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We investigated the key anatomical structures mediating in-
terhemispheric integration during the perception of apparent motion
across the retinal midline. Previous studies of commissurotomized
patients suggest that subcortical structures mediate interhemi-
spheric transmission but the specific regions involved remain
unclear. Here, we exploit interindividual variations in the propensity
of normal subjects to perceive horizontal motion, in relation to
vertical motion. We characterize these differences psychophysi-
cally using a Dynamic Dot Quartet (an ambiguous stimulus that
induces illusory motion). We then tested for correlations between
a tendency to perceive horizontal motion and fractional anisotropy
(FA) (from structural diffusion tensor imaging), over subjects. FA is
an indirect measure of the orientation and integrity of white matter
tracts. Subjects who found it easy to perceive horizontal motion
showed significantly higher FA values in the pulvinar. Furthermore,
fiber tracking from an independently identified (subject-specific)
visual motion area converged on the pulvinar nucleus. These results
suggest that the pulvinar is an anatomical hub and may play
a central role in interhemispheric integration.

Keywords: diffusion tensor imaging, Dynamical Dot Quartet, individual
difference, interhemispheric integration, pulvinar

Introduction

Integration of information from the left and right sides of the

body and its surroundings involves interhemispheric interac-

tions in the brain (Gazzaniga 2000; Kandel et al. 2000).

Investigating the key anatomical structures underlying

interhemispheric information transmission during specific

cognitive tasks is important for understanding how both

hemispheres contribute to information processing. In the

present study, we investigate a hub for interhemispheric

interaction for the apparent motion perception across the

retinal midline. Previous studies have suggested that apparent

motion perception across the retinal midline is processed

by the bilateral human middle temporal (hMT)/V5+ regions

(Muckli et al. 2002; Sterzer et al. 2003) and recently observed

the neural correlates of electroencephalography (EEG) gamma-

band synchrony with the interhemispheric interaction (Rose

and Buchel 2005).

A critical hub for interhemispheric exchange between these

regions has not, however, been definitively described. The

corpus callosum (CC) is widely perceived to be the most

plausible anatomical candidate mediating interhemispheric

transmission between hMT/V5+ regions (Maunsell and van

Essen 1983; Gazzaniga 1987). Ramachandran et al. (1986)

reported, however, that commissurotomized patients can per-

ceive apparent motion when they are shown a stimuli consisting

of 2 dots presented in succession on opposite sides of the retinal

midline. This finding was confirmed by Naikar and Corballis

(1996) in a detailed psychophysical experiment with commis-

surotomized patients. Their results revealed that the perceptual

integration of apparent motion is mediated by a subcortical brain

node not by the CC (Naikar and Corballis 1996). In addition, they

suggested that the subcortical brain node might be superior

colliculi (SC) or pulvinar nucleus (PN). The key subcortical

structure underlying this brain node remains unknown after

many decades.

This report proposes several approaches to determine the

brain region. Here, healthy participants are used because the

locus of injury is generally different among individual brain-

injured patients and because the periphery of the locus can

compensate cognitive functions of the injured brain region

even in adult brains (Kaas et al. 1990; Ramachandran 1993).

Moreover, the recovery of cognitive function significantly

depends on the rehabilitation of the individual (Taub et al.

1993; Dromerick et al. 2000).

We used Dynamic Dot Quartet (DDQ), which is one of

ambiguous stimuli. Viewing DDQ typically induces either

vertical or horizontal apparent motion. When a stimulus is

presented around the center of visual field, horizontal motion

across the retinal midline requires interhemispheric interac-

tion (Ramachandran and Anstis 1983; Rose and Buchel 2005).

All the healthy participants were able to perceive apparent

horizontal motion. The amount of time during which horizon-

tal motion was perceived in the experiment, however, differed

among individuals (Chaudhuri and Glaser 1991). Therefore, we

can use the ratio of time length of horizontal motion perception

to that of vertical motion perception in evaluating the bias to

horizontal motion perception for this ambiguous stimulus. This

also quantifies the individual differences of the interhemi-

spheric interaction. In using the ambiguous stimulus, physical

properties such as brightness and positions of dots remain

unchanged; therefore, we can extract neural signals relating to

the contents of apparent motion perceptions.

In order to noninvasively investigate the brain structure of

healthy participants, diffusion tensor imaging (DTI) was used.

