, which is the principal form of dynamics in
stereoscopic vision, has generated long-standing controversy as to
its underlying mechanisms. In clarifying these issues, we recognize
four conceptually-distinct forms of stereomotion. The primary
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distinction is whether it is defined solely by the disparity-variations
over time or relys also on the relationship between luminance
motions in the two eyes (Julesz, 1971). The second distinction is
whether its direction is frontoparallel (x- or y-axis stereo motion) or
is itself in the third dimension (z-axis stereo motion). Combining
these two distinctions leads to a variety of stereoscopic motion
types.
In general, however, the most studied motion is luminancedefined frontoparallel motion that has been termed first-order
motion (Chubb and Sperling, 1988). It is proposed to be processed
by motion-energy units (van Santen and Sperling, 1984; Adelson
and Bergen, 1985; Watson and Ahumada, 1985). When the
luminance-defined motion is in a non-zero disparity plane, however,
the motion-energy units would need to be tuned for the interocular
disparity in the stimulus. A high proportion of disparity-specific
neurons selective for this kind of disparate motion have been found
in the middle temporal area in monkeys (Maunsell and Van Essen,
1983a; DeAngelis et al., 1998; DeAngelis and Newsome, 1999).
Correspondingly, adaptive aftereffects of frontoparallel motion
specific to its disparity have been described (Anstis, 1974; Nawrot
and Blake, 1989; Verstraten et al., 1994), implying the existence of
disparity-selective processing of first-order motion in the human
brain.
To study motion processing carried by disparity cues as such,
it is necessary to eliminate the contamination of luminance
motions on the two retinas, which generate interocular velocity
difference cue. This can be achieved by defining disparity
structures in dynamic noise. Such 3D structures and, respectively,
their motion are visible only binocularly, i.e., they are ‘cyclopean’
(Julesz, 1971). The most studied form of the latter in the
psychophysical literature is the frontoparallel motion of cyclopean
structures such as sinusoidal corrugations (Patterson et al., 1992,
1995, 1996; Lu and Sperling, 1995, 2001a,b; Patterson and
Becker, 1996; Shorter et al., 1999; Bowd et al., 2000; Shorter and
Patterson, 2001; Tseng et al., 2006). However, there is still a
major controversy concerning the underlying mechanism of such
cyclopean motion. By definition, this is not first-order motion
because the moving form is defined by disparity rather than
luminance. It would qualify as a second-order motion (since the
disparity cue is defined by luminance differences between the two
eyes3 images) but Lu and Sperling (1995, 2001a,b), on the
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grounds that it is not carried by a local computation on the
(second-order) disparity profile but on its salience, have
consistently argued that frontoparallel (x-axis) cyclopean motion
is an example of third-order motion, which is a superordinate
property carried equally by color, disparity, texture and any other
stimulus modality. They support their argument mainly on the
facts that the temporal frequency range for frontoparallel
cyclopean motion is much lower than for other types of secondorder motion, that it does not pass the pedestal test of Lu and
Sperling (1995), and that it exhibits motion standstill (Julesz and
Payne, 1968; Tseng et al., 2006).
Conversely, Patterson and colleagues have identified a series of
properties of frontoparallel cyclopean motion that are normally
associated with first-order motion. These properties include
direction-selective adaptation (Patterson and Becker, 1996),
disparity tuning (Patterson et al., 1996), a cyclopean motion
aftereffect selective for orientation and spatial and temporal
frequency of the sinusoidal corrugation (Shorter et al., 1999;
Shorter and Patterson, 2001) and a lack of difference between
selective attention effects for luminance and cyclopean motion
detection (Patterson et al., 2005). Further evidence was provided
by Smith and Scott-Samuel (1998) in the form of a cyclopean
version of the missing fundamental illusion, in which the motion
direction conformed to the predictions from the luminance case.
These results were interpreted as restricting the mechanism to a
first- or second-order system.
This body of evidence constitutes an expanding case for a
specialized status for frontoparallel cyclopean motion processing in
the human brain. On the other hand, Lu and Sperling (2002) have
argued that the displays are not disparity-specific because they are
contaminated by third-order motion derived from residual
binocular rivalry effects in the cyclopean stimuli. (Such effects
are readily controlled by replicating the paradigm with vertical
rather than horizontal disparities, but neither group has done so to
date.) Thus even the order of the mechanism for frontoparallel
stereomotion is an open question.
The most fundamental form of stereomotion, however, is
cyclopean z-axis stereomotion, which is solely defined by the
temporal derivative of disparity and contains no correlated
monocular components (Julesz, 1971; Norcia and Tyler, 1984;
Cumming and Parker, 1994; Scarfe and Hibbard, 2006). To
analyze z-axis stereomotion, we need to distinguish the activation
for stereomotion per se from that both for the static disparities of
which it is composed, and for the interocular velocity difference
cue derived from the monocular motions across the retinas as the
objects move in depth. Although the different luminance
velocities in the two eyes can support z-axis stereomotion (Tyler,
1971, 1975; Richards, 1972; Beverley and Regan, 1973, 1974;
Regan et al., 1979; Harris and Watamaniuk, 1996; Sumnall and
Harris, 2000; Shioiri et al., 2000; Brooks, 2002; Harris and
Rushton, 2003), they are not a necessary condition for
stereomotion to be perceived. The cyclopean paradigm makes it
possible to eliminate all coherent monocular components by
presenting the disparity changes in dynamic noise fields, where
the noise is uncorrelated from frame to frame. Purely cyclopean
stereomotion stimuli support strong motion-in-depth percepts
(Norcia and Tyler, 1984; Norcia et al., 1985; Cumming and
Parker, 1994; Cumming, 1995). Norcia and Tyler (1984) found
that the temporal limit for detecting cyclopean stereomotion is
about 6 Hz, similar to that for non-cyclopean stereomotion (Tyler,
1971; Richards, 1972; Lages et al., 2003), even though the

