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Cast shadows can be salient depth cues in three-dimensional (3D) vision. Using a motion illusion in which a
ball is perceived to roll in depth on the bottom or to flow in the front plane depending on the slope of the
trajectory of its cast shadow, we investigated cortical mechanisms underlying 3D vision based on cast
shadows using fMRI techniques. When modified versions of the original illusion, in which the slope of the
shadow trajectory (shadow slope) was changed in 5 steps from the same one as the ball trajectory to the
horizontal, were presented to participants, their perceived ball trajectory shifted gradually from rolling
on the bottom to floating in the front plane as the change of the shadow slope. This observation suggests that
the perception of the ball trajectory in this illusion is strongly affected by the motion of the cast shadow. In
the fMRI study, cortical activity during observation of the movies of the illusion was investigated. We found
that the bilateral posterior-occipital sulcus (POS) and right ventral precuneus showed activation related to
the perception of the ball trajectory induced by the cast shadows in the illusion. Of these areas, it was
suggested that the right POS may be involved in the inferring of the ball trajectory by the given spatial
relation between the ball and the shadow. Our present results suggest that the posterior portion of the
medial parietal cortex may be involved in 3D vision by cast shadows.
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Introduction

Cast shadows can provide a salient monocular depth cue in three-
dimensional (3D) vision. Although the effect of cast shadows as a
depth cue is apparent in static images, it is more prominent in
dynamic scenes. This is well demonstrated by the ‘ball-in-a-box’
illusion (BBI) developed by Kersten et al. (1997). The basic
configuration of this illusion is illustrated in Fig. 1. A small ball and
its cast shadow are moving back and forth in their trajectories in an
open box.When the shadow cast on the bottom of the boxmoveswith
the ball in the same trajectory, the ball is perceived to roll in depth on
the bottom. On the other hand, if the shadow moves in a horizontal
trajectory, the ball is perceived to float over the bottom in the front
plane, although the trajectory of the ball is identical in both cases. The
change in the perception of the ball trajectory from rolling on the
bottom to floating in the front plane is induced by the motion of the
cast shadow, not the ball itself. This illusion demonstrates that cast
shadows have a powerful influence on the perception of the spatial
layout of objects in 3D space. The effect of moving cast shadows as the
depth cue in BBI is so strong that it can override the effect of other
depth cues, such as changes in ball size and light source position
(Kersten et al., 1997). It has been also shown that six- to seven-
month-old infants can perceive the differences in the ball trajectory
induced by cast shadows in BBI (Imura et al., 2006). These findings
suggest that neuronal circuits for the motion perception in depth
based on cast shadows may be embedded in our visual system even
from the early developmental stages. However, where and how 3D
vision based on cast shadows is processed in our visual system are still
open questions.

In the present study, we investigated cortical mechanisms
underlying 3D vision induced by cast shadows by behavioral and
functional magnetic resonance imaging (fMRI) studies. On the basis of
psychophysical considerations, Mamassian et al. (1998) proposed
possible cortical mechanisms underlying 3D vision by cast shadows.
The model includes the following three processes: 1) segmentation of
the shadow region from the background and labeling it as cast
shadow, 2) linking the ball with a shadow casting it (the shadow
correspondence problem, Mamassian, 2004), and 3) inferring the
spatial layout of the object from the relative position of the object and
its cast shadow. This model is quite persuasive and may give us
various suggestions for the interpretation of our research results.

We createdmodified versions of the original movie of BBI in which
the angle of the shadow trajectorywas varied in several steps.We also
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Fig. 1. Schematic diagrams of visual stimuli. (A) Spatial configurations of objects inmovies. All movies were generated using software for 3D drawings. An open box (a) was placed at
the center and its nearer side was tilted 20° downward to allow the viewer to look down the box from the viewpoint (e). The ball and cast shadow were represented by a flat
red circle (b) and a black ellipse (c) moving in their trajectories in the front plane (d), respectively. (B) Trajectories of ball and shadow under five normal shadow conditions (NSCs)
(F0–F4). The slopes of the shadow trajectories in F1, F2, and F3were varied between those in F4 and F0. The ball trajectories were all the same under these conditions. (C) No-shadow
condition (NoSC). The ball trajectory was identical to that under the NSCs, and no shadow was presented under this condition. (D) Trajectories of ball and shadow under unnatural
shadow condition (UnSC). The shadow trajectory was geometrically symmetric to that in F0, and crossed over the ball trajectory. (E) In the behavioral test, grids and coordinates
were attached to the right wall of the box. The numbers and letters indicate the depths and heights of the box, respectively. The participants were required to report the perceived
depth and height of the intersection of the ball trajectory (red arrow) and the wall. (F) Analysis of behavioral data. Letters on the ordinate were converted into numbers for data
analysis. The diamonds (Ii) and open circle (Imean) indicate the location of perceived intersections of the i-th trial and their mean, respectively. The distance of the mean intersection
(Imean) from the bottom-left corner of the wall was defined as the distance index (DI) under this condition.
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created two control conditions to BBI: one with a shadow moving in
an unnatural trajectory and the other without a cast shadow. In the
behavioral study, we examined the effect of the cast shadow on the
perception of the ball trajectory by using the movies of the modified
version of BBI and the controls. Cortical activity during observation of
the movies was measured in the fMRI study, and possible cortical
mechanisms to achieve 3D vision by cast shadows will be discussed.
Materials and methods