DTI measures random thermal motions of water molecules in

brain tissue. The water molecules diffuse relatively freely along

the neural fiber direction but are hindered in the fiber

transverse direction (Tanner and Stejskal 1968). The hindrance

of water diffusion in white matter is putatively due to the
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diffusion barrier presented by the cell membrane and the

myelin sheath (Le Bihan et al. 1993; Norris 2001; Beaulieu

2002). Therefore, DTI can quantify the neural structure in

white matter (WM) indirectly. DTI created the opportunity for

researchers to visualize connections of brain structure in detail

(Le Bihan et al. 1986; Turner et al. 1990; Conturo et al. 1996;

Pierpaoli et al. 1996; Iwasawa et al. 1997; Makris et al. 1997;

Mori et al. 1999; Virta et al. 1999; Werring et al. 1999; Basser

et al. 2000; Clark et al. 2000; Mori and van Zijl 2002; Hagemann

et al. 2003; Wakana et al. 2004, 2005). From the DTI, we

calculated the fractional anisotropy (FA) value. The FA value

quantifies the coherence of the orientations of WM tracts in

the living brain (Basser et al. 1994). Therefore, the FA value

evaluates the coherence of neural fibers on WM tracts

indirectly (Le Bihan et al. 2001). High FA represents more

organized tissues (anisotropic diffusion) and low FA indicates

a lack of directional tissue (isotropic diffusion). In other words,

the FA value evaluates the ‘‘microstructural integrity’’ of WM

tissue (Klingberg et al. 2000; Pfefferbaum et al. 2002; Head et al.

2004). The microstructural integrity of WM tissue reflects the

‘‘integrity of information’’ or ‘‘information transmission effi-

ciency’’ in cognitive tasks, and DTI has provided information

about structural variations in specific brain regions associated

with particular behavioral traits, for example, reaction time of

a button press (Tuch et al. 2005; Gold et al. 2007; Floel et al.

2009).

The aim of the current study was to identify a structural hub

involved in the perception of apparent motion across the

retinal midline. For this purpose, we evaluated the correlation

between individual difference of the FA values of WM clusters

and individual differences of one ‘‘bias to horizontal motion

perception.’’ The bias to horizontal motion perception was

quantified by using the time length of perceiving horizontal

motion, relative to vertical motion.

Materials and Methods

Participants and Experiment Design
Eleven healthy right-handed volunteers (aged from 20 to 29; 3 females)

were recruited for the experiment. The experiment was performed

twice on 2 different days separated by an interval of approximately

3 weeks.

On the first day, they performed the psychophysical experiment in

a magnetic resonance imaging (MRI) room. We recorded functional
magnetic resonance imaging (fMRI), while they are performing the

psychophysical task. After the experiment, we recorded DTI too. On

the second day, the psychophysical experiment was repeated to test

the stability of psychophysical characteristics. All procedures were

approved by the AIST MRI Safety and Ethics committee, and informed

consent was obtained from all participants before the experiment was

conducted.

Stimulus
In the DDQ paradigm, a pair of dots is presented alternately in the

upper left and lower right or the lower left and upper right corners of

the visual field. At the center of them, a white fixation cross was

presented. The visual stimuli were projected on a translucent screen

(visual angle: 30� 3 40�) using a digital processing light projector. At the
start of the psychophysical experiment, a fixation cross (2 perpendic-

ular lines, each 4.0� long and 0.2� wide) was displayed in the center of

the screen (30 s), followed by pairs of DDQ (luminance: 60 cd/m2,

diameter: 3.0�) at diagonally opposite corners of a rectangle around the

center of the screen in alternating sequences. The duration of a single

animation frame was 250 ms. These frames were shown repeatedly in

alteration through each session.

Participants were asked to respond according to whether the motion

was horizontal or vertical, by identifying the upper-side dots with

lower-side dots or by identifying the right-hand dots with left-hand dots

(Fig. 1a; Ramachandran and Anstis 1983; Struber and Hermann 2002;

Sterzer et al. 2003; Rose and Buchel 2005). The spacing between the

center of the vertical and horizontal dots was set at 10.0� following

Ramachandran et al. (1986) and Naikar and Corballis (1996). The

frequency of alternation of the frames was 5 Hz. There was no

interstimulus interval between frames.

Psychophysical Experiment
Psychophysical experiment was repeated on 2 different days, separated

by a gap of several weeks (Fig. 1b). This is because we needed to

confirm the stability of ratios within individuals (Fig. 2c). On the first

day, we recorded fMRI when participants performed psychophysical

task, and on the second day, same participants performed psychophys-

ical experiment in a darkroom without recording fMRI. The design of

psychophysical experiment is, however, totally same between these

2 days.

Figure 1. Schematic of DDQ paradigm. (a) The DDQ stimuli consist of alternately
presented pairs of dots at one position (the upper left and lower right of the visual
field) and an alternative position (at the lower left and upper right of it). Participants
recognized horizontal motion or vertical motion by identifying the upper side dots with
the lower side dots or by identifying the right-hand dots with the left-hand dots. (b)
Time courses of stimuli for all experiments. On the first day, we requested
participants to perform a psychophysical task and recorded their fMRI data. After this
psychophysical task, we recorded their DTI data. On the second experiment, we
recorded only the psychophysical data of the same participants. The interval time
between 2 days was 2--3 weeks. The sequence of stimulus presentation for 1 day
during the whole experiment is enlarged on the second arrow. The psychophysical
experiment for 1 day involves 8 sessions. Each session is also enlarged on the third
arrow. During the first minute of each session, the visual stimulus is stationary, and
the next 15 min, the stimulus flashes alternately between 2 different pairs of dots
(upper right and lower left or lower right and upper left).
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In the psychophysical experiment of each day, all participants

performed 8 sessions in each day. The duration of each session was

15 min. In each session, we asked participants to look at the dots and

to press an appropriate key momentarily when they perceived

a change in the direction of motion. In 1 min of the beginning of all

sessions, one of stationary pairs of dots (upper right and lower left or

lower left and higher left) was presented in the 4 sessions per each

pair. The order of selection between them is random. We call them

stationary control period (the middle time axis in Fig. 1b).