cyclopean stereomotion does not contain the additional cue of
opposite directions of motion in the two eyes.
Cyclopean z-axis stereomotion cannot be captured in any of
the current motion classifications. Even the third-order motion
classification of Lu and Sperling (2001a,b) requires lateral
motion of a coherent salience cue, which is absent from
cyclopean z-axis stereomotion of a flat plane in dynamic noise.
Its cortical mechanism has never been investigated, either in
human or any other species. Even for non-cyclopean stereomotion the neural substrate remains unresolved (Zeki, 1974; Poggio
and Talbot, 1981; Maunsell and Van Essen, 1983a), despite the
fact that the motion complex (areas MT (V5), MST, etc.; Zeki
et al., 1991; Watson et al., 1993; Tootell et al., 1995a,b)
contains both motion- and disparity-selective cells (Maunsell
and Van Essen, 1983a; DeAngelis et al., 1998; DeAngelis and
Newsome, 1999), and particularly that many of its disparityselective cells have strong responses even for stationary
disparities (Palanca and DeAngelis, 2003). Such disparityselective populations within hMT+ have the potential to provide
their signals as input to a subsequent mechanism calculating
disparity-modulation over time, i.e., as input to stereomotion
processing.
The question we ask is, thus, how is z-axis stereomotion
processed in the human brain? Several possibilities can be
envisaged. As motion, its neural processing might be co-localized
with other motion areas such as the motion complex (hMT+, the
human homolog of monkey MT/MST). As a dynamic form of
stereopsis, however, stereomotion processing might be associated
with other areas specialized for disparity processing. An alternative
possibility is that stereomotion might have a specialized cortical
representation separate from both disparity and motion processing.
Finally, there could be a network incorporating several of these
possibilities.
The discrepancy between the potential of the classical
motion complex for stereo-based motion processing on one
hand and the lack of any supporting neurophysiological
evidence for stereomotion-specific responses on the other hand,
motivated us to look first in the lateral occipital cortex in the
vicinity of hMT+. Even if the motion complex per se is not
involved in stereomotion processing, it may feed a neighboring
region with the changing disparity information relevant for
stereomotion calculations. We employed functional magnetic
resonance imaging (fMRI) to test these hypotheses. We find that
the cyclopean stereomotion-in-depth activated a region in the
lateral occipital cortex, centered adjacent to the human motion
complex.
Methods
Stimuli
To identify the motion complex, hMT+ (including both hMT
and hMST), we used the standard motion localizer approach (Zeki
et al., 1991; Watson et al., 1993; Tootell et al., 1995a,b) of moving
vs. stationary random-dot fields. The localizer (Fig. 1a) was based
on the variant of Huk et al. (2002), but with an even duty cycle. To
identify stereomotion-specific cortical responses, we presented
dynamic random-dot stereograms (DRDS) generating stereomotion
of a stereoscopic plane alternating between ± 20 arc min disparity
at 1 Hz. This disparity range is consistent with the optimum
disparity sensitivity in human and monkey studies (Norcia and
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Fig. 1. Schematic representation of the stimuli. The subjects fixated on a small red dot at the center of the display. (a) Motion complex localizer (hMT + loc): lowcontrast random-dot fields with alternately expanding and contracting motion contrasted with fields of static random-dots. (b) Stereomotion localizer (CSMloc):
full-field dynamic random-dot z-axis stereomotion was contrasted with a plane of dynamic random-dots at zero-disparity. (c) Disparity-balanced stereomotion
control stimuli (CSMdb): z-axis stereomotion was contrasted with null-periods of fixed-disparity dynamic random-dots. In each null-epoch, the disparity
matched one of the disparities constituting the CSM. For additional vergence control, the stereomotion stimuli (b and c) contained nonius lines (not shown).

