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Abstract Recent imaging studies in human subjects have
demonstrated representations of global visual motion in
medial parieto-occipital cortex (area V6) and posterior
parietal cortex, the latter containing at least seven topo-
graphically organized areas along the intraparietal sulcus
(IPSO-IPS5, SPL1). In this fMRI study we used topo-
graphic mapping procedures to delineate a total of 18
visual areas in human cerebral cortex and tested their
responsiveness to coherent visual motion under conditions
of controlled attention and fixation. Preferences for
coherent visual motion as compared to motion noise as
well as hemispheric asymmetries were assessed for con-
tralateral, ipsilateral, and bilateral visual motion presenta-
tions. Except for areas V1-V4 and IPS3-5, all other areas
showed stronger responses to coherent motion with the
most significant activations found in V6, followed by
MT/MST, V3A, IPSO-2 and SPL1. Hemispheric differ-
ences were negligible altogether suggesting that asymme-
tries in parietal cortex observed in cognitive tasks do not
reflect differences in basic visual response properties.
Interestingly, areas V6, MST, V3A, and areas along the
intraparietal sulcus showed specific representations of
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coherent visual motion not only when presented in the
hemifield primarily covered by the given visual represen-
tation but also when presented in the ipsilateral visual field.
This finding suggests that coherent motion induces a switch
in spatial representation in specialized motion areas from
contralateral to full-field coding.
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Abbreviations

ANOVA Analysis of variance

BOLD blood oxygen level-dependent

EPI Echo planar imaging

fMRI Functional magnetic resonance imaging
IPS Intraparietal sulcus

LOS/LOC Lateral occipital sulcus/complex

MST Medial superior temporal area

MT Middle temporal area
MT+ complex Middle temporal complex

pITS Posterior part of the inferior temporal
sulcus

POIPS Parieto-occipital intraparietal sulcus

PSC Percent signal change

ROI Region of interest

SPL Superior parietal lobe

TOS Transverse occipital sulcus

VIP Ventral intraparietal area

Introduction

The cortical processing of visual motion has been explored
extensively in the last decades ever since direction-sensi-
tive neurons in the temporal lobe of monkeys were
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discovered (Allman and Kaas 1971; Desimone and
Ungerleider 1986; Dubner and Zeki 1971; Maunsell and
van Essen 1983). Until recently, studies in humans have
largely concentrated on the human homologue of macaque
area MT/V5, often referred to as the human MT+ complex
located in the ascending limb of the inferior temporal
sulcus (Amano et al. 2009; Becker et al. 2008; Born and
Bradley 2005; Dumoulin et al. 2000; Huk et al. 2002;
McKeefry et al. 1997; Tootell et al. 1995; Wall et al. 2008).
While the essential role of area MT and its human homolog
in visual motion processing is undisputed, several more
recent studies have revealed further and distinct cortical
areas involved. These include the posterior parietal lobe
(Orban et al. 2006; Sunaert et al. 1999; Vanduffel et al.
2001), areas in the lateral occipital cortex (Braddick et al.
2001; Sunaert et al. 1999; Van Oostende et al. 1997), and
the parieto-occipital junction (Fattori et al. 2009; Pitzalis
et al. 2010; von Pfostl et al. 2009). More specifically, areas
located in the intraparietal and the medial parieto-occipital
sulcus have been implicated in visual motion processing
since recent imaging studies in humans have demonstrated
robust responses to global visual motion as opposed to
motion noise in these areas (Cardin and Smith 2010;
Evangeliou et al. 2009; Fattori et al. 2009; Konen and
Kastner 2008; Pitzalis et al. 2010).

Formerly, the human intraparietal sulcus (IPS) has often
been treated as consisting of either a single region or two
subregions, i.e., the inferior and superior IPS. According to
recent fMRI studies (Konen and Kastner 2008; Sheremata
et al. 2010) exploiting the advantages of topographical
mapping (Engel et al. 1994; Sereno et al. 2001) the medial/
superior bank of the human IPS is by no means a uniform
area but rather forms a continuous band of at least seven
topographically organized parietal areas that can be dif-
ferentiated also on the basis of other response properties
related e.g. to eye movements, attention, or working
memory (for a recent review see Silver and Kastner 2009).
All the seven topographical areas showed motion-selective
responses to planar, circular, and radial optic flow patterns
in an fMR adaptation paradigm (Konen and Kastner 2008).

Another brain region to be considered a core element of
the visual motion system is area V6 located in the medial
parieto-occipital cortex and termed °‘the medial motion
area’ by the authors of a recent fMRI study (Pitzalis et al.
2010). As demonstrated by numerous studies of the Galletti
lab, V6 has a clear retinotopic organization in the macaque,
which represents the contralateral hemifield. A peculiarity
of V6 is its lack of a particular emphasis of the foveal
representation so typical of other early visual areas. The
majority of its cells are direction selective. Adjacent area
V6A, which is not yet completely defined in human cortex,
has no obvious retinotopic organization and fewer neurons
are visually responsive albeit again prefer motion stimuli.
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It has been suggested that macaque V6 and V6A have a
pivotal role in providing visual motion information to the
motor system (Fattori et al. 1992; Galletti et al. 1991;
Galletti et al. 1996; Galletti et al. 1999a; Galletti et al.
1999b). In humans, V6 has been identified using wide-field
retinotopic mapping (Pitzalis et al. 2006). With macaque
V6 it shares its retinotopic organization again providing a
complete representation of the contralateral hemifield.
Recent fMRI studies have shown that human V6 is a
prototypical motion area, responding much more strongly
to coherent than incoherent motion and, beyond, preferring
flow field stimuli that truly simulate ego-motion (Cardin
and Smith 2010; Pitzalis et al. 2010).

The goal of the present fMRI study was to further
characterize the different areas of human visual cortex that
have been implicated in the analysis of global visual
motion. To this end, we used retinotopic mapping proce-
dures (Engel et al. 1994; Sereno et al. 1995; Sereno et al.
2001; Swisher et al. 2007) in order to first delineate the
different regions including, among others, IPS and V6 on a
single subject basis and then compared the responses to
coherent visual motion with those to motion noise. The
study was further designed to address the following ques-
tions. (i) Visual motion stimuli were presented in the
periphery, while subjects performed a demanding dis-
crimination task at fixation (Konen and Kastner 2008). This
approach allowed us to test, whether the preference of V6
or other areas for coherent motion as compared to noise
stimuli would survive control for possible attentional dif-
ferences between conditions. (ii) Since the parietal cortex
is known to be involved in cognitive control processes that
can exhibit significant hemispheric asymmetries (Posner
and Petersen 1990), we compared responses between
hemispheres, again under conditions of invariant attention
and controlled fixation. (iii) While V6 and areas in the
parietal cortex such as VIP have been suggested to play a
functional role in the analysis of optic flow stimuli and,
thus, the computation of ego-motion, their specific contri-
bution may be limited by the fact that their visual repre-
sentation might be confined to the contralateral visual
hemifield. A valid computation of ego-motion based on
optic flow information, however, should integrate visual
motion information across the entire visual world. Against
this background, we decided to analyze the responses to
coherent visual motion to ipsilateral stimuli.