The representative psychophysical measure used in this report is

the ratio of the sum of durations of horizontal perception compared

with vertical perception.

Participants were instructed to maintain steady fixation and not

attempt to change (or hold) their perception (Kohler et al. 2008;

Kaneoke et al. 2009; Shimono et al. 2011), and their eye movements

were carefully monitored during the experiment using a SensoMo-

toric Instruments Eyelink system (Teltow, Germany). Eye move-

ments of >0.5� of visual angle occurred very rarely and were not

systematically related to perceptual switches. We compared the

frequency of eye movements during periswitch time spans of ±1 s

with that during periods of stable perception and found no

significant increase in eye movements around perceptual switches

(two-tailed t-test, P = 0.53) (Sterzer et al. 2003; Shimono et al. 2011).

MRI and DTI Measurement
All scanning was performed on a 3.0-T MRI Scanner (3T Signa LX;

General Electric Medical Systems, Milwaukee, MN) equipped with echo

planar imaging (EPI) capability and a standard head coil. Subjects

remained supine with their heads immobilized with cushioned

supports during scanning and wore earplugs to attenuate MRI gradient

noise.

FMRI data were acquired using a single-shot EPI gradient echo

T �
2 -weighted pulse sequence with the following parameters: 27 axial

slices, time of repetition (TR) 2000 ms, time of echo (TE) 30 ms, flip

angle 70�, field of view (FOV) 200 mm (covering the whole

telencephalon), acquisition matrix 64 3 64, 4.0-mm slice thickness

with 0.5-mm interslice gap. Image collection was preceded by 10

dummy scans.

DTI was acquired using a single-shot EPI spin echo pulse sequence

with the following parameters: 51 axial slices, TR 16 s, TE 8.83 ms,

number of excitations (NEX) 1, FOV 320 mm (covering the whole

cerebrum), acquisition matrix 128 3 128, reconstructed to 256 3 256,

2.5-mm slice thickness with no interslice gap. Diffusion-sensitizing

gradients were applied along 16 directions with a diffusion sensitivity

of b = 0 and 1000 s/mm2.

The studies also included fast spin echo T2-weighted (TR/TE/FA/

NEX = 500/9.8/90/1) and gradient echo T1-weighted (TR/TE/FA/NEX =
1.07/0.3/30/1) sequences.

Data Analysis
Our analysis was comprised of 3 parts. First, we tested for a significant

relationship between the illusion of horizontal motion and FA in

a conventional whole-brain SPM analysis of FA data. This allowed us to

localize candidate hubs in an anatomically unbiased way. This analysis

was based purely upon the structural (DTI) data. To confirm the

function validity of the regions identified in this structural analysis, we

then identified subject-specific motion-sensitive areas using fMRI and

standard whole-brain SPM analyses. Finally, using these functionally

defined MT+ regions (at the single-subject level), we used probabilistic

tractography to see if the anatomical connections with this area

included regions identified in the structural analysis. In what follows,

we describe the acquisition and analyses of the DTI and fMRI data.

Correlation between FA Data and Psychophysical Parameter
We used the FMRIB Software Library of FSL (http://www.fmrib.ox

.ac.uk/fsl) for analyzing DTI for each subject as follows. Images were

corrected for eddy current and head motion. Their diffusion tensors

were fitted independently to each voxel in the corrected image, then

used to calculate FA maps (Basser et al. 1994; Jenkinson and Smith

2001). T1-weighted images were spatially normalized to the Montreal

Neurological Institute (MNI) template brain. The resulting normaliza-

tion parameters were subsequently applied to the DTI for reorienting

the gradient directions accordingly. Normalized FA images were

smoothed with a 6-mm full-width at half-maximum (FWHM) Gaussian

filter using SPM (SPM8: http://www.fil.ion.ucl.ac.uk/spm/software/

spm8) software to increase statistical sensitivity to correlations equal

to or larger than the kernel width.

To assess the dependence of the WM region on the duration of

horizontal and vertical motion perception, we used nonparametric

Spearman’s rank tests of the correlation coefficients between the FA

values in WM clusters and the psychophysical measure (the ratio of

the sum of durations of horizontal perception compared with

durations of vertical perception). Clusters were defined with an

uncorrected threshold of P < 0.005, and the null distribution of the

maximum cluster size, within each search volume, was determined

using Monte Carlo simulations in the usual way (Nichols and Holmes

2002). Crucially, by using the maximum cluster size, we implicitly

correct for the multiple comparisons over the search volume

considered. The Monte Carlo calculation used 10 000 permutations.