Tyler, 1984; DeAngelis and Uka, 2003). The stimuli were full-field
30° × 40° DRDS, uncorrelated from frame to frame, with 3 arc min
dots at 10% density. As discussed above, the dynamic visual noise
paradigm is critical for eliminating any confounding monocular
cues of opposite motion on the two retinas. Because the noise was

uncorrelated between frames, there was no coherent retinal motion
accompanying the stereomotion. Thus, viewed with either eye
alone, such cyclopean stimuli appear as a continuous dynamic
noise field with no differentiation between test epochs (the epochs
presenting stereomotion) and null epochs. Only the disparity
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variations over time provide a purely stereoscopic depth-motion
cue to drive cortical responses.
Test and null stimuli alternated in a block fMRI design for 12 s
each, with 12 blocks per scan, repeated 4 times per session. The
test-epochs always presented DRDS displays of 1 Hz stereomotion; the intervening null-epochs consisted of the same DRDS but
without depth motion. Two stimulus conditions were designed,
differing only in the null-epoch:

local luminance changes at the same rate as that of the
test-epochs.)
(ii) The second condition was a disparity-balanced control
condition (CSMdb, see Fig. 1c) in which the noise field in
each null-epoch was set to one or other of the disparities
constituting the cyclopean stereomotion in order to equate
disparities per se between the test- and the null-epochs over
the run.

(i) The first condition was a cyclopean stereomotion localizer
(CSMloc, depicted in Fig. 1b) in which the null-epoch
disparity was fixed at zero, following the logic of the
standard motion localizer. (It should be emphasized that
the noise remained dynamic during the fixed-disparity
null epochs, to assure that the neurons were activated by

Note that the square-wave stereomotion design was mandated
by the need to control for responses to disparity per se. To assure
that the stereomotion responses were not specific to the temporal
waveform, control studies with a sinusoidal temporal waveform
were run and showed the same activation pattern (Supplementary
Fig. 1).

Fig. 2. Comparison of the distinct locations of the activation (red-to-yellow patches; activation sig. at p b 0.05 in each voxel) in subject 3 produced by (i) a standard
motion localizer (see Fig. 1a) and (ii) the stereomotion localizer (as described in Methods; see Fig. 1b) shown both on inflated brains (left panels: a, d) and on
flatmaps centered on the occipital pole (central panels: b, e). Anterior (A) and dorsal (D) directions are indicated in the associated icons. The response coherence is
indicated by the color bar at lower left. Retinotopic and motion areas are identified by color outlines: V1—red, V2—green, V3—cyan, hV4v—brown, V3A/B—
orange, hMT+—blue. Anatomical markers: IPS, intra-parietal sulcus; STS, superior temporal sulcus; ITS, inferior temporal sulcus; CS, calcarine sulcus. The
stereomotion-specific activation (indicated by white arrows and circumscribing ellipses) is centered adjacent to the motion complex hMT+. The time courses of
activation (right panels) show a double dissociation between activation patterns for the motion localizer (c) and the CSM-localizer (f): each pair of plots compares
the time courses for the CSM signal (purple curves) with the signal for luminance motion (blue curves) separately for ROIs defined by the two stimulus types.
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To equate attention throughout both test- and null-epochs, we
introduced a transient brightening attention task: the subject had to
detect increases in the luminance of the noise field in single frames
of the DRDS. The increase occurred at a random time, once per
test- or null-epoch. Based on the subject3s button-press responses
during the scan, the luminance changes were controlled by a twoup, one-down staircase of 5% increments or decrements, so as to
remain at the 75% correct level throughout the run.
In all experiments, the subjects kept steady fixation on a red
fixation dot of 4 × 4 pixels at zero disparity at the center of the stimuli
field. Nonius lines provided an additional control for vergence eye
movements (although the observations with the nonius lines
confirmed that no vergence tracking was taking place under our
experimental conditions).

observer3s head was stabilized by chin and forehead tape, with the
eyes looking into a 45° mirror to view the front of the projection
screen.
For some of the subsequent replications, such as those shown in
Supplementary Fig. 1, the data were collected with EPI acquisition
with EXCITE phased-array coils on a GE Signa 3T scanner at 3 s
TR, with TE of 75 ms, a flip angle of 90°, and 64 × 64 in-plane
resolution in a 20 × 20 cm field of view, providing 33 mm voxels
throughout the brain. The stimuli were presented in an eventrelated design with 20 × 16° field in dichoptic view at 1024 × 768
pixel resolution on an Avotec binocular stimulator (Avotec, Stuart,
FL) controlled by a Macintosh G4 computer.

Scanning procedure

A high-resolution anatomical (T1-weighted) 3D MRI volume
scan of the entire brain was also obtained for each observer (voxel
size = 0.94 × 0.94 × 1.2 mm). Gray matter (cortex) and white matter
were segmented for each observer using publicly available
software (Wandell et al., 2000). The cortex was specified as a
manifold extending for 3 mm outward from the segmented gray/
white matter boundary. The intracortical distances were determined
as the shortest distance along the gray–white boundary (as defined
by the overcomplete Dijkstra algorithm; see Skiena, 1990 and
Supplementary Material).

