
NeuroImage 42 (2008) 1529–1536

Contents lists available at ScienceDirect

NeuroImage

j ourna l homepage: www.e lsev ie r.com/ locate /yn img
The integration of higher order form and motion by the human brain

Pegah Sarkheil a,c,⁎, Quoc C. Vuong a,b, Heinrich H. Bülthoff a, Uta Noppeneya

aMax Planck Institute for Biological Cybernetics, Tübingen, Germany
bInstitute of Neuroscience, Newcastle University, Newcastle upon Tyne, UK
cDepartment of Psychiatry and Psychotherapy, RWTH Aachen University, Aachen, Germany
⁎ Corresponding author. Max Planck Institute for Biolo
41, 72076 Tübingen, Germany. Fax: +49 7071 601 616.

E-mail address: pegah.sarkheil@tuebingen.mpg.de (P

1053-8119/$ – see front matter © 2008 Published by El
doi:10.1016/j.neuroimage.2008.04.265
a b s t r a c t
a r t i c l e i n f o
Article history:
 Our experience with a dy

Received 17 February 2008
Revised 23 April 2008
Accepted 25 April 2008
Available online 13 May 2008

Keywords:
fMRI adaptation
Motion and form processing
Cue integration
Priming
Object recognition
Dorsal and ventral streams
namic environment has tuned our visual system to use form and motion as
complementary sources of information for object recognition. To identify the neural systems involved in
integrating form and motion information during dynamic object processing, we used an fMRI adaptation
paradigm which factorially manipulated form and motion repetition. Observers were sequentially presented
with pairs of rotating novel objects in which the form or rotation direction in depth could be repeated. They
were required to discriminate either dimension of the second target object, while the first object served as a
form and/or motion prime. At the behavioural level, observers were faster to recognize the target or
discriminate its direction when primed by the same form. Importantly, this form priming effect was
enhanced when prime and target objects rotated in the same direction. At the neural level, the two priming
effects (i.e., the main effect of form repetition and the interaction between form and motion repetition) were
associated with reduced activations in distinct brain regions. Bilateral lateral occipital regions exhibited
reduced activation when form was repeated irrespective of rotation direction. In contrast, bilateral anterior
fusiform and posterior middle temporal regions (overlapping with hMT+/V5) regions showed an adaptation
effect that depended on both form and motion direction. Thus, the current results reveal a visual processing
hierarchy with lateral occipito-temporal cortex representing an object's 3D structure, and anterior fusiform
and posterior middle temporal regions being involved in spatio-temporal integration of form and motion
during dynamic object processing.

© 2008 Published by Elsevier Inc.
Introduction
Form and motion are two natural and complementary
sources of information that contribute to visual object recogni-
tion (Kelly and Freyd, 1987; Mitsumatsu and Yokosawa, 2003;
Pike et al., 1997; Stone, 1998; Stone, 1999; Ullman, 1979; Wallis
and Bulthoff, 1999). Motion provides visual cues for object
boundaries, local part structures and view-specific features, all
of which can facilitate the extraction of form and three-
dimensional (3D) structure which are, in turn, important for
recognizing objects (Marr and Vaina, 1982). In his ecological
approach to perception, Gibson (1979) emphasized that a
perceptual system exploits as much of the sensory input for
the task at hand. In linewith this emphasis, behavioural studies
have shown thatmotion information per se is also important for
object recognition. For example, the direction of rotation in
depth, which preserves 3D shape and view information, affects
gical Cybernetics, Spemannstr.
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observers' performance across a range of stimuli and recogni-
tion tasks. In this regard, several studies have shown that
reversing learned motion patterns impairs recognition perfor-
mance (Liu andCooper, 2003; Stone,1998,1999;VuongandTarr,
2006; Wallis and Bulthoff, 2001). Furthermore, this motion-
reversal effect can be modulated by the 3D geometry of objects
(Vuong and Tarr, 2004, 2006). Collectively, these findings
suggest that high-level form (i.e., 3D structure) and motion
(i.e. rotation direction) information are integrated during object
recognition. Both 3D form and rotation direction are considered
high-level in the sense that they require the integration of low-
level form (e.g., contours, colour, shading, etc.) and motion
information (e.g., optic flow, contour deformations, etc.).