Participants

Thirty-one healthy volunteers (21 males and 10 females; age
range, 19–32 years; mean age±S.D.=21.8±4.0) participated in this
study. All the participants were right-handed (mean score of
Edinburgh Handedness Inventory±S.D.=89.4±11.4). They had
normal or corrected-to-normal vision and no history of neurological
or psychiatric diseases. This study was conducted in accordance with
the Declaration of Helsinki and was approved by the Ethical
Committee of Nihon University School of Medicine. All the subjects
gave their written informed consent to participate and were free to
withdraw from the study at any time.
Visual stimulus

During MRI and behavioral experiments, the participants were
presented with modified versions of the movie “ball-in-a-box”, which
was originally developed by Kersten et al. (1997). All the movies were
produced using a software package for 3D drawings (Omega Space
3.0, Solidray Institute, Yokohama, Japan). The original spatial
resolution of the movies was 1280×1024 pixels (width×height).
The basic configuration of the visual stimulus is illustrated in Fig. 1A.
An open box (a) was placed at the center of the scene. Its nearer side
was slanted 20° downward to allow the viewer to look down the box
from the viewpoint (e). The front and back walls of the box were
invisible. The textures of a checkerboard (alternating white and blue
squares) and blue stripes were rendered on the bottom and walls of
the box in a perspective projection. A light source was placed at the
upper left above and behind the viewpoint, and shading was attached
to the surface of the box. A flat, red circle was moved in a linear
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trajectory tilted by 22.5° from the horizontal (Fig. 1A, b). The ball
trajectory was fixed in all movies used in this study. No image was
rendered on the surface of the circle to avoid interaction between
the cast and attached shadows. The cast shadow of the ball was
represented by a flat, black ellipse (Fig. 1A, c). The transparency of the
ellipse was reduced to 64.5% of solid black so that the texture of the
checkerboard on the bottom could be seen through the shadow as it
moved in the trajectory. The circle (ball) and ellipse (cast shadow)
were moved in the front plane (d). The mean luminances of the
shadow regions superimposed on the blue and white patches of the
background measured using a luminance meter (CS-100, Konica
Minolta Sensing, Inc., Sakai, Japan) were 3.9 and 13.7 cd/m2,
respectively. The mean luminances of the blue and white patches of
the background without shadow were 7.8 and 41.3 cd/m2, respec-
tively. The shadow regions were significantly darker than their
surroundings [Student's t-test for paired samples, shadows on blue
patch, t(6)=40.9, pb0.001, shadows on white patch, t(6)=44.0,
pb0.001].

Normal shadow conditions

In the present study, we developed five test conditions under
which the slope of the shadow trajectory (shadow slope) was
changed. When the shadow moved in the same trajectory as the
ball, the ball seemed to roll in depth on the bottom of the box in depth.
On the other hand, when the shadow moved in the horizontal
trajectory, the ball appeared to flow from the horizontal in the frontal
plane. These two conditions were referred to as F0 and F4,
respectively (Fig. 1B). Three other conditions (F1, F2, and F3) were
generated by changing the shadow slope. The distance between the
shadows in F4 and F0 at their right-most positions was divided by
four, and the three dividing points were assigned to the right-most
positions of the shadow trajectory in F1, F2, and F3 (Fig. 1B). Under
these five conditions, the horizontal positions of the ball and shadow
were always identical. Hereafter, the set of conditions F0–F4 will be
referred to as the normal shadow conditions (NSCs).

Control conditions

Two control conditions were designed to assess the effect of the
cast shadows on the perception of the ball trajectory. In one condition,
no cast shadow was present in the movie, and in the other condition,
the shadow moved in an unnatural trajectory. The former was
referred to as the no-shadow condition (NoSC). Under NoSC, the ball
trajectory was the same as those under NSCs, whereas no shadowwas
presented in the movie (Fig. 1C). For the latter condition, we tested
the perceived ball trajectory under several conditions with various
shadow trajectories. We found that when the shadowmoved from left
to right with the ball, the motion of the ball floating from, or rolling on
the bottom of the box could be perceived at some point in the ball
trajectory. However, when the shadow moved from right to left in a
trajectory symmetric to the ball trajectory, no reasonable motion of
the ball was perceived. Thus, we employed this condition for the
second control for NSCs (Fig. 1D), and referred to it as the unnatural
shadow condition (UnSC). Under UnSC, the shadow trajectory was
mirrored symmetrically to the ball trajectory, whereas the ball
trajectory was the same as those under NSCs. The shadow moved
crossing the ball trajectory midway so that the ball always occluded
the shadow at the cross point of their trajectories.

Time sequence of movies

At the beginning of each play of the movies, the ball and shadow
remained for 1 s at their left-most (for the shadow under UnSC, right-
most) positions, and moved back and forth in their trajectories for 3 s
(1.5 s each way). The velocity of the ball and shadow was changed
sinusoidally so that their speed reached the highest at the middle of
their trajectories.