In summary, we present evidence that besides MT and
MST also other areas represent coherent visual motion
under conditions of controlled fixation and attentional
demands, foremost areas V6, V3A, and areas in the IPS, in
particular IPSO-2 and SPL1. Hemispheric asymmetries
were negligible altogether suggesting that asymmetries in
parietal cortex observed in cognitive tasks do not reflect
differences in basic visual response properties. Finally,
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areas V6, MST, V3A, and IPSO revealed robust represen-
tations of coherent visual motion not only when presented
in the hemifield covered by the given visual representation
but also when presented in the ipsilateral visual field. These
findings suggest that coherent motion induces a switch in
spatial representation in specialized motion areas from
contralateral to full-field coding.

Materials and Methods
Participants

Five healthy male subjects, all aged 23 years, participated
in this study, including one of the authors (RFH). All
subjects were right-handed with a laterality quotient of
81 £ 12 % (mean =+ standard deviation) (Oldfield 1971).
All of them had normal or corrected to normal vision. The
experiments were approved by the local ethics committee
at the medical faculty of the University of Tiibingen and all
subjects gave their written informed consent according to
the Declaration of Helsinki. The naive volunteers were paid
for their participation.

Visual Stimuli

Stimulus generation and data acquisition were controlled
by the open source nrec measurement system (http://
nrec.neurologie.uni-tuebingen.de, created by F. Bunjes,
J. Gukelberger et. al.) running on an IBM PC-compatible
Pentium class computer. Visual stimuli were rendered in
OpenGL and presented on a NEC GT 950 projector at
resolution of 1024 x 768 pixels with a refresh rate of
60 Hz. The subjects viewed the projection screen behind
the scanner through a mirror system attached to the head
coil placed approximately 10 cm in front of their eyes
which led to a field of view of almost 40° in the horizontal
dimension and 20° in the vertical dimension. During the
entire experiments the subjects were asked to maintain
fixation on the central fixation point (diameter of 8.6 arc
min). Attention was controlled by changing the color of the
fixation point, randomly chosen out of six colors (red,
yellow, blue, green, magenta, white), at a rate of 2 Hz in all
experiments including the retinotopic mapping procedures.
The participants had to count how often the fixation point
turned blue and report the result verbally after each run
(Wall et al. 2008). This task was introduced in order to
keep attention stable and to minimize modulations in
attention such as potentially resulting from different
motion stimuli. It has been used previously by different
groups (e.g. Larsson et al. 2006, Wall et al. 2008) and has
also been demonstrated to be effective in eliminating
effects of attentional modulation (Wall et al. 2008).

Retinotopic Mapping

The visual field maps were measured using phase-encoded
stimuli techniques (DeYoe et al. 1996; Engel et al. 1994;
Sereno et al. 1995; Wandell et al. 2007). The stimuli were
extended to the edges of the screen. The stimulus for polar
angle mapping was a monochromatic radial checkerboard
with a radius of 10° reversing between “light” and “dark” at
8 Hz flicker frequency (Fox and Raichle 1985) and moving
clockwise or counter-clockwise at a speed of 15°/sec (or
3.75°%sec during more detailed mapping). For eccentricity
mapping the checkerboard was presented as expanding or
contracting rings with a maximum outer radius of 10°. All
subjects participated in at least four repetitions of every
condition, each lasting 240 s (or 816 s during more detailed
mapping) (Swisher et al. 2007). In total, each subject par-
ticipated at least 1 h in this mapping procedure in order to
increase the signal-to-noise ratio (Swisher et al. 2007).

Localizing and Disentangling the MT+ complex

Area V5/MT+ was identified using the motion stimulus as
a functional localizer which has been shown to allow for a
reliable separation of two functionally different subregions,
i.e., areas we will refer to as MT and MST (Amano et al.
2009; Becker et al. 2008; Huk et al. 2002). Areas V5/MT+,
MT and MST were identified by contrasting responses
induced by coherent and incoherent motion to those
obtained from the stationary control condition. The MT+
complex was defined by responses in the posterior part of
the inferior temporal sulcus (pITS) induced by contralateral
visual motion. Specifically, it was delineated as the cluster
of contiguous voxels lying in the immediate neighborhood
of the pITS and showing significantly stronger responses
for the coherent and incoherent motion conditions as
compared to the stationary pattern. Based on the large
receptive fields of MSTd neurons in the macaque, which
commonly cover also parts of the ipsilateral visual field,
the human homolog of area MST was defined by all con-
tiguous voxels within the hMT+ complex which were
significantly active during ipsilateral motion stimulation
(Becker et al. 2008; Desimone and Ungerleider 1986;
Dukelow et al. 2001; Huk et al. 2002; Smith et al. 1998;
Wall et al. 2008). Subtraction of the voxels assigned to
MST from the MT+ complex isolated area MT. Thus, area
MT only contained the voxels of the MT+ complex which
were active during contralateral, but not during ipsilateral
stimulation. In order to further improve separation of the
two regions, voxels in hMT+ located anterior to the
median axial coordinate of area hMST were not considered
for MT. Note that preferences for coherent motion were
analyzed after defining the ROIs but were not used
beforehand to separate MT from MST.
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Motion Coherence Stimuli

The stimulus consisted of rectangular random dot patterns
with white dots on a dark background. The patterns were
extended to the edges of the screen resulting in a maximum
field of view of almost 40° in the horizontal and 20° in the
vertical direction. The central visual area was not stimu-
lated. Specifically, the inner borders of the rectangular dot
field were set to 3° in horizontal direction. Each dot had a
diameter of 8.6 arc min and moved at 6°/sec. They all had
a limited lifetime of 1,000 ms (Becker et al. 2008), before
disappearing and reappearing at a new random location.
The dot density was 6 dots/degree” throughout all trials. In
a ‘coherent motion condition’ the motion direction was the
same for all dots. In the second condition, the ‘incoherent
motion condition’, the dots moved independently in all
possible directions. During the third condition, a stationary
random dot pattern was presented with a limited dot
lifetime of 1,000 ms as in the motion conditions. This
‘stationary condition’ served as the baseline. During both
motion conditions, motion direction was changed every
2 sec either clockwise or counter-clockwise in steps of 60°.
Each condition was presented for 12 sec.

One cycle followed a sequence of stationary pattern,
incoherent motion, stationary pattern, and coherent motion
pattern with an overall length of 48 sec. Every trial consisted
of eight cycles and was terminated with a stationary pattern.
Thus, each trial lasted 396 sec. Motion stimuli were pre-
sented in three different experiments differing with respect to
the visual field being stimulated. Specifically, stimuli were
presented either in the left visual hemifield, the right hemi-
field or simultaneously in both visual fields. Each subject
completed five repetitions of each experiment, leading to an
overall of 15 trials per subject.

Data Acquisition
Imaging Data

Images were acquired with a three Tesla whole-body MR
scanner (Magnetom Trio, A Tim System, Siemens Medical
Solutions, Erlangen, Germany) using a 12-channel phased-
array head coil. Every subject participated in at least three
scanning sessions. During each session, a high-resolution
three-dimensional anatomical scan with a modified
driven equilibrium Fourier transform (MDEFT) sequence
(Deichmann et al. 2004) of the brain was acquired (TR:
10.55 ms, TE: 3.14 ms, TI: 680 ms, flip angle: 22°, voxel
size: 1 x 1 x 1 mm>, 176 contiguous axial slices, FOV:
256 mm).