The complementary nature of form and motion informa-
tion seems to be reflected in the functional organization of the
visual system. Anatomical, physiological and lesion studies in
non-human primates suggest that form and motion are
processed within two specialized parallel functional streams:
a ventral pathway which analyzes progressively more com-
plex form information and a dorsal pathway which analyzes
progressively more complex motion information (Ungerleider
and Mishkin, 1982). More recently, using functional imaging
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Fig. 2. Study design and example stimuli. The 2×2×2 factorial design with the factors:
(i) task (form vs. motion), (ii) form repetition (same vs. different) and (iii) motion
repetition (same direction vs. different direction).

1530 P. Sarkheil et al. / NeuroImage 42 (2008) 1529–1536
(fMRI), a similar division has been demonstrated in the human
visual system. Regions along ventral occipito-temporal cortex,
such as the lateral occipital complex (LOC) and fusiform regions
are involved in form and 3D shape processing (Grill-Spector
et al., 2001; Kourtzi and Kanwisher, 2001; Malach et al., 1995).
By comparison, regions along the human dorsal pathway, such
as hMT+/V5 (Tootell et al., 1995; Zeki et al., 1991), V3a (Goebel
et al.,1998), KO (VanOostende et al.,1997) and IPS (Orban et al.,
2003; Sunaert et al., 1999), are involved in various functional
aspects of motion processing.

However, in line with the reported behavioural interactions
between form and motion information, the two functional
streams are not completely independent. There are at least two
lines of evidence to suggest that interactions can occur at the
neural level. First, direction-selective neurons have been found
in the ventral pathway (Deyoe and Vanessen, 1985; Zeki, 1978).
Conversely, orientation or shape-selective responses are ob-
served in the dorsal pathway (Albright, 1984; Kourtzi et al.,
2002). Second, several human fMRI studies investigating
structure-from-motion (SFM) processing have identifiedmulti-
ple sites along the ventral and dorsal pathways that are con-
currently involved in deriving 3D shape from the motion of
random-dots displays (Kriegeskorte et al., 2003; Murray et al.,
2003; Paradis et al., 2000; Treue et al.,1991). In SFM processing,
however, form perception relies on motion perception. This
precondition leaves out many natural circumstances in which
form and motion can serve as direct cues to object identity.

To characterize the neural systems involved in integrating
form and motion information during dynamic object recogni-
tion, we used an fMRI adaptation paradigm (Grill-Spector et al.,
2006; Henson, 2003; Henson and Rugg, 2003, see also Geng
et al., 2006) which independently manipulated repetition of
form and motion information. In our study, observers were
presented with pairs of rotating objects in which the form or
rotation direction of the second object was the same as or
different from the first. They were required to discriminate the
form or rotation direction of the second object. Following the
Fig. 1. Two novel 3D objects (form A and B) were animated with a depth rotation of 36°
in two directions (clockwise or counter-clockwise). To equate form and 3D motion
variability, six axes of rotation and six head-on viewpoints were used.
rationale of an fMRI adaptation paradigm, we then identified
form- and motion-selective regions by testing for a reduced
BOLD response for pairs of objects that were the same with
respect to form or rotation direction. Importantly, the factorial
nature of our paradigm allowed us to identify neural popula-
tions inwhich form andmotion informationmay interact; that
is, where the magnitude of form adaptation depends on
whether the two objects rotated in the same or different
direction or conversely, where the effect of motion adaptation
depends onwhether or not the two objects had the same form.
In other words, by manipulating form and motion factorially,
this fMRI adaptation paradigm allowed us to identify neural
populationswhich integrate form andmotion information, and
relate those regions topographically to brain regions that are
selective for either form or motion information. More specifi-
cally, we asked whether form and motion information con-
verges in a single higher level visual region (e.g., IPS) or is
integrated in a distributed system crossing the ventral and
dorsal streams.

Materials and methods

Subjects

19 healthy volunteers (7 females; aged 21 to 32 years, mean
24.8 years) with normal or corrected-to-normal vision gave
informed consent to participate in the study. The study was
approved of by the joint ethics committee of the Max Planck
Institute and University Hospital, Tübingen, Germany.