Motion index

To investigate cortical areas sensitive to the motion of the retinal
images, we calculated an index representing the physical quantity of
motion in the movies. The movies presented in the fMRI experiment
consisted of 70 images during a play of 3.5 s (20 images/s). The
motions of the shadow and ball were represented by the differences in
pixels located at a corresponding portion in two successive frames of
the movie. Because the background was static and identical in all
movies, the difference in pixels can be quantified by the number of
pixels with different RGB values in a pair of successive frames. Thus,
we defined motion index (MI) for each condition by the following
expression:

MI = 100 *

∑
N

i=1
Pi

N*Pall
;

where Pi indicates the number of pixels with different RGB values in
the i-th pair of successive frames of a movie. N and Pall are constants
representing the number of frame pairs in a movie (69 pairs) and that
of all pixels in a frame (1280×1024=1,310,720 pixels), respectively.
MI indicates the mean ratio of moving pixels per frame of a movie.
Note that MI represents the physical quantity of the movies. MIs
calculated for each condition are shown in Fig. 3A.MI is determined by
the length of the shadow trajectory and the overlapped area of the ball
and shadow in each movie. The maximum and minimum MIs were
obtained under UnSC and NoSC, respectively. Under NSCs, F1 and F4
showed the maximum and minimum, respectively.

Behavioral test

The behavioral test was conducted to quantify the perception of
the ball trajectories by the participants. This test was carried out after
fMRI scanning of each participant. However, we describe the methods
of the behavioral test first, because we divided the participants into
two groups for analysis of fMRI results on the basis of their behavioral
results.

The participants were instructed to lie down in the scanner
without head restriction and were presented with the movies
projected on a mirror tilted by 45° and placed 22 cm in front of
their eyes. The maximum size of the visual stimulus was 27.3×13.7°
(width×height). They wore a headset (a headphone equipped with a
microphone) to communicate with experimenters in the neighboring
room. The movies had two modifications for this test. First, grids and
coordinates were attached to the right wall of the box so that the
numbers 0–9 and letters a–d indicated the depth and height of the
space in the box, respectively (Fig. 1E). Second, the ball and shadow
disappeared at their right-most (for the shadow in UnSC, left-most)
positions without returning to their initial positions. The task of the
participants was to estimate the intersection of the extension of the
ball trajectory and the wall of the box. The disappearance of the ball
and shadow at their right-/left-most positions ensured the estima-
tion. The participants were required to report the coordinates of the
intersections orally through the microphone (for example, if the
perceived intersection was located at the upper front of the wall, the
answer would be ‘9–a’). The answers were recorded in an electronic
device and served for off-line analysis. Because we wanted to assess
the location of the perceived intersection precisely in depth and
height, we used a choice panel with 50 points (10×5 in depth and
height). This is the reason why the behavioral test was performed
separately from fMRI scanning. In a trial, one of the movies of the
seven conditions was presented. Each condition was replicated
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eight times in a session of 56 trials (7 conditions×8 repetitions) in a
pseudo-random order.

Analysis of behavioral data

The data of the first trial for each conditionwere discarded, and the
results from the last seven trials were analyzed. As shown in Fig. 1F,
the letters assigned to the height of the wall were converted to
numbers for analysis.

Distance index and cluster analysis

When we analyzed the behavioral data obtained under NSCs, we
found that the intersections perceived by some participants were
distributed regularly from the upper-right to the bottom-left corner of
the wall as the shadow slope changed from F4 to F0, whereas those
perceived by other participants were not. The participants estimated
two variables, the depth and height of the intersections in this test.
However, these two variables were not independent each other, and
expected to show correlation to some extent as the shadow slope
changed. Thus, we calculated distance index (DI) using the following
expression to quantify the perceived ball trajectory by a single
variable:

DI =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2mean + y2mean

q
;

where xmean and ymean indicate the mean depth and height of the
perceived intersections over seven trials, respectively. DI was
calculated for each of the seven conditions in all participants. As
shown in Fig. 1F, DI represents the distance between the mean
intersection (Imean) and the bottom-left corner of thewall. The gradual
increase in DI from F0 to F4 indicates that the perception of the ball
trajectory was affected to a greater extent by the shadow slope. A
hierarchical cluster analysis of DIs obtained under NSCs was carried
out using standardized clustering variables (Z-scores) with statistical
software SPSS for Windows version 10.1.3.J. The squared Euclidian
distance and Ward's method for determining average linkage
between groups were applied. The cluster analysis yielded groups 1
and 2, which consisted of 21 and 10 participants, respectively. Because
the purpose of this study was to investigate cortical mechanisms
underlying 3D vision by cast shadows, fMRI data was analyzed only
for the participants of group 1, in which the effect of the shadow slope
on the ball trajectory was more prominent.

fMRI experiment

The participants were instructed to lie down in the MRI scanner
with head restriction and were presented with a visual stimulus
projected on amirror. The fMRI experiment followed a block design in
which each of the seven conditions (five NSCs and two controls) was
presented during epochs of a fixed length. The movie was played
seven times in a block of 28 s, followed by a baseline period (28 s). The
experimental task was passive viewing. Participants were required to
look around the center of the screen in all blocks, whereas no fixation
target was presented in the movies to avoid interaction with the ball
and shadow. Although we did not monitor eye movements of the
participants, we confirmed in debriefing after scanning that no
participant track either the ball or the shadow intentionally by their
eyes during scanning. Thus, the effect of the eye movements could be
negligible. During the baseline period, the fixation target was
presented at the center of the screen. An extra baseline period of
24 s was added at the beginning of a session. Each condition was
replicated two times per session in a pseudo-random order. Two
sessions were run per participant with a rest between sessions.
Acquisition of MRI data

All MRI data were collected using a 1.5 T MRI scanner (Symphony,
Siemens, Erlangen, Germany). For each participant, a time series of
202 whole-brain scans per session (two sessions in total) was
acquired to measure 40 horizontal slices in the AC–PC line of T2*-
weighted gradient-echo echo-planar images with the following
parameters: TR=4000 ms; TE=50 ms; flip angle=90°; slice thick-
ness=3 mm; gapless; FOV=192 mm; 64×64matrix. Six scans at the
beginning of each session were obtained to allow steady-state
magnetization and were discarded from analysis. After acquisition
of functional images, the T1-weighted anatomical images of 192
whole-brain sagittal scans were obtained for each participant with the
following parameters: TR=2000 ms; TE=3.93 ms; flip angle=15°;
slice thickness=1 mm; FOV=256×224 mm; in-plane resolu-
tion=1×1 mm. These anatomical images were used for the normali-
zation in preprocessing.