Functional images were taken with an echo planar imaging
(epi) sequence (TR: 3.0 sec, TE: 66 ms, flip angle: 90°, voxel
size: 2.5 x 2.5 x 2.5 mm, 45 slices, FOV: 195 mm).
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Eye-Tracking Data

In order to control fixation the eye position was recorded
in all trials with an MR-compatible infrared camera
(Sensomotoric Instruments, Teltow, Germany). The hori-
zontal and vertical positions of one eye were extracted
from the video signal at a rate of 60 Hz and stored for off-
line analysis after analog-to-digital conversion.

Data Analysis
Imaging Data

Anatomical and functional images were analyzed using
BrainVoyager QX Version 1.8.6 (Brain Innovation,
Maastricht, The Netherlands).

The anatomical images from each subject were cor-
rected for inhomogeneity and then averaged with further
anatomical measurements of the same subject to increase
the quality of the anatomical data for segmentation and
further processing. Then they were segmented at the
boundary of the grey and white matter and inflated, cut
along the calcarine sulcus and flattened to a 2D-shape in
order to define the ROIs (Goebel et al. 1998).

The functional images were preprocessed with slice scan
time correction (using trilinear/sinc interpolation), linear
trend removal, temporal high-pass filtering, three-dimen-
sional motion correction and were interpolated to a spatial
resolution of 2 x 2 x 2 mm>. Anatomical and functional
data were co-registered to the individual anatomy with
SPM2 (Wellcome Department of Cognitive Neurology,
London, UK) implemented in MATLAB (Mathworks Inc.,
Natick, MA, USA) with the scanner’s position parameters
and manual adjustment afterwards. All data were trans-
formed in standard space according to the atlas of Talairach
and Tournoux (1988).

For both hemispheres of each subject the regions of
interest were selected based on the retinotopic mapping by
fitting a model of a travelling-wave to the time-course of
the stimulus. Moreover, the hemodynamic response could
be matched to the position of the stimulus in the visual field
(DeYoe et al. 1996; Engel et al. 1994; Sereno et al. 1995).
The boundaries of the visual field maps were defined as the
reversals in the direction of phase change. All ROIs were
drawn manually on a flattened anatomy in Talairach space
on the basis of these boundaries. Only the human MT+
complex, comprising areas hMT and hMST, was defined
on the basis of the visual motion stimulus, which served as
a specific localizer based on a general linear model (Becker
et al. 2008; Dukelow et al. 2001; Huk et al. 2002; Smith
et al. 2006).

For the further analysis of the ROIs, the time-courses of
the functional scans were extracted by averaging the data
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of every condition of every subject separately. The BOLD
percent signal changes for the coherent and incoherent
motion conditions were generated by defining the ‘stationary
random dot pattern condition’ as baseline. For statistical
analysis of significant differences between the coherent and
incoherent motion conditions, the BOLD percent signal
changes were subjected to an ANOVA (analysis of variance)
with repeated measures. In order to correct for multiple
comparisons, we initially used 3-way repeated measures
ANOVAs to reveal a significant influence of the factor
‘region of interest’. We continued with post hoc 2-way
repeated measures ANOVAs for all regions of interest and
evaluated the differences in BOLD percent signal changes by
a post hoc two-tailed paired #-test. Differences between
conditions for a given ROI as revealed by post hoc r-tests
were considered significant only if the effect was replicated
in the final experiment involving bilateral visual stimulation.
Since the chance level for false positives within the same
ROI was thus 0.05 x 0.05 = 0.0025, this criterion was
equally restrictive as a Bonferroni correction (p = 0.05/18
areas = 0.0028). We further quantified the results by the
effect sizes as defined by Cohen’s d (Cohen 1988).

Eye-Tracking Data

The analysis of the eye tracking data was performed with
in-house software based on MATLAB. The eye position
signal was filtered at a cut-off frequency of 15 Hz. Eye
blinks were detected through visual inspection and were
removed via linear interpolation. For each trial the mean
horizontal and vertical eye positions and their standard
deviations were calculated separately for coherent, inco-
herent and stationary random dot patterns and finally tested
for differences in the eye position using two-tailed paired #-
test (Bonferroni-corrected).

Results
ROI Definitions

Phase-encoded retinotopic mapping procedures were used to
identify previously described areas V1, V2, V3, V4, V3A,
V3B, LO1, LO2, IPS0-5, SPL1 and V6 as specified in detail
below. The retinotopic maps for standard and intensive
mapping procedures (see “Materials and Methods”) did not
differ, although the application of larger stimuli during
standard mapping (wedge size: 90°) simplified the identifi-
cation of retinotopically organized regions with larger
receptive fields. In contrast, smaller retinotopic stimuli such
as used for intensive mapping (wedge size: 22.5°) provided a
better discrimination effect at the borders of adjacent areas
(Swisher et al. 2007; Wandell et al. 2007). The influence of

the wedge size was diminished and the signal-to-noise ratio
was increased by averaging over several repetitions of
measurements as described in the “Materials and Methods”.
In the following, we assigned V1-V4 to the primary visual
areas, areas IPSO-5 and SPLI1 to the parietal areas and all
other regions to the group of intermediate or gateway areas as
suggested by Orban et al. (2006). Ventral and dorsal parts of
areas V2 and V3, respectively, were pooled and treated as
single ROIs.

Retinotopic Mapping, ROI Definitions

Figure 1 shows the location of the different visual areas in
one representative subject. For the group of subjects, the
mean coordinates of the ROIs (Talairach space) and the sizes
of ROIs are given in Table 1. The areas V1-V3 were iden-
tified based on their anatomical topography around the cal-
carine sulcus and occipital pole. They share a confluent
foveal representation and represent the upper contralateral
quarter field on the ventral surface and the lower contralat-
eral quarter field on the dorsal surface (DeYoe et al. 1996;
Engel et al. 1994; Sereno et al. 1995). Ventral area V3 has
also been referred to as area VP in the literature (Sereno et al.
2001). Human area V4 was localized in the fusiform gyrus
and has been defined by its complete representation of the
contralateral hemifield anterior to the ventral part of area V3
(Wade et al. 2002; Wandell et al. 2007). Area V3A (Braddick
etal. 2001; Press et al. 2001; Tootell et al. 1997) beginning at
the border of the dorsal portion of area V3 at the lower ver-
tical meridian includes a complete representation of the
contralateral hemifield. Area V3B is located dorsally and
laterally to area V3A along the transverse occipital sulcus
and is separated by a local minimum in the eccentricity map.
It shares a discrete confluent foveal representation with area
V3A (Pressetal. 2001; Swisher et al. 2007) and also contains
a complete hemifield representation (Press et al. 2001;
Swisher et al. 2007). Therewith, we followed the definition
of Press et al., though different definitions of the visual field
maps of V3B have been suggested (Smith et al. 1998; Wall
et al. 2008). The areas LO1 and LO2 were found anterior to
the dorsal part of area V3 in the lateral occipital sulcus, with
LO1 covering a hemifield from the lower to the upper vertical
meridian and LO2 containing a hemifield starting at the
upper vertical meridian adjacent to area LO1 (Larsson and
Heeger 2006; Swisher et al. 2007). LO1 was separated from
area V3B by its shared foveal representation with V1-3
(Larsson and Heeger 2006; Swisher et al. 2007; Kolster et al.
2010).