Stimuli

Fig. 1 illustrates the dynamic stimuli used (see also supple-
mentary videos). Two novel 3D objects (form A and B) were
generated in 3D Studio Max version 8.0 (Discreet, Montreal,
Canada). These objects were animated with a depth rotation of
36° in two directions (clockwise or counter-clockwise) about a
horizontal axis orthogonal to the object's elongation. This axis of
rotation was rotated 15°, 45°, 75°, 105°, 135° and 165° in the
picture plane (0° is the vertical axis). In addition, each object was



Fig. 4. Bar graphs showing across-volunteermeans (+standard errors) of reaction times for
form task (left) and motion task (right). n=19. FsMs = Form same Motion same, FsMd =
Form same Motion different, FdMs = Form different Motion same, FdMd = Form different
Motion different.
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presented from six viewpoints fromwhich depth rotation began.
A head-on view of the object was arbitrarily designated as the 0°
viewpoint and thefiveotherviewpointswere createdby rotating
the objects in 60° increments about the axis of rotation (see
Fig. 1). Importantly, these manipulations allowed us to equate
form (i.e. viewpoint) and3Dmotionvariability (i.e. rotationaxis).

Each animation consisted of 10 frames (3.6°/frame) pre-
sented at 29 frames/s. The animation was presented at the
centre of the screen with a visual angle of approximately 4°.

Design and procedure

A 2×2×2 within-subject factorial design was used which
manipulated (1) task, (2) form repetition, and (3) motion
repetition (Fig. 2). Observers were presented with pairs of in-
depth rotating objects in sequence, in which the first object in
the pair was the prime and the second was the target. Both the
form and the rotation direction of the target could repeat or
changewith respect to the prime. In otherwords, the prime and
targetobjects couldhave the sameordifferent form (i.e. objectA
or object B) and rotation direction (i.e. clockwise or counter-
clockwise). The observers judged (i) whether the second, i.e.,
target object was object A or object B (form task) or (ii) whether
the target rotated clockwise or counter-clockwise (motion task).
They were not asked to perform a task on the prime object to
avoid response priming. Observers responded as quickly and as
accurately as possible by a two-choice key press.

Fig. 3 illustrates the sequence of trial events. Each trial of the
experiment consisted of the presentation of an animation of the
prime (350 ms), followed by a visual mask (100 ms), the
presentation of an animation of the target (350 ms), and finally
2500ms response period. Observers were instructed to fixate a
cross presented in the centre of the screen. The axis of rotation
and the head-on viewwas constant within a pair, only rotation
direction (clockwise or counter-clockwise) or form (object A or
object B) varied. Thus, in a trial where form but not motion
directionwere repeated, identical viewpoints of the objectwere
presented with only the order of the images being reversed.

The trial duration during the experiment was fixed regard-
less of the subjects' response and the trial onset asynchrony
was 3300 ms. No feedback was provided to observers. The
visual mask on each trial was a brief 3-frame animation
sequence, consisting of two frames of the prime animation
which had their Fourier phase component scrambled, sepa-
Fig. 3. Example run and timing of one trial. The experimental trial consisted of successive
rated by a uniform grey image. Themaskswere used to prevent
the percept of any apparent motion continuity between prime
and target animations.

Altogether there were 144 animations (2 objects×2 direc-
tions×6 viewpoints×6 rotation axes). Each animation was
presented four times as primes and four times as targets. The
stimuli and order of conditions were randomized with respect
to the form andmotion repetition factors. In alternating blocks
of eight trials, the observers' task was to judge whether the
targetwas object Aor object B (form task) or judgewhether the
target rotated clockwise or counter-clockwise (motion task).
The order of the taskwas counterbalancedwithin and between
observers. The blocks were preceded by a 2 s visual instruction
indicating the task to be performed on that block.

1–3 days prior to the scanning session, observers were
trained on the task by means of trial-based feedback. The
training session was otherwise identical to the test session in
terms of paradigm and duration.

Data acquisition

A3Twhole-bodyscanner (MagnetomTrio, Siemens, Erlangen,
Germany) was used to acquire both T1 anatomical volume
images and T2⁎-weighted axial echoplanar images with blood
oxygenation level-dependent (BOLD) contrast (TE=40 ms,
TR=3 s, 37 axial slices, acquired sequentially in ascending
direction, matrix 64×64 pixels, spatial resolution 3×3×3 mm3

voxels, interslice gap 0.5mm, slice thickness 2.5mm).Datawere
acquired in four sessions with a total of 188 volume images per
session. The first four volumes were discarded to allow for T1
equilibration effect.
presentations of prime, mask and target stimuli, followed by the response interval.