For subsequent analyses, we focused only on significant voxels (at

a corrected level) with a correlation greater than 0.7 (Gold et al. 2007;

Floel et al. 2009). The statistical parametric map of Spearman’s

correlation coefficient revealed 6 regions of interest (ROIs) with

significant correlations in the WM.

Figure 2. Results of psychophysical experiment. (a) Histograms of durations of
horizontal/vertical perception of a typical participant. (b) The relationship between
mean duration of perception of horizontal compared with vertical motion. Blue
dots indicate the results of the first experiment and red dots indicate the results
of the second. (c) The relation between the ratio of the sum of durations (vertical
perception/horizontal perception) in the first experiment and the ratio in the
second experiment. The ratio was stable between these 2 experiments.
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We then included 3 additional control regions (in the splenium and

bilateral SC) in addition to these 6 regions. Splenium and bilateral SC

were suggested as potential hubs like PN for interactions between

bilateral hMT regions by Naikar and Corballis (1996). The splenium was

defined using MRIcro (Hofer and Frahm 2006; Inoue et al. 2008) as the

posterior one-fourth of the CC, to avoid the inclusion of the cerebral

ventricle. The SC is anatomically well defined and clearly visible on

a standard anatomical MRI image. Therefore, the SC was defined as

a spherical ROI (diagonal size of 5 mm) according to previous research

(Schneider and Kastner 2005; Himmelbach et al. 2007; Wall et al. 2009).

We used Matlab for analysis.

Functional Activity Relating to Apparent Motion Perception
Next, we constructed MT+ ROIs by using fMRI data and T2-weighted

data (Fig. 3a). The fMRI data were analyzed using SPM8. All functional

image volumes were realigned, corrected for slice timing, coregistrated

to the initial scan, and smoothed using a 6-mm FWHM Gaussian kernel.

Our aim was to define the white matter regions associated with

motion-sensitive responses in human MT+ (Dumoulin et al. 2000).

These regions were then used as subject-specific seed regions in

subsequent tractography. Motion-sensitive areas were identified using

standard whole-brain SPM analyses at the within-subject (first) level.

These analyses used general linear models and boxcar stimulus

functions convolved with a hemodynamic response function. We

tested for the onset of illusory motion by modeling the first minute of

(stationary) control stimulation and the first minute of illusory motion

as 2 experimental effects. We tested for illusory motion effects using

random field theory-corrected P values in the usual way to identify

significantly activated voxels. These were then masked with a white

matter mask from segmented T1-weighted structural MRIs. The

ensuing white matter regions were used for subsequent tractography

in the described next section.

Probablistic Tractography
The probabilistic tracts were drawn from selected ROIs in individual’s

diffusion space using a Bayesian multifiber tractography technique

(Behrens et al. 2007), which assesses the most likely distribution of

fibers and the directions of fiber orientations for the data at each voxel.

We created 5000 tracts from seed ROIs, and only tracts entering the

target ROI were retained. Tracts were normalized from individual space

to the NMI space by SPM8 and threshold to show only those present in

at least 7 of 11 participants, and FA values of all participants exceeded

0.2 (Fig. 4; Floel et al. 2009).

Results

Psychophysical Measurement

In the psychophysical experiment, we recorded the timing

sequence of perceptual switching between 2 directions of

apparent motion (vertical and horizontal). Figure 2a shows

histograms of the durations of each perception using sample data

from each session. Figure 2b shows the relationship between

mean durations of perception for horizontal and vertical motion.

The ratio of the sum of durations of horizontal and vertical

perception was significantly smaller than 1.0 (Wilcoxon

matched-pairs signed-rank test, P < 0.01).

Figure 2c shows the plots of the ratio of total durations of

each motion direction in the first and second experiments,

confirming that the ratio was reliably stable between the 2

experiments within each individual.

Correlation between FA Data and Psychophysical
Parameter

Next, we extracted the brain regions in which FA values in WM

exhibited a significant correlation with the psychophysical

measure (the ratio of the sum of durations of horizontal or

vertical perception). The results revealed that FA values in

bilateral MT+ regions and bilateral occipital visual areas showed

a significant negative correlation, whereas FA in the bilateral PN

showed a significant positive correlation (Fig. 3a). Figure 3b

shows the correlations and peak positions in MNI coordinate.

They involve results of control ROIs in the splenium and

bilateral SC. Although the psychophysical measure did not

exhibit a significant correlation with FA values in the control

ROIs, it correlated significantly with FA values in bilateral

occipital, MT+, and PN ROIs (Fig. 3b, P < 0.05). To explore the

influence of outliers on the observed correlations, standardized

z-scores were computed for FA values in each of the ROIs and

plotted in Figure 3b. As the figure shows, there does not seem

to be any substantial influence of the psychophysical measure

or FA values on the observed significant correlations. Further-

more, we extracted each participant’s FA values in 7 ROIs and

observed regression plots between their maximum values and

their psychophysical measures (Fig. 3c). This analysis is

conducted on unsmoothed FA images in individual’s native

spaces. The reason why we used maximum values here is

because we needed to avoid the problem of double dipping.