Analysis of MRI data

MRI data were preprocessed and analyzed using the SPM99
software package (http://www.fil.ion.ucl.ac.uk/spm/). Slice timing
correction was applied to adjust for time differences due to multislice
imaging acquisition. Motion correction was performed by realigning
the obtained functional images to the first scan. The anatomical
images of each participant were coregistered with the mean
functional images and normalized to the MNI brain template. The
functional images were then normalized using the same computed
transformation parameters, and were interpolated to a final voxel size
of 3×3×3 mm3. Images were subsequently spatially smoothed with
an isotropic Gaussian kernel of 9 mm FWHM.

A random-effects groupaverage analysiswas performedusinga two-
level procedure. At the first level, a separate GLMwas specified for each
participant with each of the seven conditions modeled on the basis of
the canonical hemodynamic response function implemented in SPM99.
At themodel estimation stage, theMRI datawere high-passfilteredwith
a cutoff of 512 s to remove low-frequency drifts. Global scaling was not
applied to the data. Individual contrast images (e.g., F0NUnSC) were
then entered into a second-level random-effects analysis, using a one-
sample t-test on a voxel-by-voxel basis. These t valueswere transformed
into z scores in the standard normal distribution. The locations of
activations were identified using the toolbox of SPM99 and atlas of the
human brain (Talairach and Tournoux, 1988). The statistical threshold
was set to pb0.001 uncorrected for multiple comparisons. Only clusters
of more than 10 voxels were analyzed.

In addition to subtraction analysis, regression analysis was also
carried out. In this analysis, cortical regions in which the BOLD signal
increased with regressor were investigated. Two kinds of variables
were employed as regressor in this study. Onewas DI calculated in the
behavioral study for an indicator of the effect of the cast shadow on
the perception of the ball trajectory, and the other was MI computed
for a measure of the motion in the movies. We entered 147 individual
contrast images for seven conditions and the 21 participants
(7×21=147 images) showing mean activity during observation of
the movies into a second-level analysis using single regression
analysis, and investigated voxels in which the BOLD signal signifi-
cantly increased with regressor. The statistical threshold was set to
pb0.001 uncorrected for multiple comparisons. Only clusters of more
than 10 voxels were analyzed.

The positions of cortical sections are indicated in the MNI
coordinates in all figures. In tables, peak coordinates are indicated in
both MNI and Talairach coordinates. The MNI coordinates were
converted into the Talairach coordinates by a nonlinear transfor-
mation, which appears on the website of the Cognition and Brain
Sciences Unit of the University of Cambridge Medical School (http://
imaging.mrc-cbu.cam.ac.uk/imaging/MniTalairach).

http://www.fil.ion.ucl.ac.uk/spm/
http://imaging.mrc-cbu.cam.ac.uk/imaging/MniTalairach
http://imaging.mrc-cbu.cam.ac.uk/imaging/MniTalairach
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Results

Behavioral results

In the behavioral test, participants were required to report the
perceived depth and height of the intersections of the ball trajectory
Fig. 2. Results of behavioral test. (A) Representative case of individual data of behavioral
averaged over 7 trials are plotted. Left: result for normal shadow conditions. Right: result fo
height of intersections averaged over twenty-one participants of group 1. (D) The mean DI
observed between UnSC (U) and NoSC (N). **pb0.01 in Jonckheere–Terpstra trend test for
and the wall of the box (Fig. 1E). Results of a participant, who is
representative of the majority of participants, are shown in Fig. 2A.
The mean depth and height of the perceived intersections over seven
trials are plotted with S.D. bars. Under the NSCs, the perceived
intersections were distributed from the bottom-left to the upper-right
of the wall in the order of F0, F1, F2, F3, and F4 (Fig. 2A, left). This
test. The mean depth (abscissa) and height (ordinate) of the perceived intersections
r control conditions. (B) Another example of individual data. (C) Perceived depth and
s of group 1. DIs showed a significant increase under NSCs, whereas no difference was
panel D. Error bars: S.D.
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indicates that the perceived ball trajectorywas gradually shifting from
rolling in depth (F0) to floating in the front plane (F4) as the shadow
slope changed. For other participants, like the one whose results are
shown in Fig. 2B (left), the perceived intersections were found around
the center of the wall and showed little correlation with the shadow
slope, suggesting that the shadow slope did not have a marked effect
on the perceived ball trajectory. However, the perceived intersection
under UnSC was located closely to that under NoSC in both
participants (Figs. 2A and B, right). To quantify the effect of the
shadow slope on the perception of the ball trajectory, we calculated DI
for all participants and conditions. DI indicates the mean distance of
the perceived intersection (Imean) from the bottom-left corner of the
wall for each condition (Fig. 1F). We performed cluster analysis of DIs
under NSCs for all participants (see Materials and methods for
details). This analysis yielded groups 1 and 2, which consisted of 21
and 10 participants, respectively. Fig. 2C shows the population data of
group 1 under NSCs. The perceived intersections averaged over 21
participants were distributed from the bottom-left to the top-right of
the wall under NSCs (Fig. 2C, left), whereas they were located around
the center under the control conditions (Fig. 2C, right). DIs for each
condition in group 1 are shown in Fig. 2D. Statistical tests showed that
DI of group 1 under the normal shadow condition significantly
increased from F0 to F4 along the shadow slope (Jonckheere–Terpstra
trend test, pb0.001), whereas no difference was observed in those
between UnSC and NoSC [Student's t-test for paired samples, t(20)=
0.37, pN0.3]. These findings indicated that DI can be a good measure
of perceived ball trajectory in BBI. The results also showed that for the
participants of group 1, the shadow slope has a distinct effect on the
perceived ball trajectory under NSCs, but not under the control
conditions.