The fMRI responses for the main experiments were collected
with 2D-spiral acquisition from a custom occipital surface coil in a
GE Signa 3T scanner. There were 23 coronal slices at 3 s TR, with
TE of 130 ms, a flip angle of 70° and 89 × 89 in-plane resolution in
a 20 × 20 cm field of view, providing 2.25 × 2.25 × 3 mm voxels
throughout the occipital cortex. The stimuli were rear-projected
onto a translucent screen inside the bore of the scanner by means of
an LCD projector controlled by a Macintosh G4 computer. The

Data analysis and visualization

Fig. 3. Comparison showing the replication of the activation pattern for stereomotion (red-to-yellow color scale as in Fig. 2; activation significant at p b 0.05 in
each voxel) in both the CSMloc (top panel) and CSMdb (bottom panel) conditions. The data are shown in coronal in-plane views at y = −67 (b, e), and activation
flatmaps centered on the occipital pole (left—a, d, and right—c, f hemispheres; the anterior (A) and dorsal (D) directions of the flatmaps are indicated in the
associated icons). The stereomotion-specific activation (indicated by white arrows) is centered predominantly anterior to the motion complex hMT+ (blue
outlines). Retinotopic areas color-coded as in Fig. 2.

Author's personal copy

298

L.T. Likova, C.W. Tyler / NeuroImage 38 (2007) 293–305

The differential fMRI activity within the cortical voxels was
then mapped directly onto flatmaps of the segmented cortex,
centered at the occipital pole and extending with a radius of 70–80
mm (depending on the size of the occipital lobe), to allow optimal
visualization for relative comparison of the response properties
over the whole occipital cortex and the posterior temporal and
parietal cortexes. The horizontal axis in the flatmaps (e.g., those in
Figs. 2b, e and 3d, f) is oriented from medial (on the V1 side) to
lateral (on the hMT+ side); the top of the flatmaps is dorsal, the
bottom-ventral relative to the hMT+ ROI. The gyri are coded in
lighter gray than the sulci. The boundaries of the retinotopic
projection areas V1, V2d, V2v, V3d and V3v were established as
described in Sereno et al. (1995); Tootell et al. (1996) and Engel et
al. (1997). Retinotopic projection areas V3A, V3B, hV4 and V7
were specified in accordance with Press et al. (2001), Brewer et al.
(2005) and Tyler et al. (2005). The hMT+ motion complex was
identified using an expanding and contracting motion vector field
of low-contrast random-dots, alternating with a field of static dots
as described (Fig. 1a).
The fMRI BOLD response was analyzed for optimal signal/
noise ratio by extracting the Fourier fundamental of the time series
at every voxel at the stimulus alternation rate of 1/24 Hz. The initial
fMRI response transient was excluded by beginning the scan 9 s
before the experimental stimulus sequence was initiated. A
statistical correction for multiple occurrences was applied to the
criterion for significant response, in terms of the amplitude of the
Fourier fundamental. A coherence level of 0.47 provided a
significance level of p b 0.00005 in each voxel, or a corrected level
of p b 0.05 per 1000 voxels (Bonferroni correction) to specify the
presence of a significant response. Once a seed location had been
established at this level, adjacent voxels were included in the ROI
down to a coherence level of 0.3 (p b 0.01 in each voxel,
uncorrected; corresponding to p b 0.05 after correction for the
number of adjacent voxels at each step) to define the extent of the
functional ROIs. The range of coherence levels above this threshold
is indicated by red-to-yellow coloration (see color bar, Fig. 2).
Subjects
The study was conducted on a group of seven subjects with
normal binocular vision, assessed by their ability to see 1 Hz
stereomotion with a disparity range of ±5 arc min or better. All had
20/20 visual acuity, with optical correction if necessary. Optical
correction was available in both scanners when required. The
subjects ranged in age from 28 to 59 and were 5 males and 2
females.

zation. The mean activation locus for stereomotion was adjacent to,
but centered substantially anterior to, that for the hMT+ motion
localizer, as shown in Figs. 2d, e. Also, note that the global pattern
of occipital activation for the stereomotion stimulus differed from
that for the luminance motion stimulus (compare Figs. 2d, e with
Figs. 2a, b).
Fig. 3 compares the patterns of significant activation for the
stereomotion localizer, CSMloc and the control condition, CSMdb.
The CSMdb stimulation produced a strong BOLD response in the
region of cortex activated by the stereomotion localizer, thus
confirming its functional specificity for stereomotion when
controlled for standing disparity.
The primary site activated by stereomotion, adjacent to the
motion complex, was quantified for seven observers in terms of its
location (specified both in Talairach coordinates: Fig. 4 and
Supplementary Table 1, and in the cortical manifold space
Supplementary Fig. 3), and in terms of overlap with hMT+ (see
Supplementary Material), replicability over long periods of time
(Supplementary Fig. 1) and comparative activation relative to
retinotopic areas (Fig. 5). The statistical significance of the
comparisons is indicated by asterisks: ⁎⁎ for p b 0.01, ⁎ for
p b 0.05, both corrected for multiple applications within each experimental condition.
Quantification of the cyclopean stereomotion locus
The stereotaxic localization displacement in Talairach coordinates of the CSMloc (red bars) and CSMdb (brown bars)
activations relative to the motion complex hMT+ are shown
separately for each hemisphere. Both the CSMloc and CSMdb
activations were centered significantly anterior to hMT+ along the
Talairach y-axis (CSMloc: 8.1 ± 1.1⁎⁎ mm (left hemisphere) and
6.9 ± 0.7⁎⁎ mm (right hemisphere), respectively; CSMdb: 7.0 ±
1.1⁎⁎ mm (left hemisphere) and 8.3 ± 1.0⁎⁎ mm (right hemisphere), respectively; see Fig. 4 and Supplementary Table 1). The
displacements in the x- and z-axes were not significant.
However, the stereotaxic coordinates do not fully characterize
the distance between the areas through the cortical manifold. As is
well known, the cortex is folded into a convoluted structure. To
quantify the stereomotion locus relative to hMT+ in the intrinsic
metric of the folded cortical sheet (as opposed to the Euclidean