The parietal ROIs were separated into seven different
regions starting with IPSO, formerly labeled V7 (Swisher
et al. 2007; Wandell et al. 2007). Area IPSO was identified
being anterior to V3A and defined by a hemifield map
starting at the upper vertical meridian (Press et al. 2001).
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Fig. 1 a Overview: Visuotopic map on a flattened left hemisphere of
one subject after angular mapping with a rotating wedge stimulus.
Green colors represent the lower vertical meridian, red colors
represent the upper vertical meridian and borders between yellow and
blue mark the horizontal meridian in the contralateral hemifield
(legend bottom center, radius = 10°). Only the MT+ complex with
its subregions MT and MST was identified using the motion stimulus
and their boundaries have been superimposed onto the retinotopic flat
map. The area within the dashed square is demonstrated in more in
detail in panels b and ¢. b Visuotopic field map of the area indicated

IPS1 was found to share a confluent foveal representation
with IPSO. Its hemifield representation begins at the lower
vertical meridian. The hemifield representations along the
intraparietal sulcus that follow in anterior direction were
labeled in the order of their appearance as IPS2-5 (Konen
and Kastner 2008; Swisher et al. 2007). IPS2 begins at the
upper vertical meridian and shares a confluent foveal rep-
resentation with IPS3 (Swisher et al. 2007), the latter
beginning at the lower vertical meridian and also including
a hemifield representation. IPS4 lies adjacent to IPS3 and
covers a hemifield from the upper to the lower vertical
meridian. We also observed a hemifield map of IPSS5, a
finding not consistently observed in the previous studies
(Konen and Kastner 2008; Silver and Kastner 2009;
Swisher et al. 2007). IPS5 was found to be situated ante-
riorly and laterally to area IPS4 and to extend towards the
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in a using lower statistical threshold criteria (» > 0.18; a: r > 0.22) in
order to demonstrate continuous field representations in the parietal
areas. ¢ Visuotopic field map on the flattened hemisphere after
eccentricity mapping. The foveal representations are marked by an
asterisk. We found shared foveal representations for V3A/B, IPS0/1
and IPS2/3 and a distinct foveal representation for V6. In addition, the
angular mapping results are superimposed. Foveal representations are
red, the outer eccentricity is blue/green (legend bottom left in 1C,
radius 10°) (Color figure online)

post-central sulcus. We found foveal representations for
IPS4 and IPSS5 lateral from the more peripheral responses.
The boundaries of IPS5 were defined by the lower vertical
meridian (at the border to IPS4) and the upper vertical
meridian in the anterior direction (Konen and Kastner
2008). Areas IPS3-5 are rotated anterior-laterally relative
to the posterior IPSO-2 maps. Swisher et al. (2007) pointed
out that these maps can show substantial gaps or drop-outs.
We found continuous representations when the statistical
criteria were lowered (Fig. 1b). In addition to six intrapa-
rietal areas, we found a hemifield map branching off the
intraparietal sulcus and extending into the superior parietal
lobule, which comprised a hemifield from the lower to the
upper vertical meridian. We believe this map to correspond
to an area formerly labeled SPL1 (Konen and Kastner
2008). Area V6 was identified in the parieto-occipital
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sulcus close to area V3A and IPS0O and was defined through
an upper vertical meridian at the border to V3/V3A and a
lower vertical meridian as its border to the IPS. The mean
Talairach coordinates of all the different areas defined
along this protocol were in excellent accordance with
previous studies (Table 1; Swisher et al. 2007; Konen and
Kastner 2008). This was also true for areas MT and MST
localized by means of the motion stimulus (Becker et al.
2008; Dukelow et al. 2001; Huk et al. 2002).

Responses to Coherent and Incoherent Motion:
Contralateral Stimulation

After the definition of the ROIs and the extraction of the
BOLD percent signal changes for every region in both
hemispheres of all subjects and under all stimulation con-
ditions (stimulation of the left visual hemifield, right
hemifield, and both hemifields), separately, we considered
the regions of both hemispheres and readout the ROIs for
the different types of stimulation. Therefore, activations for
the condition ‘contralateral stimulation’ included the ROIs
of the left hemisphere after stimulation in the right visual
field and the right hemisphere ROIs stimulated by motion
in the left visual field. The stationary condition served as a
baseline in all three stimulation conditions. Performing a
repeated measures 3-way-ANOVA with the factors motion
condition (coherent, incoherent), ROI, and hemisphere
revealed a highly significant influence of the factor region

Table 1 Talairach coordinates and ROI sizes

X (+/—-) y Z ROI size (mm3)

Primary visual areas

Vi 10 £ 4 -75£5 2+5 10986 + 1550
V2 11+4 -84 +4 -5+4 6212 + 266
V3 18+ 4 —81 +£4 -2+6 5917 + 399
V4 28 £ 4 —67 £ 4 —13+£3 2859 + 393
Intermediate areas
V3A 22+5 —84 £3 21+ 6 3111 £+ 636
V3B 27+£3 —81+7 13£5 2772 + 556
LO1 33+3 -78 £ 3 7+4 2601 + 420
LO2 40 + 4 —71£3 5+3 2708 £ 539
MT 46 + 4 —63+4 0+4 2436 £+ 1295
MST 44 + 4 —65+£3 1£5 1965 + 572
Vo6 205 —-76 £ 6 31+ 4 2895 + 625
Intraparietal visual areas
IPSO 28 £ 4 74 £ 4 19+7 5480 + 582
IPS1 27+£3 —68 £ 6 25+ 6 4853 4+ 982
1PS2 24 £ 3 —64 £5 32+ 6 4252 4+ 959
1PS3 18+3 —64 £ 5 39+5 3980 £ 1268
IPS4 12+ 6 —67 £4 435 3390 £+ 712
IPS5 16 £ 7 —63+4 52+2 3258 + 714

of interest (Fy 19 = 17.18, p < 0.0005). Then, we contin-
ued using 2-way-ANOVAs with repeated measures for
every ROL In particular, we considered the factors motion
condition and hemisphere in order not only to localize the
processing of coherent visual motion, but also for detecting
differences between the two hemispheres. Table 2 provides
the summary of this analysis and also includes post hoc
two-tailed paired #-tests and effect sizes. In order to correct
for multiple comparisons, differences between motion
conditions for a given ROI as revealed by post hoc t-tests
were considered significant only if the effect was replicated
in the later experiment involving bilateral visual stimula-
tion (see “Materials and Methods™).