Behavioral data also indicated that the variances in the ball
trajectory perceived by the participants of group 1were smaller under
NSCs than under the controls. To quantify the stability of the
perception of the ball trajectory, the homogeneity of variances in
the perceived intersections were tested. Significant differences were
observed in the variances of the perceived intersections in both depth
and height [Bartlett's test; depth, χ2(6)=45.6; pb0.001; height, χ2

(6)=82.8; pb0.001]. Pairwise multiple comparisons were performed
using the F-test with Ryan's procedure for control of type I error rate.
The results showed that the variances under UnSC and NoSC were
significantly larger than those under NSCs in both depth and height.
There was no significant difference in variances between UnSC and
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NoSC. Although no difference was observed in the variances under
NSCs in depth, the variances in F0 and F4 were significantly smaller
than those under the other NSCs in height. This was due to the
limitations of the coordinates at the top and bottom of the wall in the
estimation of the height of the intersections. The analysis of the
homogeneity of variances in the perceived intersections showed that
the perception of the ball trajectory was more stable under NSCs than
under the controls. These behavioral results revealed that cast
shadows under NSCs had a prominent effect on the participants in
group 1 to stabilize their perceived ball trajectory so that it was
gradually shifting from rolling in depth to floating in the front plane as
the shadow slope changed.

Neuroimaging results

The behavioral results showed that the perception of ball motion
in BBI is strongly affected by the slope of the cast shadow for the
participants of group 1. Because the aim of this study was to
investigate cortical mechanisms underlying 3D vision by cast
shadows, analysis of fMRI results was focused on the data from the
participants of group 1 (N=21).

First of all, we investigated cortical regions sensitive to motion of
the retinal images of the movies. For this analysis, MI was calculated
for each condition (Fig. 3A). MI indicates intensity of motion in the
retinal images for each condition (see Materials and methods for
details). Brain regions in which the BOLD signal increased with MI
were investigated by linear regression analysis (Fig. 3B and Table 1).
This analysis revealed that the activity in the bilateral parieto-
temporal junction (red arrows in Figs. 3B and C) and dorsal portion of
the right precuneus (blue arrow in Figs. 3B and C) increased with MI.
The loci in the parieto-temporal junction were identified in the
bilateral hMT+ by comparison with previous functional imaging
studies on human motion areas (Watson et al., 1993; Dukelow et al.,
2001).

Next, we explored cortical areas in which the BOLD signal
increased with DI. As already shown for behavioral results, the change
in the perceived ball trajectory by shadow slope was quantified by the
significant increase of DIs from F0 to F4. Linear regression analysis
showed that the activity in several areas increased with DI, including
the anterior bank of the parieto-occipital sulcus (POS), inferior frontal
gyrus, cingulate gyrus, and transverse temporal gyrus in the right
hemisphere, and the posterior cingulated gyrus and superior temporal
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Table 1
Cortical areas in which the BOLD signal increased with MI. Laterality (L/R), voxel sizes
(Voxel), Z values, and peak coordinates of each activation are shown. L: left, R: right,
hMT+: human MT+.

MNI coordinates
(mm)

Talairach
coordinates
(mm)

Brain region L/R Voxel Z value x y z x y z

hMT+ L 230 4.04 −42 −64 6 −42 −62 9
hMT+ R 17 3.26 46 −60 16 46 −57 18
Dorsal precuneus R 151 3.96 8 −58 58 8 −54 56

Table 2
Cortical areas in which the BOLD signal increased with DI.

MNI coordinates
(mm)

Talairach
coordinates (mm)

Brain region L/R Voxel Z value x y z x y z

Posterior
cingulate gyrus

L 78 3.66 −12 −40 48 −12 −37 46

Superior
temporal gyrus

L 47 3.43 −38 −28 8 −38 −27 9

Parieto-occipital
sulcus

R 91 3.70 16 −64 28 16 −61 29

Inferior
frontal gyrus

R 32 3.61 36 20 −14 36 19 −13
R 17 3.42 42 44 8 42 43 5

Cingulate gyrus R 10 3.35 8 −30 28 8 −28 27
Transverse
temporal gyrus

R 19 3.22 54 −18 12 53 −17 12
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gyrus in the left hemisphere (Fig. 4A and Table 2). Of these, the
strongest activation was obtained in the right POS (red arrows in
Fig. 4). No activation was observed in hMT+ and the right dorsal
precuneus, in which the BOLD signal increased with MI. We also
applied this analysis to the ten participants in group 2. Although some
activation was observed in visual areas in the occipital and parietal
cortices, there was no activation in areas shown in Table 2 even at the
lower threshold of pb0.005 (uncorrected for multiple comparisons).
Because the gradual increase of DIs from F0 to F4 reflects the change in
the perceived ball trajectory by the shadow slope, this result suggests
that areas in Table 2 may be related to inferring of the spatial layout of
the ball in BBI.