In addition, we checked that the increase of FA value is

caused by the decrease of radial diffusivity, that is, the mean

diffusivity of the nonprincipal eigenvectors (figures are not

shown).

Tractography

The results of the ROI analysis revealed individual differences

in the brain regions, in which FA was related to the frequency

of horizontal motion perception. In addition, we observed

connectivity between the ROIs selected in ROI analysis, using

a probabilistic tracking technique.

Importantly, we confirmed the connectivity between left/

right MT+ ROIs and left/right PN ROIs (Fig. 4, blue regions).

The MT+ ROIs were defined by significant activity of fMRI, and

PN ROIs were defined by using their anatomical landmarks (Fig.

4, yellow regions). These tracts are common region for 7 of 11

participants in MNI coordinates, and FA values in the region

exceeded 0.2 for all participants.

These results support the notion that ROIs naturally

extracted by correlations with psychophysical parameters can

reflect information transmission between MT+ regions.

In addition, we observed tracts between MT+ ROIs and

occipital visual area ROIs (Fig. 4, red regions). These ROIs were

expressed by yellow regions in Figure 4.

Discussion

Our primary findings advance the results of previous reports on

commissurotomized and blindsight patients, suggesting that

the hub for interhemispheric transmission during apparent

motion perception is not the CC but is located subcortically

(Ramachandran et al. 1986; Naikar and Corballis 1996; Forster

et al. 2000). Naikar and Corballis 1996, in particular, suggested

that the subcortical brain node might be SC or the PN.

In the current study, we examined healthy participants using

2 methodological strategies. First, we recorded DTI to evaluate

individual differences in WM. Second, we used the bias of

perceiving horizontal motion in an ambiguous perception

paradigm (the DDQ) for evaluating individual differences. We

found these psychophysical differences to be small but stable,

over a period of several weeks. This finding suggests that short-
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Figure 3. (a) The positions of ROIs in MNI space are shown in the left figure. In 6 of 9 ROIs (occipital visual area, MTþ areas, left and right pulvinar), the ratio of the sum of
durations of the 2 directions of perceived motion (horizontal perception/vertical perception) showed a significant correlation with the mean FA value. Three of 9 regions (splenium,
left and right SC) were selected as control ROIs. The right figure is MT+ ROIs defined by significant activity of fMRI. (b) The table shows peak positions, correlations, and P values
of these ROIs. (c) Regression plots between maximum FA value in 9 ROIs and the ratio of the sum of vertical phase durations and the sum of horizontal phase durations. These
analyses were conducted on unsmoothed FA images in a native space.
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term changes do not have a substantial influence on the

psychophysical measures used herein.

In our analysis of DTI data on healthy subjects, the significant

positive correlation between the FA value and the bias to

horizontal motion perception was observed only in PNs. The

result suggested that the hub on the subcortical connectivity

across the retinal midline is not SC but PN. Additionally, occipital

visual areas showed significant positive correlation with the bias

to vertical motion perception. Previous work has reported that

the orbit of motion projects to a trace of activation on the V1

area, and it is suggested that it might be caused by feedback from

MT+ to V1 (Muckli et al. 2005). Interpreting our results from his

viewpoint, the feedback signal from MT+ might project on V1

separately in each hemisphere. For connecting between bilateral

V1 areas, splenium might be the most important connection. If

V1 is the most important region to integrate information of left

and right visual fields, split-brain patients should have difficulty

perceiving horizontal motion. Therefore, the result is consistent

with Ramachandren et al. (1986).

Finally, using tractography, we observed bilateral tracts

between PN ROIs and MT+ ROIs. Previous physiological studies

have reported that the PN projects to a range of occipital areas

but not the primary visual area. Most importantly, our

tractography revealed some specific tracts between the PN

and MT+. These results suggest that the local information

transmission efficiency of bilateral PN influences individual

differences in the probability of perceiving apparent horizontal

motion across the retinal midline through bilateral PN-MT+
tracts. Note that the results in Figure 4 are not presented

to establish significant anatomical connectivity between MT+
and the pulvinar: These results are presented to show the

anatomical specificity of connections with this region using ad

hoc criteria (Leh et al. 2008). Crucially, the spatial pattern of

connectivity we found with these criteria includes the pulvinar.

There are some limitations of our study: First, correlations

between FA values and information transmission efficiency

have been reported in several studies (Wolbers et al. 2006; Floel

et al. 2009). FA values, however, are influenced by many

physiological features such as myelination, axon diameter, axon

density, and ultrastructure (Beaulieu 2002). Therefore, further

research is necessary for evaluating their influence on the FA

values. Second, in our DTI study, we were unable to give

perspectives about neural functional activity. An EEG study,

Rose and Buchel (2005), however, showed that gamma-band

synchrony was enhanced when perceiving horizontal motion

than when perceiving vertical motion. Here, we focused on the

individual difference of bias to horizontal motion perception.