Area V1 was the only region with a clear preference for
incoherent as compared to coherent motion (F; j, = 22.95,
p < 0.0005), whereas V2, V3 and V4 were not preferring
either of the two types of motion (V2: F;3, = 0.94,
p>0.05; V3: Fi3, =1.12, p > 0.05; V4: F; 1, = 051,

Table 2 Comparison of responses to coherent and incoherent
motion: contralateral stimulation

T 4 * d SD

Primary visual areas

Vi —4.27 0.0021 *E —1.99 0.39
V2 —0.86 0.4017 —0.29 0.21
V3 1.10 0.2846 0.49 0.17
V4 0.03 0.8569 0.27 0.12
Intermediate areas
V3A 4.67 0.0012 wk 1.71 0.17
V3B 3.77 0.0044 *E 1.74 0.11
LOl 5.01 0.0007 oAk 1.18 0.12
LO2 2.83 0.0198 * 1.29 0.09
MT 7.10 0.0001 ok 1.98 0.11
MST 4.73 0.0011 ok 1.26 0.30
V6 8.10 <0.0001 okk 3.88 0.14
Parietal Visual Areas
IPSO 6.74 0.0001 Hokk 2.48 0.07
IPS1 4.86 0.0009 *E 1.84 0.07
1PS2 7.26 <0.0001 Hokk 2.03 0.09
1PS3 3.62 0.0056 1.16 0.10
1PS4 3.54 0.0063 0.89 0.07
IPS5 4.78 0.0010 0.96 0.06
SPL1 491 0.0008 wk 1.67 0.15

Statistical comparison of the BOLD responses induced by coherent
and incoherent motion in all regions of interest after contralateral
stimulation. 7-values and p-values obtained from a two-tailed paired
t-test, effect sizes given by Cohen’s d, and pooled standard deviations
of the BOLD percent signal changes (see Fig. 2). Asterisks indicate
statistical level of significance: *<0.05; **<0.005; ***<0.0005; sta-
tistical significance is marked only if the effect was replicated in
Experiment 3 involving bilateral stimulation
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p > 0.05). For most of the other regions of interest the
ANOVAs revealed a significantly stronger response to
coherent visual motion. Especially, highest r-values and
effect sizes were observed in areas V3A, LO1, MT and
MST as parts of the MT+ complex, V6, and also in IPSO-2
and SPL1 (V3A F1,12 = 2201, p < 00005, LO1: F1,12 =
5.01, p <0.005; MT: F;, = 5749, p < 0.0005; MST:
Fi12 = 11.68, p < 0.005; V6: F; 12 = 72.72, p < 0.0005;
IPSO: F; 1, = 30.82, p < 0.0005; IPS1: F;;, = 19.57,
p <0.005; IPS2: F;;, =68.53, p<0.0005; SPLI:
Fy 12 = 15.04, p < 0.005; Table 2). There was also a trend
for higher responses to coherent motion in areas IPS3-5 as
compared to incoherent motion. Effect sizes, however,
were overall small (Table 2). Further, the effects were not
replicated in the bilateral stimulation experiment (see
below) and, thus, not considered significant.

The area showing both highest #-values and effect sizes,
and thus, the one showing the most robust preference to
coherent motion was area V6. Interestingly, areas along the
intraparietal sulcus showed a tendency for a slight decrease
of the BOLD signal to incoherent motion which was not
present in the other areas studied. The factor hemisphere
seemed significant for area LO1 (F 1, = 13.22, p < 0.005)
revealing a stronger BOLD percent signal change in the
right as compared to the left hemisphere. This difference,
however, did not survive the experimental control involv-
ing bilateral stimulation. None of the other regions showed
noticeable asymmetries.

@ Springer

Responses to Coherent and Incoherent Motion:
Ipsilateral Stimulation

In this condition, testing responses to ipsilateral visual
motion stimuli, again data of both hemispheres were con-
sidered: the ROIs of the left hemisphere stimulated by the
motion stimulus in the left visual field and the ROIs of the
right hemisphere with stimulus presentation in the right
visual field. Results are summarized in Fig. 3 and Table 3.

As mentioned above, we performed a 3-way ANOVA
with repeated measures first, which again revealed a strong
influence of the factor ROI (F, 9 = 15.31, p < 0.0005).
Consecutive 2-way repeated measures ANOVAs for all
ROIs gave detailed information on preferences of coherent
as compared to incoherent motion and hemisphere differ-
ences. Preferences for coherent motion were only observed
in areas that had revealed the same preference during
contralateral stimulation. Specifically, robust representa-
tions of coherent visual motion in the ipsilateral hemifield
were observed in the areas MST and V6 (MST:
Fy 1, = 17.64, p < 0.005; V6: F, 1, = 57.68, p < 0.0005),
whereas MT as the other part of the MT + complex did not
show a significant preference for coherent versus incoher-
ent motion in this condition (MT: F; , = 0.13, p > 0.05).
Also the ROIs V3A, V3B and LOI showed stronger
responses to coherent visual motion (V3A: F, ;, = 21.74,
p < 0.005; V3B: F; 1, =927, p<0.05; LOI: FL,12 =
7.00, p <0.05), but LO2 did not (LO2: F;, = 1.82,
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Table 3 Comparison of responses to coherent and incoherent
motion: ipsilateral stimulation

T p * d SD

Primary visual areas

Vi 1.83 0.1009 0.72 0.11
V2 1.52 0.1458 0.50 0.09
V3 1.86 0.0779 0.61 0.10
V4 1.40 0.1964 0.89 0.06
Intermediate areas
V3A 4.40 0.0017 ok 1.67 0.11
V3B 2.75 0.0227 * 1.24 0.09
LO1 2.66 0.0259 * 1.15 0.10
LO2 1.31 0.2224 0.59 0.08
MT 0.55 0.5982 0.12 0.08
MST 4.09 0.0027 ok 1.66 0.19
Vo6 7.42 <0.0001 otk 3.44 0.11
Parietal visual areas
IPSO 5.31 0.0005 otk 2.13 0.05
IPS1 3.19 0.0111 * 1.04 0.06
IPS2 2.80 0.0206 * 1.04 0.10
IPS3 2.74 0.0227 0.86 0.09
1PS4 2.19 0.0562 0.81 0.08
IPS5 1.03 0.3302 0.41 0.06
SPL1 3.02 0.0145 * 1.18 0.15

Statistical comparison of the BOLD responses induced by coherent
and incoherent motion in all regions of interest after ipsilateral
stimulation. Same conventions as in Table 2. SD denotes pooled
standard deviations of BOLD percent signal changes (see Fig. 3)

-0.20

p > 0.05). Considering the intraparietal regions, we found
significant differences between activations for coherent and
incoherent motion in IPSO-2 and also in SPL1 (IPSO:
Fy 1, = 23.57, p < 0.0005; IPS1: F, ;, = 6.17, p < 0.05;
IPS2: F,;, =833, p<0.05 SPLl: F,;,=10.57,
p < 0.05), whereas there was no statistically significant
difference between the two motion conditions in IPS3-5
(IPS3: Fy 12 = 7.35, p < 0.05, not replicated in the bilat-
eral stimulation experiment; IPS4: F; ;, = 4.59, p > 0.05;
IPS5: Fy 1, = 1.02, p > 0.05). Again areas IPS1-4 and
SPL1 showed a tendency for a slight decrease in response
to incoherent motion stimuli. Notably, the areas showing
significant responses to global visual motion in the ipsi-
lateral visual field did not respond to ipsilateral stimulation
during the angular mapping procedure. Figure 4 demon-
strates the time-course for three of the ROIs in one of the
subjects, revealing a strong response to contralateral
stimulation (time 1-48 sec) but absent or even suppressed
BOLD activations during ipsilateral stimulation (time
49-96 sec).