As shown in the behavioral results, the perception of the ball
trajectory under NoSC was unstable because no shadow was present
in themovie. In addition, the shadow in themovie under UnSC did not
affect the perceived ball trajectory because of the unnatural trajectory.
These observations suggest that the shadow correspondence problem
and the inferring of the ball trajectory, which are thought to be
possible cortical mechanisms underlying 3D vision by cast shadows,
are not included in these conditions. Thus, it is expected that cortical
areas related to these processes may be detected by the direct
comparison between one of NSCs and the control conditions. For this
purpose, we examined two contrasts between F0 and UnSC
([F0NUnSC]) and NoSC ([F0NNoSC]). The contrast [F0NUnSC] was
chosen because MI of F0 was comparable to that of UnSC, and the
physical quantities of the shadow in the movies of F0 and UnSC, such
as velocity, length of the trajectory, were equivalent. However, there
was a considerable difference in relative motion (direction of motion)
in the movies of the two conditions: the shadow and ball moved in
A increase with DI

Fig. 4. (A) Cortical areas in which BOLD signal increased with DI revealed by linear regressio
(B) Axial (top) and coronal (bottom) sections showing the right POS in which BOLD signal
opposite directions in the movie of UnSC, whereas they moved in the
same direction in the movie of F0. This suggests that the contrast
[F0NUnSC] might confound processing of the differences in relative
motion. Thus, we also tested the contrast [F0NNoSC]. Although this
contrast might confound processing of motion in the retinal images as
shown by the large difference in their MIs, the difference in the
relativemotion between the two conditionswasmuch smaller than in
the case of [F0NUnSC] because the shadow moves in unity with the
ball in the movie of F0. Fig. 5 shows the statistical parametric maps of
the two contrasts. In the contrast [F0NUnSC], activation was observed
in the left POS (Fig. 5A and Table 3). Because no cluster had voxel size
more than ten, we applied a moderate threshold (pb0.005) to this
and the following conjunction analyses. On the other hand, activation
was obtained in the several cortical areas in [F0NNoSC] including POS,
superior parietal lobule (SPL), and lateral occipital (LO) in the left
hemisphere and the intraparietal sulcus (IPS), posterior cingulated
gyrus, and SPL in the right hemisphere (Fig. 5B and Table 3). The
contrast [F0−UnSC] might confound areas related to the relative
motion, and the contrast [F0NNoSC]might confound areas involved in
the strength of the motion derived from the presence of the shadow
under F0. However, areas related to the shadow correspondence
problem and the inferring of the ball trajectory would be included in
both results. Accordingly, we performed conjunction analysis (Nichols
et al., 2005) between the two contrasts to extract areas related to
these processes (Table 3). This analysis revealed activation in the left
0 4

right POS

z = 28

y = -64

B

n analysis. Statistical parametric maps were rendered on the surface view of the brain.
increased with DI (red arrows).
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A F0 > UnSC
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[F0 > UnSC] & [F0 > NoSC]

B
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D

z = 28

Fig. 5. (A) Activation observed by comparison between F0 and UnSC (F0NUnSC).
(B) Activation obtained by comparison between F0 and NoSC (F0NNoSC).
(C) Activation in the left POS and right precuneus revealed by conjunction analysis
between [F0NUnSC] and [F0NNoSC]. (D) Axial (top) and coronal (bottom) sections
showing activation in the left POS (left) and right ventral precuneus (right). Red and
blue arrows indicate locus in the left POS and right ventral precuneus, respectively, in
C and D.

Table 4
Cortical areas activated by comparison between UnSC and NoSC.

MNI
coordinates
(mm)

Talairach
coordinates
(mm)

Brain region L/
R

Voxel Z value x y z x y z

UnSCNNoSC
hMT+ L 240 4.96 −44 −70 10 −44 −67 13
Superior parietal lobule L 343 6.01 −22 −58 66 −22 −53 63
Middle frontal gyrus L 11 4.53 −24 −4 62 −24 −1 57
hMT+ R 63 4.74 52 −62 0 51 −60 3
Dorsal precuneus R 446 6.00 12 −58 58 12 −54 56
Inferior parietal lobule R 67 5.42 32 −76 36 32 −72 37
Middle frontal gyrus R 28 4.75 26 −4 66 26 −1 61

Table 3
Cortical areas related to the shadow correspondence problem.