According to Rose and Buchel (2005), participants who easily

perceive horizontal motion should show high gamma-band

synchrony between their 2 hemispheres—a supposition which

could be tested in future experiments. The gamma-band

synchrony can be observed in magnetoencephalography (MEG)

as well. By estimating the neuronal process in the brain from

EEG and/or MEG, we will additionally be able to explore the

relationship between electrical information flow and brain

structure (Shimono et al. 2011).

Third, we set the spacing between the centers of the vertical

and horizontal dots at 10.0� following Ramachandran et al.

(1986). However, the dependency of visual size to the position

of the hub is an interesting problem (Kohler et al. 2008). Long-

ranged visual stimulus needs relatively more bilateral interac-

tion than a short-ranged one, and medial superior temporal area

will play a more important role than MT for information

processing of long-range apparent motion. Fourth, in DDQ

stimulus, a relative amount of time perceiving horizontal motion

decreases the time perceiving vertical motion increases.

Therefore, we are impossible to separate the factor of the

easiness of horizontal motion perception and the difficulty of

vertical motion perception. In the future study, we will need

to separate these factors by designing other visual stimuli.

Fifth, we can expect that higher quality data will give more

detailed information. For example, we will be able to un-

derstand the difference in cognitive roles among subdivided

regions within PN by using higher magnetic field MRI and by

increasing the number of participants. Sixth, hopefully, our

noninvasive technique and several ideas give new approaches

for predicting symptoms of brain-injured patients—a possibility

which should be investigated further.

In conclusion, our results showed that the bilateral PN is

a key subcortical structure, acting as a hub for perceiving

apparent horizontal motion.
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342 The Brain Structural Hub of Interhemispheric Information Integration d Shimono et al.
Downloaded from https://academic.oup.com/cercor/article-abstract/22/2/337/337550/The-Brain-Structural-Hub-of-Interhemispheric
by Universite Paris Descartes user
on 08 September 2017



References

Basser PJ, Mattiello J, LeBihan D. 1994. Estimation of the effective self-

diffusion tensor from the NMR spin echo. J Magn Reson B.

103:247--254.

Basser PJ, Pajevic S, Pierpaoli C, Duda J, Aldroubi A. 2000. In vivo fiber

tractography using DT-MRI data. Magn Reson Med. 44:625--632.

Beaulieu C. 2002. The basis of anisotropic water diffusion in the

nervous system—a technical review. NMR Biomed. 15:435--455.

Behrens TEJ, Berg HJ, Jbabdi S, Rushworth MFS, Woolrich MW. 2007.

Probabilistic diffusion tractography with multiple fibre orientations:

what can we gain? Neuroimage. 34:144--155.

Chaudhuri A, Glaser DA. 1991. Metastable motion anisotropy. Vis

Neurosci. 7:397--407.

Clark CA, Werring DJ, Miller DH. 2000. Diffusion imaging of the spinal

cord in vivo: estimation of the principal diffusivities and application

to multiple sclerosis. Magn Reson Med. 43:133--138.

Conturo TE, McKinstry RC, Akbudak E, Robinson BH. 1996. Encoding of

anisotropic diffusion with tetrahedral gradients: a general mathe-

matical diffusion formalism and experimental results. Magn Reson

Med. 35:399--412.

Dromerick AW, Edwards DF, Hahn M. 2000. Does the application of

constraint-induced movement therapy during acute rehabilitation

reduce arm impairment after ischemic stroke? Stroke. 82:2984--2988.

Dumoulin SO, Bittar RG, Kabani NJ, Baker CL, Jr, Le Goualher G,

Pike GB, Evans AC. 2000. A new anatomical landmark for reliable

identification of human area V5/MT: a quantitative analysis of sulcal

patterning. Cereb Cortex. 10:454--463.

Floel A, Vries MH, Scholz J, Breitenstein C, Johansen-Berg H. 2009.

White matter integrity in the vicinity of Broca’s area predicts

grammar learning success. Neuroimage. 47:1974--1981.

Forster B, Corballis PM, Coballis MC. 2000. Effect of luminance on

successiveness discrimination in the absence of the corpus

callosum. Neuropsychologia. 38:441--450.

Gazzaniga MS. 1987. Perceptual and attentional processes following

callosal section in humans. Neuropsychologia. 25:119--133.

Gazzaniga MS. 2000. Cerebral specialization and interhemispheric

communication. Does the corpus callosum enable the human

condition? Brain. 123:1293--1326.

Gold BT, Powell DK, Xuan L, Jiang Y, Hardy PA. 2007. Speed of lexical

decision correlates with diffusion anisotropy in left parietal and

frontal white matter: evidence from diffusion tensor imaging.