Table 1
Across-volunteer means (+standard errors) of performance accuracy (%) for the form
and motion task

FsMs FdMs FsMd FdMd

Form task 97.28 (0.8) 95.83 (1.1) 96.58 (0.9) 95.83 (0.9)
Motion task 89.85 (1.7) 92.82 (1.3) 90.28 (1.6) 90.22 (1.9)

n=19.
FsMs = Form same Motion same; FdMs = Form different Motion same; FsMd = Form
same Motion different; FdMd = Form different Motion different.
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Data analysis

Data were analyzed with statistical parametric mapping
(using SPM2 software from the Wellcome Department of
Fig. 5. Top: Activations pertaining to the main effect of form repetition (red) and the interacti
mean structural image created by averaging the subjects' normalized structural images. pb
estimates (+/–standard errors) averaged across all voxels within a significant cluster for sam
regions showing the main effect of form repetition and (ii) the anterior fusiform and middle
represent the size of the effect in non-dimensional units (corresponding to % whole brain me
lateral occipito-temporal region, Ant Fus: anterior fusiform gyrus, FsMs: Form same Motion
Form different Motion different. The coordinates refer to the location of the peak activation
Imaging Neuroscience, London, UK; (Friston et al., 1995)).
Scans of each observer were realigned using the first as a
reference, spatially normalized into MNI standard space
(Evans et al., 1992), resampled to 3×3×3 mm3 voxels and
spatially smoothed with a Gaussian kernel of 8 mm full width
at half maximum (FWHM). The time-series in each voxel was
high-pass filtered to 1/128 Hz and globally normalized with
proportional scaling.

The fMRI experiment was modeled in an event related
fashion using regressors obtained by convolving each unit im-
pulse synchronized to the onset of the target with a canonical
hemodynamic response function and its first temporal deriva-
tive. In addition to modeling the eight conditions in our 2×2×2
factorial design (only correct trials included), the statistical
on of form andmotion repetition (green) are shown on sagittal and transverse slices of a
0.001 (uncorrected for illustration purposes). Extent threshold N0. Bottom: Parameter
e (grey) and different form (black) trials relative to fixation in (i) the lateral occipital

temporal regions showing an interaction of form and motion repetition. The bar graphs
an). These effects are activations pooled (i.e. summed) over form and motion tasks. LOT:
same, FsMd: Form same Motion different, FdMs: Form different Motion same, FdMd:

 within a signi ficant cluster.



Table 3
Interaction between form and motion repetition

Region MNI
Coordinates

Z-score p value
(FWE-corr)

x, y, z Voxel level Cluster level

L. fusiform g. −36 −44 −22 5.13 0.00
3.29 (F)
3.16 (M)

L. post. middle temporal g. −38 −60 8 5.05 0.03
3.32 (F)
2.43 (M)

R. fusiform g. 42 −56 −16 3.45 N0.05
R. post. middle temporal g. 54 −62 4 4.11 N0.05

F = form task; M = motion task
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model included errors and instructions presented at the
beginning of the block. Covariates of no interest included the
realignment parameters (to account for residual motion
artifacts). In a second additional GLM analysis, reaction times
weremodeled as a covariate of no interest. This second analysis
allows us to investigate whether any priming-induced activa-
tion decreases persist even when differences in task difficulty
(as indexed by reaction times) are modeled as confounds. For
both analyses, condition-specific effects for each observer were
estimated according to the general linearmodel and passed to a
second-level analysis as contrasts. This involved creating
contrast images testing (1) the main effect of form repetition,
(2) the main effect of motion repetition and (3) the interaction
between form andmotion repetition. For completeness, we also
tested for (4) themain effect of task and the interactions of task
with (5) form repetition or (6) motion repetition. To test for
consistent effects across observers, the contrast images were
entered into second level one-sample t-tests. Inferences were
made at the second level to allow a random effects analysis and
inferences at the population level (Friston et al., 1999).

Unless otherwise stated, we report activations at pb0.05
corrected for the entire brain at the cluster level using an
auxiliary uncorrected voxel threshold of pb0.001.

Results

Behavioural data

For performance accuracy (Table 1), a three-way analysis of
variance (ANOVA) with the factors, task (form vs. motion
discrimination), form repetition (same vs. different) and
motion repetition (same vs. different), showed a significant
main effect of task (F(1,18)=13.28; pb0.05) and motion
repetition (F(1,18)=9.68; pb0.05). In addition, there was a
significant interaction effect between task and form repeti-
tion (F(1,18)=14.29; pb0.05).