Results
To establish the relationship between the non-stereoscopic and
the stereoscopic motion responses, we first compared the activation
for the hMT+ localizer (Fig. 1a) and the CSM localizer (Fig. 1b).
The site activated by the stereomotion localizer is depicted in the
maps of significant activation in Figs. 2d, e and can be compared
with the site of the human motion complex hMT+ (activated by the
motion localizer, Figs. 2a, b) and with the primary retinotopic
areas. The time courses of activation (Figs. 2c, f) show a double
dissociation between the response amplitudes for the non-stereoscopic motion and the z-axis cyclopean motion in the regions of
interest (ROIs) defined by the two localizers. The statistical criteria
for significant activation are specified in Data analysis and visuali-

Fig. 4. Stereotaxic localization displacement in Talairach coordinates of the
CSMloc (red bars) and CSMdb (black bars) activations relative to the hMT+;
mean ± 1 S.E.M., shown separately for each hemisphere. Stereomotion
activation was significantly shifted anterior to hMT+ along the y coordinate.
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Fig. 5. (a) The top panel shows on the partially inflated cortex a typical pattern of functional ROIs (magenta—the region activated by cyclopean stereomotion;
blue—hMT+) and the retinotopic areas (color-coded as in Fig. 2). The lower three panels (b, c, d) show the average percent change BOLD signal, separately in
the left and right hemispheres, for V1–V4 (gray), hMT+ (blue bars) and the cyclopean stereomotion activation region (magenta bars). Activations were generated
by (b) the standard motion localizer hMT+ loc relative to its static null, (c) the stereomotion localizer CSMloc, relative to its zero-disparity null and (d) the
CSMdb relative to disparity-matched nulls. Error bars indicate ± 1 S.E.M.

geometry of the Talairach coordinates), distances were measured as
the shortest distance through the cortical manifold between each
pair of specified points. In addition, the angular relationships were
specified through a 2D visualization of the activation geometry in

terms of a flatmap centered on a fiducial location (the center of
hMT+), as described in Supplementary Material: Flatmap
Analysis). This approach avoids the spurious contraction of the
intracortical distance due to the folding of the cortical surface. In
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terms of intracortical distance, the activation for the cyclopean
stereomotion localizer, CSMloc, was centered 21.1 ± 2.0⁎⁎ and
19.6 ± 2.1⁎⁎ mm from the center of hMT+ in the left and right
hemispheres, respectively. The contrast of the stereomotion vs.
disparity-matched null (i.e., CSMdb) confirmed this significant
intracortical distance by having displacements of 15.6 ± 1.7⁎⁎ mm
in the left and 19.9 ± 2.9⁎⁎ mm in the right hemisphere. Thus, when
measured as the shortest distance through the cortical manifold, or
in intracortical distance, the stereomotion activation was shifted by
an average of about 2 cm from the hMT+ center, which is about
three times greater than is implied by the mean spatial
displacement in Talairach coordinates. The flatmap analysis
allowed us to specify the mean directions for the CSMloc and
CSMdb activations as 13.1° ± 30.1° and 17.1° ± 30.4°, respectively,
anterior to the center of hMT+ and below the line connecting the
center of hMT+ to the foveal V1 representation (see Supplementary Material: Flatmap Analysis).
Activation levels
Mean BOLD activation levels for the three stimulus conditions
for the seven subjects are shown in Fig. 5. (One subject withdrew
before completing the CSMdb condition.) Any self-definition bias
for the activation levels in the corresponding ROIs was corrected
according to the formula of Tyler et al. (2005). Note that the bias is
expected to be on the order of only 2–4% for ROIs of the size of
several hundred voxels involved in this study.
For each stimulus condition, a two-way ANOVA was run for
the strength of activation over hemispheres × ROIs (the retinotopic
areas V1–4, the motion complex hMT+ and the ROI identified by
the CSMloc activation; see Fig. 2). For the hMT+ localizer, the
main effect of ROI was significant (F = 6.90⁎⁎, df = 10), while the
effect of hemisphere and the interaction between ROI and
hemisphere were not significant (F = 6.15, df = 1, p b 0.014, and
F = 0.63, df = 10, respectively). Planned comparisons showed that
hMT+ was the only ROI that showed significant activation by the
motion localizer relative to all other areas, confirming that hMT+ is
specialized for motion processing.
The two-way ANOVA for the CSMloc stereomotion activation
of the specified ROIs × hemispheres showed a significant variation
across ROIs (F = 14.99⁎⁎, df = 10 for the main effect of ROI), but
no other significant effects (with F = 0.00, df = 1, n.s. for the effect
of hemisphere and F = 1.32, df = 10, n.s. for the interaction).
Planned comparisons showed that the CSMloc activation in the
ROI anterior to the motion complex was significantly greater than
in either the motion complex ROI or any of the retinotopic areas at
p b 0.05 on the Tukey–Kramer test, separately for each hemisphere.
The relationship between the patterns of activation across the ROIs
in the two conditions can also be assessed by a correlation statistic.
There was no significant correlation between the mean pattern of
activations across ROIs for the motion localizer and the CSMloc
localizer (r = 0.188, df = 20, p N 0.1), implying independent processing for z-axis stereoscopic motion and the 2D motion of the hMT+
localizer across the network of ROIs examined.
The two-way ANOVA for the CSMdb activation over
ROIs × hemispheres again showed a significant main effect of
ROI (F = 5.03⁎⁎, df = 10) but not for the other comparisons (with
F = 1.23, df = 1, n.s., for the effect of hemisphere and F = 0.44,
df = 10, n.s., for the interaction). Planned comparisons showed that
CSMdb activation within the ROI defined by CSMloc was
significantly higher than within any other area, including hMT+