Neuropsychologia. 45:2439--2446.

Hagemann P, Thiran JP, Jonasson L, Vandergheynst P, Clarke S, Maeder P,

Meuli R. 2003. DTI mapping of human brain connectivity: statistical

fibre tracking and virtual dissection. Neuroimage. 19:545--554.

Head D, Buckner RL, Shimony JS, Williams LE, Akbudak E, Conturo TE,

McAvoy M, Morris JC, Snyder AZ. 2004. Differential vulnerability

of anterior white matter in nondemented aging with minimal

acceleration in dementia of the Alzheimer type: evidence from

diffusion tensor imaging. Cereb Cortex. 14:410--423.

Himmelbach M, Erb M, Karnath HO. 2007. Activation of superior

colliculi in humans during visual exploration. BMC Neurosci. 8:1--7.

Hofer S, Frahm J. 2006. Topography of the human corpus callosum

revisited: comprehensive fiber tractography using diffusion tensor

magnetic resonance imaging. Neuroimage. 32:989--994.

Inoue K, Ito H, Uchida S, Taki Y, Kinomura S, Tsuji I, Sato S, Horie K,

Kawashima R, Ito M, et al. 2008. Decrease in glucose metabolism in

frontal cortex associated with deterioration of microstructure of

corpus callosum measured by diffusion tensor imaging in healthy

elderly. Hum Brain Mapp. 29:375--384.

Iwasawa T, Matoba H, Ogi A, Kurihara H, Saito K, Yoshida T,

Matsubara S, Nozaki A. 1997. Diffusion-weighted imaging of the

human optic nerve: a new approach to evaluate optic neuritis in

multiple sclerosis. Magn Reson Med. 38:484--491.

Jenkinson M, Smith S. 2001. Global optimisation for robust affine

registration. Med Image Anal. 5:143--156.

Kaas JH, Krubitzer LA, Chino YM, Langston AL, Polley EH, Blair N. 1990.

Reorganization of retinotopic cortical maps in adult mammals after

lesions of the retina. Science. 248:229--231.

Kandel ER, Schwartz JH, Jessell TM. 2000. Principles of neural science.

4th ed. New York: McGraw-Hill.

Kaneoke Y, Urakawa T, Hirai M, Kakigi R, Murakami I. 2009. Neural

basis of stable perception of an ambiguous apparent motion

stimulus. Neuroscience. 159:150--160.

Kohler A, Haddad L, Singer W, Muckli L. 2008. Deciding what to see: the

role of intention and attention in the perception of apparent

motion. Vision Res. 48:1096--1106.

Klingberg T, Hedehus M, Temple E, Salz T, Gabrieli JD, Moseley ME,

Poldrack RA. 2000. Microstructure of temporo-parietal white matter

as a basis for reading ability: evidence from diffusion tensor

magnetic resonance imaging. Neuron. 25:493--500.

Le Bihan D, Breton E, Lallemand D, Grenier P, Cabanis E, Laval JM. 1986.

MR imaging of intravoxel incoherent motions: application to diffusion

and perfusion in neurologic disorders. Radiology. 161:401--407.

Le Bihan D, Francois JM, Poupon C, Clark CA, Pappata S, Molko N,

Chabriat H. 2001. Diffusion tensor imaging: concepts and applica-

tions. J Magn Reson Imaging. 13:534--546.

Le Bihan D, Turner R, Douek P. 1993. Is water diffusion restricted in

human brain white matter? An echo-planar NMR imaging study.

Neuroreport. 4:887--890.

Leh SE, Chakravarty MM, Ptito A. 2008. The connectivity of the human

pulvinar: a diffusion tensor imaging tractography study. Int J Biomed

Imaging. 2008:1--5.

Makris N, Worth AJ, Sorensen AG, Papadimitriou GM, Wu O, Reese TG,

Wedeen VJ, Davis TL, Stakes JW, Caviness VS, et al. 1997.

Morphometry of in vivo human white matter association pathways

with diffusion weighted magnetic resonance imaging. Ann Neurol.

42:951--962.

Maunsell JHR, van Essen DC. 1983. The connections of the middle

temporal visual area (MT) and their relationship to a cortical

hierarchy in the macaque monkey. J Neurosci. 3:2563--2586.

Mori S, Crain BJ, Chacko VP, van Zijl PC. 1999. Three-dimensional

tracking of axonal projections in the brain by magnetic resonance

imaging. Ann Neurol. 45:265--269.

Mori S, van Zijl PCM. 2002. Fiber tracking: principles and strategies—a

technical review. NMR Biomed. 15:468--480.

Muckli L, Kohler A, Kriegeskorte N, Singer W. 2005. Primary visual

cortex activity along the apparent-motion trace reflects illusory

perception. PLoS Biol. 3:1501--1510.

Muckli L, Kriegeskorte N, Lanfermann H, Zanella FE, Singer W,

Goebel R. 2002. Apparent motion: event-related functional magnetic

resonance imaging of perceptual switches and states. J Neurosci.