Responses in the primary visual areas V1-V4 were not
reflecting coherent motion in the ipsilateral field (Fig. 3):
comparison of the BOLD responses revealed no significant
difference between the two motion conditions (V1:
Fl,lZ = 307, p> 005, V2: Fl,lZ = 227, p > 005, V3:
Fi12 = 3.01, p > 0.05; V4: F; 12 = 2.98, p > 0.05). With
the single exception of area IPSO which revealed higher
activations for the right as compared to the left hemisphere
(F1.12 =490, p <0.05), none of the ROIs considered
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Fig. 4 Event-related time course of the BOLD responses observed in
three different ROIs (a—c) during angular mapping (right hemisphere
of one subject; mean BOLD percent signal change £ SEM). The
x-axis spans a total of 96 sec representing one cycle of angular
mapping. The wedge traverses the contralateral visual space during
the first 48 sec and the ipsilateral visual field during the last 48 sec. In

showed any significant influence of the factor hemisphere.
The asymmetry observed in IPSO was not replicated in any
of the two other experiments.

Coherent and Incoherent Motion at Bilateral
Stimulation

For bilateral stimulation, the 3-way repeated measures
ANOVA, analogous to the first two experiments, again
revealed a strong influence of the factor ROI (F; ;9 = 16.07,
p < 0.0005). By the following 2-way repeated measures
ANOVAs we obtained results that were highly congruent
with the former two experiments (Fig. 5; Table 4). Only
ROIs that had already shown influences of motion condition
in the first two experiments showed similar effects under this
condition. Similar to the first experiment employing con-
tralateral stimuli alone, V1 revealed a strong and significant
preference for incoherent visual motion (F;;, = 35.99,
p < 0.0005). Again, the areas V2—-V4 did not differ in their
BOLD signals for the two motion conditions (V2:
Fi12 = 3.06, p > 0.05; V3: F; 1, =0.22, p > 0.05; V4:
Fi12 =040, p>0.05). All other ROIs except for
IPS3-IPS5 showed a stronger activation to coherent as
compared to incoherent motion. Areas with the highest
t-values and effect sizes included V3A, MST, V6, and IPSO-
IPS2 (V3A: Fy 1, = 13.05, p < 0.005; MT: Fy ;, = 11.41,
p < 0.0005; MST: F; ;, = 27.36, p < 0.0005; V6: F; 1, =
50.27, p < 0.0005, IPSO: F; 1o = 41.75, p < 0.0005; IPS1:
Fi 1, =25.78, p <0.0005; IPS2: F,;,=1250, p<
0.005). Like in both previous experiments, it was area V6
which showed the most specific response to coherent motion.
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order to analyze the retinotopic mapping data, we used linear
correlation maps and predicted the model of a travelling-wave, i.e. a
boxcar function, as a reference derived from the whole MRI data
volume. The time courses shown are the result of the temporal
alignment of the given ROI signal to this reference function which
also defines its baseline
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Fig. 5 Responses to coherent and incoherent motion observed for
visual stimulation in both visual fields. Means and standard deviations
of BOLD percent signal change as compared to baseline (stationary
random dot patterns)

In V6 the response to incoherent motion was virtually absent.
With respect to the intraparietal areas, the mean BOLD
amplitudes of most of the ROIs trended to negative values for
incoherent motion. The regions IPS0-2 in posterior parietal
cortex and SPL1 (F, 1, = 6.06, p < 0.05) in the superior
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Table 4 Comparison of responses to coherent and incoherent
motion: bilateral stimulation

T p * d SD

Primary visual areas

Vi —4.52 0.0015 Hk —2.22 0.41
V2 —1.70 0.1063 —0.85 0.17
V3 0.37 0.7137 0.10 0.14
V4 0.91 0.3866 0.19 0.10
Intermediate areas
V3A 3.73 0.0047 ok 1.84 0.17
V3B 3.29 0.0094 * 1.66 0.12
LO1 3.87 0.0038 *E 1.92 0.09
LO2 3.24 0.0102 * 1.63 0.10
MT 2.98 0.0155 * 1.54 0.17
MST 5.06 0.0007 *ok 2.44 0.21
Vo6 6.83 0.0001 oAk 3.33 0.19
Parietal visual areas
IPSO 7.73 0.0001 ok 2.78 0.08
IPS1 4.77 0.0010 Hk 2.48 0.07
1PS2 3.20 0.0109 * 1.42 0.14
1PS3 1.50 0.1674 0.74 0.12
1PS4 1.42 0.1881 0.58 0.11
IPS5 1.08 0.3095 0.46 0.10
SPL1 2.23 0.0500 * 1.16 0.21

Statistical comparison of the BOLD responses induced by coherent
and incoherent motion in all regions of interest after bilateral stimu-
lation. Same conventions as in Table 2. SD denotes pooled standard
deviations of BOLD percent signal changes (see Fig. 5)

parietal lobule showed stronger responses to coherent versus
incoherent motion. In contrast BOLD responses of areas
IPS3-5 did not differentiate between motion conditions
(IPS3 F1,12 =

285, p>0.05; IPS4: F,,, =242, p>0.05; IPS5:
Fi 12 = 1.55,p > 0.05), thus not replicating the small effects
in neighboring areas IPS3 and 5, which had been observed in
the first experiments. The 2-way repeated measures ANOVA
did not reveal any influences for the factor hemisphere in any
of the regions of interest.

Comparison Between Cortical Hemispheres

As already indicated, differences between the two cortical
hemispheres in coherent motion processing were overall
small. For contralateral motion presentation, only LO1
revealed a small difference (factor hemisphere for LO1:
Fi 12 = 13.22, p < 0.005; Cohen’s d = 1.31, SD = 0.11)
with larger responses present in the right hemisphere.
Figure 6 provides an overview of different ROIs for con-
tralateral presentation of coherent motion. In the ‘ipsilat-
eral stimulation’ condition, only IPSO showed a tendency
for an asymmetry (factor hemisphere for IPSO:

100%
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B0%
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30%
20%
10%

response

Relative contribution to the net ROI

V3A V3B LO1 LO2 MT MST V6 IPSO IPS1 IPS2 IPS3 IPS4 IPS5 SPL1

M Right Hemisphere Left Hemisphere

Fig. 6 Relative contributions of the right and the left hemisphere to
the net activation of a given ROI induced by contralateral coherent
motion where 100 % represent the sum of activations of both
hemispheres. 50 % indicate identical responses in both hemispheres

Fi12 =4.90, p <0.05; Cohen’s d =2.13, SD = 0.05),
revealing again a higher activation in the right hemisphere
ROI. BOLD responses in LO1 were not significantly dif-
ferent during ipsilateral stimulation (factor hemisphere for
LO1: Fy ;, = L.11, p > 0.05). For bilateral stimulation, no
single ROI showed a significant hemispheric difference. In
summary, in contrast to the robust representations of
coherent visual motion that could be replicated applying
bilateral stimulation, influences of the cortical hemispheres
were close to chance level and could not be replicated.