MNI coordinates
(mm)

Talairach
coordinates
(mm)

Brain region L/R Voxel Z value x y z x y z

F0NUnSC⁎

Parieto-occipital
sulcus

L 18 3.04 −16 −62 32 −16 −59 32

F0NNoSC
Parieto-occipital
sulcus

L 25 3.77 −18 −54 16 −18 −52 17

Superior parietal
lobule

L 98 3.45 −34 −46 64 −34 −42 61

Lateral occipital
gyrus

L 82 3.43 −42 −82 −2 −42 −80 2

Intraparietal sulcus R 97 3.67 34 −70 44 34 −66 44
Cingulate gyrus R 46 3.36 18 −48 18 18 −46 19
Superior parietal
lobule/precuneus

R 61 3.09 10 −56 70 10 −51 67

[F0NUnSC] and [F0NNoSC]⁎

Parieto-occipital
sulcus

L 24 3.13 −16 −62 30 −16 −59 31

Posterior cingulate
gyrus

R 25 3.09 18 −46 16 18 −44 17

Ventral precuneus R 10 2.90 10 −58 28 10 −55 29

⁎ Moderate threshold pb0.005 uncorrected for multiple comparisons was applied.
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POS (red arrows in Figs. 5C and D), right ventral precuneus (blue
arrows in Figs. 5C and D), and the right posterior cingulate gyrus. Of
these, the activation in the left POS was located symmetrically to the
activated right POS described above, and the activation in the right
ventral precuneus was closely located to the activated right POS.
These results suggest that the posterior portion of the medial parietal
cortex (MPC), such as the bilateral POS and right ventral precuneus,
may be involved in the processes for shadow correspondence problem
and the inferring of the ball trajectory in 3D. Finally, we examined the
activation in the control condition by the contrast [UnSCNNoSC]
(Table 4). The motion of the retinal images and relative motion were
larger under UnSC than under NoSC. The processes for the shadow
correspondence problem and the inferring of the ball trajectory are
not included in both conditions. As expected, there was no activa-
tion in POS and precuneus in this contrast, whereas activation was
obtained in the several areas including bilateral hMT+ and right
dorsal precuneus (Fig. 6), which have been shown to be sensitive to
the intensity of motion in the movies.

Discussion

To our knowledge, this is the first neuroimaging study to explore
cortical mechanisms underlying 3D vision induced by cast shadows.

In the behavioral experiment, the analysis of DI and the variances
showed that the perception of the ball trajectorywas strongly affected
by the shadow slope in BBI for the participants of group 1. Their
perceived ball trajectory was shifted from rolling on the bottom (F0)
to floating in the front plane (F4) as the shadow slope changed from
oblique to horizontal. This tendency was quantified by the significant
increase of DIs in the order from F0 to F4. The variances of the
perceived ball trajectory under NSCs were significantly smaller than
those under the control conditions, and there was no difference in the
variances amongst the five NSCs. These findings suggest that 1) the
perceived ball trajectory is stabilized by the cast shadow under NSCs
but not under the controls, and 2) the spatial layout of the ball is
calculated precisely by the cast shadow under NSCs. As we mentioned
in the Introduction, the model for possible cortical mechanisms



UnSC > NoSC

Fig. 6. Activation of control condition (UnSCNNoSC). Only medial views are shown.
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underlying 3D vision by cast shadows proposed by Mamassian et al.
(1998) is quite attractive because it gives a good account of the
observation that cast shadows are more powerful depth cues in
dynamic scenes. Thus, it is reasonable to refer to the model to discuss
the functional roles of cortical areas in which activation was observed
in the present study. The result of our fMRI study showed that the
BOLD signals of bilateral hMT+ and the right dorsal precuneus
increased with MI. Because no object except the ball and the shadow
was moving in the movies, this finding indicates that the local motion
of the shadow and the ball is detected by these areas. Previous studies
have shown that hMT+ is retinotopically organized and has a
relatively small receptive field in the contralateral visual field
(Watson et al., 1993; Paradis et al., 2000; Dukelow et al., 2001;
Smith et al., 2006). When optic flow stimuli are presented, hMT+ is
activated by the local motion of components rather than by the
global motion patterns, such as expansion, contraction, and rotation
(Dukelow et al., 2001; Smith et al., 2006). These findings suggest that
hMT+ is appropriate for signaling local motion of objects rather than
global motion patterns. Activation of the right dorsal precuneus was
also observed by studies using optic flow stimuli (Stiers et al., 2006)
and virtual landscapes (Diekmann et al., 2009).

Region segmentation is one of the fundamental processes in the
visual system. However, it is also a complex problem that requires
some assumptions and constraints to solve it (Palmer, 1999).
Cavanagh and Leclerc (1989) investigated critical conditions of
shadow regions for the segmentation from the background in static
images, and found that the only condition was that the luminance of
the shadow region must be consistently lower than that of the
background all along their borders. Despite of (or because of) this
simple requirement, cast shadows have been sometimes confused
with stains and smears on surface in arts (Mamassian et al., 1998). To
the contrary, moving dark objects are easily recognized as shadows in
dynamic scenes, because motion provides a powerful cue for
segmentation and labeling of shadow regions. Indeed, Kersten et al.
(1997) showed that the color, shape and opacity of the shadowhad no
effect on the perceived ball trajectory in BBI. As shown in Fig. 3A,
activity of the hMT+ and the right dorsal precuneus was greater
when two objects (the ball and shadow) were moving (F4, F3, F2, F1,
F0, and UnSC) than when one object was moving (NoSC) in their
movies. Although the activity of these areas only reflects the
differences in motion of the retinal images among stimuli (two
moving objects vs. one moving object), they may be involved in the
segmentation and labeling of shadows in BBI. One may argue that
region segmentation and labeling are influenced by top-down
information, such as meaning, experience, and knowledge (Palmer,
1999). In the present study, it was possible that the participants might
segment and label the moving black object in BBI as a shadow under
the influence of ecological considerations (for example, when two
objects are moving, the one beneath the other is usually the shadow
under the constraint that the light source is above the head of
observer). Thus, there is possibility that region segmentation and
labeling may be processed by motion information under influence of
top-down information.