An ANOVA of reaction times (RT) limited to correct trials
revealed a significant main effect of task (F(1,18)=10,0;
pb0.05) and form repetition (F(1,18)=62.76; pb0.05), but no
significant main effect of motion repetition. Observers
responded more quickly in the form task than the motion
task, and they responded more quickly when the prime and
target had the same form thanwhen they had different forms.
Importantly, there was a significant interaction between form
repetition and motion repetition (F(1,18)=58.42; pb0.05). As
evident in Fig. 4, when the prime and target objects had the
same form, observers were faster at making either discrimina-
tion (form or motion) when both objects also rotated in the
same relative to different direction.
Table 2
Main effect of form repetition

Region MNI
Coordinates

Z-score p value
(FWE-corr)

x, y, z Voxel level Cluster level

L. lateral occipito-temporal region −38 −78 −10 4.78 0.00
4.12 (F)
4.17 (M)

R. lateral occipito-temporal region 48 −76 −14 5.30 0.00
5.13 (F)
4.13 (M)

F = form task; M = motion task.
fMRI data

The two analyses without and with modeling reaction
times as covariates of no interest (see Materials and methods)
gave nearly identical results. We report the results of the
first.

Main effect of form repetition suppression
The bilateral ventral occipito-temporal cortices showed

decreased responses for same relative to different objects
(Fig. 5, Table 2). To further evaluate whether this effect was due
to response priming during the form task, the adaptation of
form processing was tested separately for the form andmotion
task. During both tasks, we observed a significant effect of form
repetition. The form priming effect persisted even when
reaction times were modeled as covariates of no interest
suggesting that it cannot be fully accounted for bydifferences in
task difficulty between primed and unprimed conditions.

Main effect of motion repetition suppression
No brain regions were identified that showed decreased

activation for same relative to different motion. Even at an
uncorrected threshold of pb0.05, we did not observe any
significant effect within our regions of interest, i.e. bilateral
superior parietal cortex and bilateral posterior middle
temporal gyrus as defined by AAL ROI library (MarsBaR
Toolbox for SPM). In other words, we did not observe a motion
repetition effect that generalizes over multiple objects. This is
consistent with the ANOVA of reaction times in the beha-
vioural data, which did not show a significant main effect of
motion repetition. This null result in our experiment was not
quite expected as neurophysiological studies in non-human
primates demonstrate that areas MT, MSTand parietal cortices
responded to translation and rotation repetition (Priebe and
Lisberger, 2002b; Sakata et al., 1986, 1994; Sugihara et al.,
2002; Tolias et al., 2001; Van Wezel and Britten, 2002). Apart
from obvious methodological differences (i.e. neurophysiol-
ogy in monkeys vs. fMRI in humans), these inconsistencies
across studies may be explained by differences in timing such
as the duration of the first adapting stimulus or the prime-
target interval. For instance a recent psychophysics study has
dissociated three distinct periods of adaptation using sine-
wave luminance gratings as stimuli (Kanai and Verstraten,
2005). Similarly, previous fMRI studies have investigated
motion priming or aftereffects using block designs rather
than randomized immediate repetition priming (Huk et al.,
2001; Huk and Heeger, 2002).
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Interaction between motion and form repetition
The left anterior fusiform and posterior middle temporal

gyri (overlapping with hMT+/V5 based on anatomical land-
marks (Dumoulin et al., 2000; Tootell et al., 1995;Watson et al.,
1993)) exhibited a significant interaction between form and
motion repetition. A significant interaction precludes the
possibility that distinct populations within this region inde-
pendently encode form and motion features. Instead, an
interaction (rather than additive effects) suggests that both
form and motion information are integrated within a region
(Calvert and Lewis, 2004).

An interaction can be interpreted from two complementary
perspectives. From one perspective, it can be viewed as a
motion repetition effect that is selectively observed when
prime and target objects have the same form. Alternatively, it
suggests that the form priming effect in these two areas
depended on motion information and was primarily observed
when two successive objects rotated in the same direction. This
latter perspective seems to be more relevant, as the fusiform
gyrus play primarily a role in form rather than motion pro-
cessing. Thus, we are inclined to favour the alternative that a
predominantly form-selective region is modulated by the
motion direction of an object.

The interaction effect was also observed when reaction
times were modeled as covariates of no interest to account for
unspecific differences in task difficulty across trials. At an
uncorrected threshold, we also observed an interaction effect
in the mirror regions of the right hemisphere (Fig. 5, Table 3).