22:1--5.

Naikar N, Corballis MC. 1996. Perception of apparent motion across the

retinal midline following commissurotomy. Neuropsychologia.

34:297--309.

Nichols TE, Holmes AP. 2002. Nonparametric permutation tests for

functional neuroimaging: a primer with examples. Hum Brain Mapp.

15:1--25.

Norris DG. 2001. The effects of microscopic tissue parameters on the

diffusion weighted magnetic resonance imaging experiment. NMR

Biomed. 14:77--93.

Pfefferbaum A, Rosenbloom M, Sullivan EV. 2002. Sex differences in

the effects of alcohol on brain structure. Am J Psychiatry.

158:188--197.

Pierpaoli C, Jezzard P, Basser PJ, Barnett A, Di Chiro G. 1996. Diffusion

tensor MR imaging of the human brain. Radiology. 201:637--648.

Ramachandran VS. 1993. Behavioral and magnetoencephalographic

correlates of plasticity in the adult human brain. Proc Natl Acad Sci

U S A. 90:10413--10420.

Ramachandran VS, Anstis SM. 1983. Perceptual organization in moving

displays. Nature. 304:529--531.

Ramachandran VS, Cronin-Golomb A, Myers JJ. 1986. Perception of

apparent motion by commissurotomy patients. Nature. 320:358--359.

Rose M, Buchel C. 2005. Neural coupling binds visual tokens to moving

stimuli. J Neurosci. 25:10101--10104.

Schneider KA, Kastner S. 2005. Visual responses of the human superior

colliculus: a high-resolution functional magnetic resonance imaging

study. J Neurophysiol. 94:2491--2503.

Shimono M, Kitajo K, Takeda T. 2011. Neural processes for intentional

control of perceptual switching: a magnetoencephalography study.

Hum Brain Mapp. 32:397--412.

Cerebral Cortex February 2012, V 22 N 2 343
Downloaded from https://academic.oup.com/cercor/article-abstract/22/2/337/337550/The-Brain-Structural-Hub-of-Interhemispheric
by Universite Paris Descartes user
on 08 September 2017



Sterzer P, Eger E, Kleischmidt A. 2003. Responses of extrastriate cortex

to switching perception of ambiguous visual motion stimuli.

Neuroreport. 14:2337--2341.

Struber D, Hermann CS. 2002. MEG alpha activity decrease reflects

destabilization of multistable percepts. Brain Res Cogn Brain Res.

14:370--382.

Tanner JE, Stejskal EO. 1968. Restricted self-diffusion of protons in

colloidal systems by pulsed-gradient, spin-echo method. Chem Phys.

49:1768--1777.

Taub E, Miller NE, Novack TA, Cook EW, 3rd, Fleming WC,

Nepomuceno CS, Connell JS, Crago JE. 1993. Techniques to improve

chronic motor deficit after stroke. Arch Phys Med Rehabil. 74:

347--354.

Tuch DS, Salat DH, Wisco JJ, Zaleta AK, Hevelone HD, Rosas HD. 2005.

Choice reaction time performance correlates with diffusion

anisotropy in white matter pathways supporting visuospatial

attention. Proc Natl Acad Sci U S A. 102:12212--12217.

Turner R, Le Bihan D, Maier J, Vavrek R, Hedges LK, Pekar J. 1990. Echo-

planar imaging of intravoxel incoherent motions. Radiology. 177:

407--414.

Virta A, Barnett A, Pierpaoli C. 1999. Visualizing and characterizing

white matter fiber structure and architecture in the human

pyramidal tract using diffusion tensor MRI. Magn Reson Imaging.

17:1121--1133.

Wakana S, Jiang H, Nagae-Poetscher LM, van Zijl PC, Mori S. 2004. Fiber

tract-based atlas of human white matter anatomy. Radiology.

230:77--87.

Wakana S, Nagae-Poetscher LM, Jiang H, van Zijl P, Golay X, Mori S.

2005. Macroscopic orientation component analysis of brain white

matter and thalamus based on diffusion tensor imaging. Magn Reson

Med. 53:649--657.

Wall MB, Walker R, Smith AT. 2009. Functional imaging of the

human superior colliculus: an optimized approach. Neuroimage.

47:1620--1627.

Werring DJ, Clark CA, Barker GJ, Thompson AJ, Miller DH. 1999.

Diffusion tensor imaging of lesions and normal appearing white

matter in multiple sclerosis. Neurology. 52:1626--1632.

Wolbers T, Schoell ED, Buchel C. 2006. The predictive value of white

matter organization in posterior parietal cortex for spatial visuali-

zation ability. Neuroimage. 32:1450--1455.

344 The Brain Structural Hub of Interhemispheric Information Integration d Shimono et al.
Downloaded from https://academic.oup.com/cercor/article-abstract/22/2/337/337550/The-Brain-Structural-Hub-of-Interhemispheric
by Universite Paris Descartes user
on 08 September 2017