(at p b 0.05, separately for each hemisphere). To test for similarity
between the CSMloc and CSMdb patterns of activation across
ROIs, we ran a correlation analysis for their activation levels in all
specified ROIs. There was a high correlation between the mean
pattern of activations for CSMloc and CSMdb across ROIs
(r = 0.855⁎⁎, df = 20), indicating very much the same behavior
across ROIs for the two stereomotion conditions.
Discussion
When disparity changes over time, it elicits vivid percepts of
motion in depth, or z-axis stereomotion. The stereomotion
generated in dynamic random-dot fields is designated “cyclopean”
because it has no correlated monocular cues, but derives entirely
from the temporal variations of disparity (Julesz, 1971; Cumming,
1995). To analyze the brain responses to cyclopean stereomotion,
we focused on the lateral occipito-temporal region around the
nested complex of motion areas, hMT+, because (i) it is known
that the monkey homolog of this area contains a systematic
organization of both motion and disparity cells (Maunsell and Van
Essen, 1983a; DeAngelis et al., 1998; DeAngelis and Newsome,
1999; DeAngelis and Uka, 2003; Palanca and DeAngelis, 2003;
Uka and DeAngelis, 2003, 2004, 2006), but (ii) nevertheless, there
has been an unresolved question as to where stereomotion is
represented in the brain, since Maunsell and Van Essen (1983a)
found no stereomotion-specific cells in monkey MT.
Analysis of the activation in 14 hemispheres offers a solution to
the issue of stereomotion coding with the discovery that cyclopean
stereomotion stimuli generate activation in an anterior region
adjacent to, or partially overlapping with, the hMT+ complex. The
typical pattern of stereomotion activation is schematized in Fig. 6
along with the boundaries of the retinotopic areas, hMT+, lateral
occipital complex LO and the occipital depth-structure region
(ODS; Tyler et al., 2006) that appears to coincide with the region
originally known as the kinetic occipital region (KO). In addition
to its distinct localization, the cortical region activated by
stereomotion was about as large as the entire hMT+ region.
The similarity of the activation pattern for the disparity-balanced
control (CSMdb) ensures that the activation is not due to the
disparities present in the stereomotion stimuli, but must be
attributed to the processing of the stereomotion dynamics per se.
These results support the idea that a primary aspect of stereomotion
processing takes place in a specialized cortical locus adjacent to, or
partially overlapping with, the hMT+ complex, and is largely
complementary to the cortical processing for lateral motion.
Moreover, because the stimuli were cyclopean, the observed
stereomotion activation could not be attributed to any differences
in monocular motion or interocular velocity cues. Neither could it
be attributed to vergence tracking of the disparity changes, because
the nonius control lines ensured that the subjects maintained
constant convergence on the static fixation target.
Another issue that requires consideration is whether the
sensitivity to moving stereo-defined surfaces truly reflects sensitivity to z-axis movement, as opposed to non-specific temporal
depth change. Historically, this has been a key issue in considering
standard motion processing, since many neurons have strong
sensitivity to flicker but lack motion-specificity. It is unlikely that
the activity we have found reflects non-specific temporal change for
the following reasons.
First, the dynamic-noise nature of the cyclopean paradigm
ensures that the test and the null are fully balanced not only for
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Fig. 6. A canonical scheme of the typical location of stereomotion activation relative to the established retinotopic and functional regions in occipital cortex:
V1–V4, hMT+, LO, ODS (KO).