Main effect of task and interactions between task and motion or
form repetition

For completeness, we also tested for the main effect of task
and the modulatory effect of task context on the form and
motion repetition effects (i.e. the interaction between task
and motion or form repetition). Comparing the motion and
form task revealed a dorso-ventral dissociation: the fusiform
gyrus bilaterally showed increased activation for the form
relative to the motion task. By comparison, the bilateral in-
ferior parietal lobes, the right intra-parietal sulcus and the left
ventral pre-motor cortex exhibited increased activation for
the motion relative to the form task (Table 4). Only a small
region in the left central sulcus showed a significant inter-
action between task context and form priming. No significant
interactions were observed between task context and motion
priming.
Table 4
Main effect of task: form vs motion

Region MNI
Coordinates

Z-score p value
(FWE-corr)

x, y, z Voxel level cluster level

FormNmotion task
R. fusiform g. 34 −58 −16 4.60 0.00
R. mid. occipital g. 42 −88 10 3.95 0.01
R. insula 46 2 −2 3.91 0.07
L. fusiform g. −32 −60 −18 3.72 0.02

MotionN form task
R. sup. occipital g. 42 −78 34 4.58 0.04
R. inferior parietal lobule (IPL) 54 −28 44 4.48 0.00
R. intra-parietal sulcus (IPS) 12 −70 52 4.05 0.00
L. inferior parietal lobule (IPL) −42 −40 42 3.76 0.05
L. ventral pre-motor (PMv) −20 −2 60 3.66 0.03
Discussion

This study used fMRI adaptation to identify the neural
systems underlying the integration of form and motion
information during dynamic object processing. At the beha-
vioural level, observers were faster to recognize an object and
discriminate its rotation direction when presented with that
object as a prime. Importantly, this primingeffectwas enhanced
when prime and target objects rotated in the same direction
relative to when they rotated in different directions. At the
neural level, our fMRI adaptation paradigm demonstrated that
these two types of priming effects (i.e., the main effect of form
repetition and the interaction between repetition of form and
rotation direction) were associated with reduced activations in
distinct brain regions in the ventral and dorsal streams of the
humanvisual system.More specifically, bilateral lateral occipital
regions exhibited a reduced BOLD signal when the form of an
object was repeated irrespective of its rotation direction. In
contrast, bilateral anterior fusiform and posterior middle
temporal regions (close to or even overlapping with hMT+/V5)
showed an adaptation effect that depended on both form and
rotation direction. In this case, the adaptation for object form
was modulated by the consistency of the rotation direction of
the two objects. Specifically, adaptation to form was enhanced
when prime and target objects rotated in the same direction.
Thus, our experiment reveals a hierarchy of regions along
ventral anddorsal pathways. In this processinghierarchy, lateral
occipito-temporal cortex represents an object's atemporal, i.e.,
rigid 3D structure, whereas anterior fusiform and posterior
middle temporal regions are involved in the integration of form
and motion during dynamic object processing.

Furthermore, the adaptation effect in the lateral occipito-
temporal regions for form is consistent with previous human
fMRI studieswhich have implicated this region (also referred to
as LOC, lateral occipital complex) in the analysis of 3D shape.
Collectively, these studies demonstrated that LOC goes beyond
pure image-based representations and is involved inprocessing
anobject's rigid 3D structure. Increased LOC activationhas been
reported for objects relative to scrambled images irrespective of
the cues (e.g., colour, motion, etc.) that define the object (Grill-
Spector et al., 2001; Kourtzi and Kanwisher, 2001;Malach et al.,
1995). While these results can be attributed to attention to
shapes (Murray et al., 2002), recent fMRI adaptation studies
that have largely controlled for attention-related confounds
have confirmed the role of LOC in shape processing. For
instance, LOC has been shown to adapt to identical shapes
across changes in cues, e.g., colour and motion (Self and Zeki,
2005); size and position (Grill-Spector et al.,1999; Kourtzi et al.,
2003); viewpoint, e.g., rotation (Kourtzi et al., 2003); and other
low-level image properties such as contrast (Avidan et al.,
2002). In light of these previous results, it is not surprising that
in our study the adaptation effect in the lateral occipito-
temporal cortexwasnot significantly influencedby the rotation
direction of the prime. Furthermore, the adaptation effect was
observed during bothmotion and form tasks. This is important
as a form priming effect observed during the form task alone
could emerge at the level of response selection rather than
object processing. However, in our experiment even when the
task (i.e. discrimination of motion direction) and repetition (i.e.
form) were orthogonal and hence a correct response could not
be based on the prime stimulus, a form priming effect was
observed indicating that it emerged at the level of object
processing rather than response selection.
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In contrast to the motion-invariant adaptation in the lateral
occipito-temporal cortex, more anterior regions along both
ventral and dorsal streams exhibited a form adaptation effect
that was modulated by rotation direction. In particular, middle
fusiform and posterior middle temporal (hMT+/V5) regions of
both hemispheres showed an enhanced form adaptation effect
when prime and target objects rotated in the same relative to
different directions. These interactions between form and rota-
tion direction can be explained by multiple neural mechanisms.