Influences of Eye Movements and the Attention Task

Activity in many areas like the MT+ complex or in
intraparietal regions is known to be modulated by eye
movements and also attention (Andersen 1989; Astafiev
et al. 2003; Dukelow et al. 2001; Haarmeier and Kammer
2010; Handel et al. 2008; Heide and Kompf 1998;
Schluppeck et al. 2006; Tikhonov et al. 2004). Therefore,
eye movements were recorded for fixation verification. In
addition, we embedded a demanding attention task in the
central fixation point. The subjects were instructed to count
the number of specific color changes of the fixation spot
which changed colors at a rate of 2 Hz. The average total
count of events per trial was between 40 and 60 for reti-
notopic mapping procedures and between 60 and 110 for
the motion trials. The subjects named the exact number of
color changes in 28 % of all trials (42 % during retinotopic
mapping, 12 % correct during motion trials). Figure 7
shows their overall performance during all the motion tri-
als. As can be seen, the deviation of the reported color
changes (per trial) from the correct number was small in
the majority of trials. The task was difficult enough,
however, to allow only a small fraction of trials to be
answered correctly (12 %). The mean of the absolute value
of the deviations was 3.0 £ 3.13.
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Fig. 7 Performance of the subjects in the attention task during the
motion trials. Frequency of deviations of the reported number of color
changes (per trial) from the correct number. The large dashed line at O
represents trials with exact responses (no deviation). The distribution
of responses is slightly shifted towards positive deviations peaking at
around 2 and reflecting that subjects tended to slightly overestimate
the number of color changes

Eye movement recordings could be performed and
analyzed in most, i.e., 68 out of 75 measurements. Stable
fixation was maintained by all subjects throughout the
whole recording time as indicated by mean horizontal eye
positions of 0.30° &£ 0.94 during bilateral visual stimula-
tion, 0.59° £ 0.13 during left stimulation, and —0.07° £
0.08 during right stimulation (Fig. 8). The mean eye
positions in vertical direction were —0.08° £ 0.12 during
bilateral stimulation, 0.60° & 0.05 during left stimulation
and 0.59° & 0.11 during stimulation of the right visual
field. A two-tailed paired t-test comparing the eye positions
during incoherent motion and those observed during the
different periods of coherent motion presentation did not
reveal any significant difference. For all motion directions
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considered and all the three different visual stimulation
conditions the smallest p value observed was 0.15 for
horizontal and 0.07 for vertical eye positions (smallest p:
x-axis: T = 1.46, p = 0.15 for motion in 30° direction (left
stimulation); y-axis: 7 = —1.82 p = 0.07 for motion in
150° direction during bilateral stimulation). Stable fixation
was also observed during retinotopic mapping with the
mean eye positions being -0.09° £ 0.57 (horizontal) and
-1.14° 4+ 0.94 (vertical).

Discussion

As suggested by previous work (Braddick et al. 2001;
Sunaert et al. 1999), sensitivity to coherent visual motion
was not confined to the MT+ complex but was present also in
intra-parietal, parieto-occipital and lateral occipital areas. In
fact, except for the early visual areas V1-V4 and areas IPS3-
5, all the other visual areas responded more strongly to
coherent visual motion as compared to motion noise.

By combining visual stimulation with a demanding
attention task directed to the central fixation point and by
resorting to topographical mapping strategies that have
recently been used to characterize cortex along the intra-
parietal sulcus (Konen and Kastner 2008; Swisher et al.
2007), we can extend and specify earlier reports on rep-
resentations of motion coherence in human cerebral cortex.
(i) Control of the attentional demands supports the con-
clusion that stronger responses to coherent motion were not
due to differences in attention between conditions. (ii)
Definition of the boundaries and spatial representations of
topographically-organized cortical areas on a single subject
basis allowed for characterizing the responses of these
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Fig. 8 Eye positions during incoherent motion presentation and during the six different coherent motion conditions (group means and SEM).
Horizontal (a) and vertical (b) eye positions are given for all three stimulation conditions (bilateral, left and right stimulation)
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areas independently from the large inter-subject variability
with respect to their sizes and locations (Silver and Kastner
2009). The areas showing the most consistent representa-
tions of motion coherence across conditions were areas
V6, MT/MST, V3A, IPS0-2, and SPL1. (iii) Hemispheric
differences were negligible altogether suggesting that
asymmetries such as observed in parietal cortex in cogni-
tive tasks do not reflect differences in basic visual response
properties. (iv) Comparison of the representations of
coherent visual motion between conditions of contralateral
and ipsilateral stimulation revealed specialized motion
areas that not only indicated coherent motion in the con-
tralateral but also the ipsilateral visual field. In the fol-
lowing we will discuss the different areas representing
coherent visual motion with particular emphasis on V6 and
the IPS. We will then address the global representation of
motion coherence observed in some of these areas.
Across all conditions, area V6 was the region showing
the most consistent and strongest response to global visual
motion. Specifically, for all three stimulation conditions
(ispilateral, contralateral, and bilateral stimulation) V6
revealed the largest effect sizes with respect to visual
motion type. This result is completely in line with the
recent emphasis on the role of V6 in global visual motion
processing (Cardin and Smith 2010; Fattori et al. 2009;
Pitzalis et al. 2010; Stenbacka and Vanni 2007). In par-
ticular, it confirms the observation of Pitzalis et al. (2010)
that V6 showed even higher sensitivity to motion coher-
ence than the MT+ complex. While V6 has been thor-
oughly described in the macaque (Galletti et al. 1999a;
Galletti et al. 2001) the putative human homolog has only
been delineated recently (Fattori et al. 2009; Pitzalis et al.
2006; Pitzalis et al. 2010). The region is located in the
parieto-occipital sulcus adjacent to area V3A and medial to
the intraparietal sulcus. It is possible that it corresponds to
area POIPS as addressed by Orban et al. (2006) although
this question is not completely resolved (Stiers et al. 2006).
Earlier studies have reported activations in medial parieto-
occipital cortex to full field visual stimuli correlating with
the percept of vection (Brandt et al. 1998; Kovacs et al.
2008a; Kovacs et al. 2008b) or the percept of visual back-
ground motion during pursuit eye movements (Haarmeier
and Thier 1998; Tikhonov et al. 2004), however, without
characterizing this region as a retinotopic representation. In
a recent fMRI study, Cardin and Smith (2010) demon-
strated that putative V6 preferred flow field stimuli truly
simulating ego-motion. The same authors pointed towards
some variability of the location of V6, both, between
subjects of the same study and also between studies
(Pitzalis et al. 2010). The mean Talairach coordinates
observed for V6 in this study (Table 1; x = 20, y = —76,
z = 31) were in good agreement with the previous studies
with a small tendency for a more lateral center of activation

((Pitzalis et al. 2006); x = 11, y = =72, z = 46; (Cardin
and Smith 2010), x = 11, y = =79, z = 30). This minor
shift along the x-axis is probably the consequence of the
smaller stimuli used in our study unable to stimulate the
outer eccentricity. The reason is that V6 houses its foveal
representation in the most lateral parts of the parieto-
ocipital sulcus, while the outer eccentricity is represented
in the most medial parts. In other words, the smaller the
stimulus, the more lateral is the center of activation
expected to lie. The specific role of V6 is yet to be defined.
In this study, V6 revealed the same functional properties
with respect to motion analysis as MST, i.e. a robust
preference for coherent motion, not only in the contralat-
eral but also the ipsilateral visual field (see below). The
question as to its specific functional role, distinct from area
MT/MST, remains an important question for future studies.