monocular cues and luminance transients (noise flicker) but also
for temporal changes of local disparity, because in both test and
null stimulus epochs (i) the random-dot elements are updated at the
same rate and (ii) the total number of frames with near and far
disparity is also the same. Note that the dot updates generate a new
set of local disparity signals for every frame throughout the run
(with only 1% spatial overlap, since the dot density was only 10%),
equating any possible responses to temporal changes or transients
in the test and null epochs for all known classes of disparityselective cells (Maunsell and Van Essen, 1983a; Poggio et al.,
1985; Squatrito et al., 1990; DeAngelis et al., 1998; DeAngelis and
Newsome, 1999; DeAngelis and Uka, 2003; Eifuku and Wurtz,
1999; Takemura et al., 2001; Watanabe et al., 2002; Nguyenkim
and DeAngelis, 2003; Palanca and DeAngelis, 2003; Uka and
DeAngelis, 2003, 2004, 2006; Krug et al., 2004).
Second, stereomotion by definition requires the perceptual
experience of a continuous trajectory of motion in depth. The
psychophysics and electrophysiology of perception of smooth
depth motion were quantified by Norcia and Tyler (1984) and
Norcia et al. (1985), who showed that the frequency range for
perception of continuous depth motion from a square-wave
alternation extended up to 6 Hz and at least 40 arc min. Thus,
the present conditions are well within the range of depth-motion
perception even from square-wave disparity alternations (and
indeed all subjects reported that continuous depth motion was
perceived, rather than simply being cognitively inferred from a
perceived change in disparity.) Moreover, the similarity of the
activation patterns for the stereomotion stimuli with different
temporal structure, such as sinusoidal and square-wave forms
(Supplementary Fig. 1), is consistent with the idea that the
activation is specific to the stereomotion itself.
Conversely, this invariant pattern of activation under different
temporal regimes is inconsistent with the idea that the signal may be
generated by non-specific temporal changes of disparity (or
disparity transients). In principle, a sinusoid is the temporal
waveform with a minimal degree of transience, so one can certainly
say that any transient activation from the sinusoid should be
eliminated or substantially reduced relative to that for the step

changes in the square-wave. Note also that under sinusoidal
modulation any temporal changes in disparity should be processed
through the broad disparity tuning of cells from V1 to MT (Prince et
al., 2002; DeAngelis and Uka, 2003; Uka and DeAngelis, 2003,
2004, 2006; Read and Cumming, 2004; Tanabe et al., 2005), and
hence should activate these cells in a continuous graded fashion
without significant transients. Thus, any activation specific to
disparity-change transients should have generated response differences for the two temporal waveforms in a manner quantitatively
predictable from the known neurophysiology. No such differences
were observed (see Supplementary Fig. 1), implying that the
differences in temporal structure do not play a role in the BOLD
activation pattern.
Another approach to dissociating temporal disparity changes from
stereomotion per se is to explore stimuli beyond the stereomotion
limit, because they contain the same temporal changes as those
within the stereomotion limit, but do not generate stereomotion
percept. An extended study of the combined temporal frequency and
disparity characteristics is required to fully quantify the limits of
stereomotion. Our current preliminary data for such a study show a
good correlation of the level of activation in the novel cortical region
with the limits of percept for stereomotion (Likova and Tyler, 2005,
2007): the signal localized by the stereomotion stimuli drops down
for disparity variation ranges too large to generate a stereomotion
percept; conversely, there was no significant difference in the
activations for disparity variations within the perceptual stereomotion
limit. This equivalence further supports the idea that this area is
involved in the processing of stereoscopic motion information per se
as opposed to any non-specific reponses (such as those to temporal
disparity changes). The finding of stereomotion activation in this
cortical region anterior to hMT+ does not, however, exclude it from
being activated by other stimulus properties, although we have not
been able to find any such stimuli to date.
Our findings imply that stereomotion is processed predominantly
in a satellite region to the main areas for motion processing in
human. What is known of motion processing in the monkey cortex is
that the lateral occipito-temporal region specialized for motion
comprises a complex of sub-areas, including MT, MTc, MSTd,
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MSTl, etc. (e.g., Gattass et al., 2005; Nelissen et al., 2006). Since
these areas are all activated by wide-field motions vs. stationary
targets, they should all be captured in the activation region for the
motion localizer and should all be included in the ROI designated as
hMT+ in the human brain (Tootell et al., 1995a,b; Dukelow et al.,
2001; Huk et al., 2002; Orban et al., 2003).
Are our results consistent with the organizational principles
emerging from the analysis of the motion complex? It is well
known that the primary motion area MT has strong projections to
the adjacent area, MST (e.g., Desimone and Ungerleider, 1986;
Maunsell and Van Essen, 1983b), which is further subdivided into
subregions such as dorsal and ventral MST, etc. (Tanaka et al.,
1986; Komatsu and Wurtz, 1988; Born, 2000). The evidence
suggests that these regions are organized according to a posteriorto-anterior ‘axis’ of increasing functional complexity: while MT
encodes the basic elements of motion, area MST incorporates
higher-level motion-processing capabilities for stimuli such as
optic flow fields. Moreover, it is typical for optic flow stimuli to
include expansion and contraction (Duffy and Wurtz, 1991;
Eifuku and Wurtz, 1999; Nelissen et al., 2006) which should
elicit a depth-motion perception. Following this logic, we may
further hypothesize that depth motion of all types should be
processed either in MST or, depending on its characteristics,
further anterior along the “complexity axis”. Cyclopean stereomotion has a higher level of complexity and abstraction and may
therefore be expected to require neural processing further along
that “axis” (consistent with the present data). Moreover, one
plausible scenario is that the signals of the known disparityselective populations in the primate motion area (Maunsell and
Van Essen, 1983a; DeAngelis et al., 1998; DeAngelis and
Newsome, 1999; DeAngelis and Uka, 2003), which have strong
responses even to static disparities (Palanca and DeAngelis,
2003), could feed disparity information into this anterior site
where the stereomotion effect is then ‘computed’ from the
temporal modulations of the disparity-specific signals.
Another organizational principle that is often manifested in the
regions of the lateral occipital cortex is that of (partial) spatial
overlap of functionally distinct neural processing networks.
Specifically, it has been discovered recently that cortical regions
in the posterior inferior temporal sulcus responding selectively to
body parts (EBA, Downing et al., 2001) often largely overlap with
the motion complex, both in terms of their Talairach coordinates
(Downing et al., 2001, 2007; Schwarzlose et al., 2005; Peelen and
Downing, 2005; Schwoebel and Coslett, 2005; Spiridon et al.,
2006) and in terms of the local activation within the individual
voxels (Peelen et al., 2006). Cyclopean stereomotion, the
fundamental form of depth motion that we are studying, is
featureless and contains none of the attributes activating any of the
known surrounding areas. For example, it has neither the
monocular global motion that activates areas such as MST, nor
any body-part-like structures that could activate the extrastriate
body parts area overlapping with hMT+ or other neighboring areas
such as the face-specific area (Haxby et al., 2000; Kanwisher et al.,
1997; Kanwisher and Yovel, 2006; Chen et al., 2006). Consequently, any cortical overlap with the cyclopean stereomotion
responses must be attributed to such a spatial overlap in their
functionally distinct processing networks rather than an overlap in
the activating stimulus properties.
Our finding is consistent with the existence of stereomotionspecific losses such as the stereomotion scotomata reported by
Regan and colleagues. Many individuals with normal stereoacuity