First, the direction-selective adaptation effect may be
inherited from direction-selective V1 neurons with small
receptive field sizes (Priebe and Lisberger, 2002). In this case,
objects with different shapes would activate partially non-
overlapping V1 populations resulting in a smaller direction-
selective adaptation effect. This mechanism can be formally
tested by presenting prime and target objects in a spatially
segregated fashion, so that the two stimuli activate different
populations of V1 neurons irrespective of whether the stimuli
have identical or different shapes. However, the interaction
effects are observed only in higher level visual association
areas rendering a mechanism purely limited to V1 rather
unlikely.

Second, the interaction of form and rotation direction
found at the behavioural and neural levels may be due to a
serial-position effect. For instance, if the first frame within the
in-depth rotation sequence is more deeply processed than the
remaining frames, a stronger “form” adaptation effect would
be induced for prime and target sequences that rotated in the
same direction and thus had the same initial frames (i.e., a
primacy effect, (Henson et al., 1996)). This view-based
mechanism is unlikely given that view-based fMRI adaptation
effects have been associated consistently with more posterior
lateral occipito-temporal regions rather than with hMT+/V5
and fusiform regions (Grill-Spector et al., 1999). In addition,
behavioural studies which have randomized the order of
frames to remove spatio-temporal continuity have shown that
serial-position effects per se cannot account for the effect of
rotation direction on object recognition (Vuong and Tarr,
2004).

Overall, the results of the present study suggest that high-
level form and motion information are integrated in anterior
ventral and dorsal (hMT+/V5) occipito-temporal regions.
These results converge with and extend previous studies
showing that more anterior ventral occipito-temporal regions
are involved in integrating different visual cues (Kristjánsson
et al., 2007; Self and Zeki, 2005) or information from multiple
senses (Amedi et al., 2001). For instance, it has been shown
that colour and motion cues that define simple shapes are
integrated in an anterior LOC region (Self and Zeki, 2005). In
our study, the objects' 3D form and its 3D rotation trajectory
were defined by multiple low-level cues such as contour,
shading patterns and motion parallax, and their dynamic
changes in time. Furthermore, we varied the viewpoint and
the axis of rotation on a trial by trial basis making it difficult
for the visual system to perform the task based on low-level
features such as a specific shading pattern or the retinal
velocity field. Instead, the experimental paradigm and task
required observers to integrate multiple cues into higher level
form and motion representations. Therefore, it is not surpris-
ing, yet noteworthy, that our experiment revealed integration
sites in a distributed system that cuts across the dorsal and
ventral visual processing stream (Sereno et al., 2002;
Ungerleider and Mishkin, 1982): An interaction between
form and rotation adaptation was observed in the middle
fusiform along the ventral stream as well as anterior hMT+/V5
along the dorsal stream. All of these regions have previously
been implicated in 3D-shape and structure-from-motion
processing (Kriegeskorte et al., 2003). However, the precise
functional contributions of dorsal and ventral areas during
dynamic object recognition remain to be determined. For
instance, one may speculate whether motion parallax and
contour-related changes due to in-depth rotation may be
related to the interaction effects in the dorsal and ventral
regions respectively. Future studies that compare in-depth
rotation with and without contour changes may enable us to
further disentangle their functional contributions.

To conclude, the present experiment demonstrates that
bilateral lateral occipito-temporal regions represent 3D struc-
ture of objects irrespective of their dynamics. In contrast,
anterior hMT+/V5 and middle fusiform regions show a form
adaptation effect that is enhanced when the prime's rotation
direction matched the target's rotation direction. Thus, our
data reveal a visual processing hierarchy with more anterior
regions integrating 3D structure and rotation direction as
complementary sources of information during dynamic object
processing.
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