Apart from the MT/MST complex and area V6, also
areas in the IPS preferred coherent visual motion to motion
noise. For contralateral stimulation, four out of seven
topographic maps isolated showed this preference, areas
IPSO-IPS3 and SPL1. As proposed by Swisher et al.
(Swisher et al. 2007; Wandell et al. 2007) we refer to area
IPSO instead of V7 to account for its anatomical location
inside the intraparietal sulcus. Areas IPSO-4 have consis-
tently been described in several studies, with IPSO-2 being
defined by retinotopic mapping (Konen and Kastner 2008;
Silver and Kastner 2009), their anatomical topography and
activations during other tasks, such as saccades, selective
visual attention and visuospatial motor planning (Hagler
et al. 2007; Schluppeck et al. 2006; Schluppeck et al. 2005;
Silver et al. 2005). In contrast, IPS3 and IPS4 have usually
been described by their visual field maps alone (Konen and
Kastner 2008; Swisher et al. 2007; Wandell et al. 2007).
IPS5 and SPL1 are again defined by their retinotopic visual
representation (Konen and Kastner 2008; Silver and
Kastner 2009).

Earlier functional imaging studies reported two motion-
responsive clusters within the IPS (Sunaert et al. 1999), a
first one located in the occipital IPS (Talairach coordinates
by Sunaert et al., 1999; x = 26, y = —76, z = 26) and a
second anterior IPS cluster (x = 30, y = —44, z = 52).
These coordinates are in good agreement with our locations
found for IPSO (x =26, y = —77, z=28) and IPS5
(x =32, y = —44, z = 47), respectively. Our study sug-
gests a more continuous representation of coherent visual
motion along the IPS like shown by Konen and Kastner
(2008), however, the small effects in IPS 3-5, which we
found during contralateral visual stimulation could not be
validated here in the other experiments. In monkey IPS, the
area most sensitive to visual motion and flow field infor-
mation is area VIP which also responds to smooth pursuit
eye movements (Cavada 2001; Orban et al. 2006;
Schaafsma et al. 1997; Schlack et al. 2003; Vanduffel et al.
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2001). The majority of VIP neurons respond both to visual
and also tactile stimulation (Colby et al. 1993; Duhamel
et al. 1998). The co-registration of tactile and visual spatial
maps has also been reported for an area in human superior
parietal cortex (Sereno and Huang 2006), and based on
topographic organization and anatomical location, this
superior parietal area has been suggested to correspond to
area IPS5. Other possible human homologs of VIP have
also been discussed (Bremmer et al. 2001; Grefkes and
Fink 2005; Orban et al. 2006; Orban et al. 2004; Sereno
and Tootell 2005; Zhang and Britten 2004; Zhang et al.
2004). The results of this study argue for IPS5 neighboring
area SPL1 as the putative homolog of VIP given its pref-
erence for global visual motion which, however, was
present also in IPS0O-2.

In contrast to previous studies which oftentimes have
not been able to demonstrate preferences for global visual
motion in the MT+ complex (McKeefry et al. 1997,
Pitzalis et al. 2010), the present study showed clear rep-
resentations of global visual motion in the MT+ complex,
foremost area MST. This is expected given the decisive
evidence for motion integration in MT/MST as derived
from numerous monkey experiments (Born and Bradley
2005). Lack of the same features in human experiments is
almost certainly a reflection of methodological limitations
rather than of qualitative differences between species. In
fact, the stimulus configuration used here was chosen to
allow for optimal summation within the receptive fields of
MST neurons (Becker et al. 2008).

The group of areas revealing coherent visual motion
preferences was completed by areas V3A/B and LO1/2, the
first described in numerous previous fMRI experiments
(Braddick et al. 2001; Nakamura et al. 2001; Press et al.
2001; Sunaert et al. 1999; Vanduffel et al. 2001), and the
latter reliably found lateral to intraparietal regions and
posterior to the MT+ complex. Areas LO1 and LO2 house
two hemifield maps (Larsson and Heeger 2006). They
probably include the motion-sensitive area KO (kinetic
occipital (Van Oostende et al. 1997)) and are also referred
to as the lateral occipital sulcus/complex (LOS/LOC) (Or-
ban et al. 2006; Sunaert et al. 1999). The LOC of macaques
is not equivalent to the human LOC, as the lateral occipital
cortex of macaques is mostly covered by V1. Since the
human LOC lacks a homolog in macaques, the medial
occipital cortex of humans has been discussed as a putative
functional homolog (Kaido et al. 2004; Larsson and Heeger
2006; Tootell et al. 1998). By dividing the two regions using
retinotopic mapping stimuli we found a difference between
their responses to global motion with LO1 showing stronger
preferences for coherent motion than LO2 which remained
significant also for ipsilateral visual motion stimuli.

In primates, it is well accepted that visual input to each
cerebral cortical hemisphere comes largely from the
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contralateral visual hemifield. In macaque monkeys, input
to V1 appears almost completely crossed, with missing or
only negligible activation from the ipsilateral visual field
(Tootell et al. 1998). However, in progressively higher-
tier cortical areas, neurons have correspondingly larger
receptive fields, including increasing input from the visual
field on the same (ipsilateral) side of the brain. Also in
this study, significant responses were induced by ipsilat-
eral visual motion stimuli with the most prominent being
present in V6, V3A, MST, TIPSO and SPLI1. In line with
earlier studies (Tootell et al. 1998; Jack et al. 2007), these
responses were not observed in early visual cortex but
started to emerge in the intermediate areas. Importantly,
careful control of eye movements ensured that visual
stimuli did not come to lie in both visual hemifields as a
consequence of direct fixation of the stimuli. This con-
clusion was further supported by the fact that responses of
V1 to incoherent visual motion, so large under conditions
of contralateral stimulation (Fig. 3), were virtually absent
when visual stimuli were presented in the ipsilateral field
(Fig. 4). Likewise, activations in area MT preferred
coherent visual motion only with visual motion in the
contralateral visual field, i.e. coherence specificity in MT
was confined to contralateral visual motion. These quali-
tative differences would not have been observed, if the
stimuli had encroached significantly on the contralateral
field. Ipsilateral responses were, thus, not due to eye
movement artifacts but in fact were cortical representa-
tions of ipsilateral visual motion. Such activations argu-
ably reflect neurons within these areas that have very
large receptive fields owing to callosal inputs that transfer
visual information across hemispheres. While this view
has been established for MST (Dubner and Zeki 1971;
Maunsell and van Essen 1983; Desimone and Ungerleider
1986; Rees et al. 2000; Dukelow et al. 2001; Huk et al.
2002), it may also hold true for the other areas V6, V3A,
IPSO and SPL1. With respect to V6, i.e. the area with the
most specific responses to motion coherence in this study,
it has indeed been demonstrated in the monkey that the
receptive fields cover parts of also the ipsilateral visual
field (Galletti et al. 1991). In opposition to this interpre-
tation is our finding that areas which were activated by
ipsilateral global motion did not respond to ipsilateral
angular mapping stimuli. Quite the contrary, some of
these areas in fact were showing negative BOLD
responses to ipsilateral angular mapping stimuli (see
Fig. 4). This observation suggests that responses to ipsi-
lateral motion were not just due to large receptive fields
crossing the vertical meridian but could also be the con-
sequence of backprojections arising from higher-tier cor-
tical areas. In any case, the switch in spatial
representation in specialized motion areas from contra-
lateral to global full-field coding defines the cortical
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network that has access to the global motion information
important for ego-motion perception and navigation.
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