have areas of the visual field that are blind to stereomotion
(Richards and Regan, 1973), with a large intersubject variability
(Regan et al., 1986, Hong and Regan, 1989). Such functional
dissociation between static and dynamic stereopsis is possible
only if there is a corresponding structural dissociation at some
point of the cortical processing stream (Cumming, 1995).
Establishing the corresponding cortical basis is important because
such stereomotion scotomata have serious consequences for
everyday tasks such as driving and sports performance, which
involve judgments of the direction of motion in depth and time to
collision and/or passage of small approaching objects that rely on
the stereomotion processing (Gray and Regan, 1998; Regan and
Gray, 2001).
Conclusion
In summary, the present study is the first demonstration of
activation associated with strereomotion processing in the human
brain. This activation was located in the lateral occipito-temporal
cortex, centered mainly anterior to, rather than within, hMT+.
Consistent with this finding, monkey neurophysiological studies
(Maunsell and Van Essen, 1983a) have shown a lack of
stereomotion-specific responses within the monkey motion/disparity region, MT; thus, prospective neurophysiological studies
might look for stereomotion not within MT, but in this adjacent
location. The presence of the cyclopean stereomotion activation
neighboring and of equivalent size to the hMT+ complex implies a
new and expanded view of the architecture of motion processing
beyond two-dimensional image motion.
These results, however, do not limit the role of the novel region
of cortex that we have identified by stereomotion stimulation from
involvement in further (perhaps related) functions. As discussed
above, studies of the brain in general and the lateral occipital cortex
in particular have already demonstrated the operation of architectonic principles such as significant spatial overlap (in one and the
same location) of functionally distinct neural populations. For
instance, the motion area hMT+, considered until relatively
recently to be highly specialized for motion only, actually
incorporates processing for a number of other functions, including
disparity and even extending to the processing of stimuli that are
absolutely static but are interpreted as implying motion by various
graphical contrivances. This multi-functionality does not detract
from its motion processing status, but means that we should
incorporate the realization that the brain is not mechanically
segregated into separate uni-functional modules, but is interactively structured according to both modularity and distributed
network principles. Further studies should fully explore the scope
and functional capacity of this region of cortex adjacent to hMT+
and the relationships of stereomotion-specific processing in
relation to the whole network of neural processing for dynamic
3D visual scenes.
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