The present study showed that activity of several cortical areas
increased with DI, such as the anterior bank of POS, inferior frontal
gyrus, cingulate gyrus, and transverse temporal gyrus in the right
hemisphere, and the posterior cingulated gyrus and superior temporal
gyrus in the left hemisphere. This result suggests that these areas may
be related to the inferring of the spatial layout of the ball in BBI,
because the increase of DIs from F0 to F4 reflects the change in the
perceived ball trajectory by the shadow slope. In addition, we found
activation in the left POS and right ventral precuneus by conjunction
analysis of the contrasts [F0NUnSC] and [F0NNoSC]. As mentioned in
the Results, these areas may be involved in the shadow correspon-
dence problem and the inferring of the spatial layout of the ball. Of
these, activation in the right ventral precuneus was closely located to
that in the right POS observed in the regression analysis with DI. Thus,
the right POSmay play amore important role in inferring of the spatial
layout of the ball in BBI.

Michel and Henaff (2004) reported the case of a patient who could
not perceive the change in the ball trajectory induced by a cast
shadow in BBI. This patient, AT, had lesions in the bilateral
occipitoparietal cortex extending from the upper calcarine fissure to
the region around POS. The early visual areas including V1, V2, V3, and
bilateral hMT+ were spared. She showed severe deficit in the
perception of the apparent change of the ball trajectory in BBI,
although she could detect coherent motion of moving dots with
threshold slightly higher than controls. The symptoms of AT is
consistent with our finding showing that the posterior portion of MPC
may be involved in the processes for the shadow correspondence
problem and the inferring of the ball trajectory.

The processes of the shadow correspondence problem and the
inferring of the spatial layout of the ball are also promoted by motion
cue. For computational theory, it is a difficult problem to determine
the correspondence between an object and its shadow cast at remote
sites in static images (Shafer, 1985; Mamassian et al., 1998). However,
the solution of the shadow correspondence problem is much easier in
dynamic scenes, because the object and its cast shadow show
correlated motion so that they move along a virtual line linking
them to the light source. To infer the spatial layout of the ball, the
relativemotion of the object and its cast shadow provides information
about the position and motion of the ball in 3D space (Mamassian
et al., 1998). Thus, motion sensitive areas with large receptive field are
appropriate for 3D vision based on cast shadows.

The anterior bank of POS and precuneus in humans topologically
correspond to areas V6, V6A and 7 m in the macaque monkey,
respectively. It has been well known that neurons in these areas have
a large receptive field and encode spatial location (for example, V6
and V6A: Galletti et al., 1993; Fattori et al., 2009; area 7 m: Ferraina
et al., 1997). This property of neurons in these areas is quite adequate
to integrate visual information on the ball and the shadow located in
different positions in the visual field. Furthermore, functional imaging
studies have revealed that PO region and precuneus are involved in 3D
vision based on motion. Activation of the PO region and precuneus
was observed in the perception of a 3D shape from motion in adult
observers (Paradis et al., 2000; Klaver et al., 2008) and preschool
children (mean age: 6 years old) (Klaver et al., 2008). In the case of
using an optic flow stimulus, a strong sensation of contraction and
expansion in depth is induced in observers by coherent inward and
outward radial motions of dots, respectively. Several studies have
shown that the PO region (Paradis et al., 2000; Previc et al., 2000;
Stiers et al., 2006) and precuneus (de Jong et al., 1994; Ptito et al.,
2001) are activated during the observation of optic flow. Bartels et al.
(2008) showed that the medial wall of the parietal cortex is sensitive
to flow motions in movie shots. Linking of moving elements and
reconstruction of global structures in space are commonly required
processes in perception of 3D shape from motion, optic flow, and BBI.

Several studies have revealed that regions in IPS are involved in
the perception of 3D vision based on various monocular depth cues:
activation of the junction of POS and IPS (POIPS) in perception of a 3D
shape frommotion (Orban et al., 1999; Beer et al., 2009); the posterior



Fig. 7. Possible neuronal mechanisms underlying 3D vision based on cast shadows. The
cortical areas (shaded areas) and possible functions assigned to those areas are shown.
L: left hemisphere, R: right hemisphere, d. precuneus: dorsal precuneus, v. precuneus:
ventral precuneus.
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IPS in a surface structure from shading (Taira et al., 2001; Georgieva
et al., 2008); and the posterior and anterior IPS in perception of
surface orientation from texture gradient (Shikata et al., 2008). The
posterior IPS is also involved in discrimination of surface orientation
and depth defined by random dot stereogram (Naganuma et al.,
2005). Together with these findings, our present results strongly
suggest that neuronal circuits to process monocular and binocular
depth cues may be embedded in the medial and posterior parietal
cortices, and information from both depth cues may be integrated in
these areas for 3D vision.
Conclusions

Fig. 7 shows a schematic diagram of the possible cortical
mechanisms underlying 3D vision based on cast shadows inferred
from the present study and the model by Mamassian et al. (1998).
First of all, motion of the ball and shadow is detected by hMT+ and
the right dorsal precuneus. This detection also facilitates the
segmentation of the shadow and the ball regions from the
background. The correspondence between the shadow and the ball
is calculated in the left POS and right ventral precuneus. Finally, the
spatial layout of the ball is inferred from the given relationship
between the ball and the shadow in the posterior portion of the MPC.
Of areas in the posterior MPC, the right POS plays a crucial role in this
process.
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