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A Higher Order Motion Region in Human
Inferior Parietal Lobule: Evidence from fMRI

More recently, psychophysical experiments using
equiluminant color stimuli have suggested another dis-
tinction. Both Cavanagh (1992) and Sperling and co-
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workers (Lu and Sperling, 1995; Lu et al., 1999a, 1999b)Katholieke Universiteit Leuven
distinguish between low-level, luminance-based preat-Campus Gasthuisberg
tentive processes, and high-level processes engaged byHerestraat 49
attention to salient moving features. Previous functionalLeuven B-3000
magnetic resonance imaging (fMRI) studies have re-Belgium
vealed a number of motion-processing regions, includ-2 Laboratorium voor Theoretische Neurobiologie
ing the human middle temporal complex (hMT/V5�),Universitaire Instelling Antwerpen
human visual area V3A, superior temporal sulcus (STS),Universiteitsplein 1
and several intraparietal sulcus (IPS) regions (Zeki et al.,Wilrijk B-2610
1991; Tootell et al., 1995, 1997; Puce et al., 1998; SunaertBelgium
et al., 1999). These regions respond to simple moving3 Department of Psychology
gratings and random dot patterns, and their reaction isThe Ohio State University
preattentive (Rees et al., 1997; Vanduffel et al., 2002),Mansfield, Ohio 44906
even though attention can modulate their activity (Cul-
ham et al., 1998, 2001). Hence, they are a likely substrate
of the lower-level motion system. To date, no neuralSummary
substrate of a higher-level attention-based motion sys-
tem has been documented. The goal of the presentThe proposal that motion is processed by multiple
study was (1) to identify the neural substrate of themechanisms in the human brain has received little
higher-level motion system and (2) to contrast it to theanatomical support so far. Here, we compared higher-
traditional motion areas.and lower-level motion processing in the human brain

To address these issues we recorded fMRI responsesusing functional magnetic resonance imaging. We ob-
to four kinds of stimuli designed to preferentially engageserved activation of an inferior parietal lobule (IPL)
higher- or lower-level motion systems (Table 1). The firstmotion region by isoluminant red-green gratings when
consisted of isoluminant sinewave gratings, producedsaliency of one color was increased and by long-range
by antiphase superposition of reddish and greenishapparent motion at 7 Hz but not 2 Hz. This higher order
component gratings of low-, medium-, and high-greenmotion region represents the entire visual field, while
saturation relative to the red components (Figure 1).traditional motion regions predominantly process
According to Sperling and coworkers (Lu et al., 1999b),contralateral motion. Our results suggest that there
a high-level saliency-based motion mechanism will beare two motion-processing systems in the human
engaged at isoluminance when grating components dif-brain: a contralateral lower-level luminance-based
fer significantly in saturation, because the higher satura-system, extending from hMT/V5� into dorsal IPS and
tion component will become more salient perceptually.STS, and a bilateral higher-level saliency-based sys-
When grating saturations are similar, relative saliencetem in IPL.
differences are diminished, neither grating component
preferentially engages attention, and motion is not per-Introduction
ceived. In the present experiments, relative saliency of
the components was varied by manipulating the satura-

Ever since the studies by Exner (1875) and early 20th
tion of the green component while keeping the satura-

century Gestalt psychologists (e.g., Wertheimer, 1912), tion of the red component fixed. The medium-green
a great deal of effort has been directed towards under- saturation condition corresponded to an approximate
standing how humans perceive motion. In the last 30 minimum in saliency, which we hereafter refer to as
years, the dominant theoretical position has been that the “iso-saliency” condition. We hypothesized that brain
motion perception does not have a single underlying regions that reflect motion processing based on saliency
substrate, but results from the action of multiple, distinct will show greater activation in low- and high-green satu-
mechanisms. Braddick (1974) distinguished between ration conditions than in the medium-green saturation
short- and long-range mechanisms based on spatio- condition. Isoluminance points for our gratings were
temporal factors. Chubb and Sperling (1988) empha- determined in situ by motion nulling, a psychophysical
sized luminance-based first-order versus non-Fourier technique described by Lu et al. (1999a, 1999b), for the
second-order motion processing. It is not clear, though, photometric matching of two lights of different wave-
whether these distinctions characterize critical differ- length composition. Isoluminance points for our grating
ences in the computational mechanisms or neural sub- stimuli were determined immediately before each of the
strates of human motion processing (Cavanagh and six scanning sessions per subject. We also employed
Mather, 1989; Smith et al., 1998; Vaina et al., 1999; Du- a luminance-modulated, achromatic sinewave grating
pont et al., 2003; Seiffert et al., 2003). as a lower order motion stimulus. The stimuli were posi-

tioned in the right visual field and moved up and down
or remained stationary in separate scanning epochs.*Correspondence: guy.orban@med.kuleuven.ac.be
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Table 1. Subjects Participating in the Two Main and Six Control Experiments

Exp. Main I Control 1 Control 2 Main II Control 3 Control 4 Control 5 Control 6

Order higher (Sa) higher (Sa) first higher (AM) higher (AM) higher (AM) second (CH) second (DN)
Task no no no no no ↑ temp. freq. det.a no no
VF R L R, L, C R, L R, L, C R, L C C
Sess./subj. 6 2 1 1 1 1 1 1

S1 * * * *
S2 * * * * * *
S3 * * * *
S4 * *
S5 * *
S6 * *
S7 * * * * *
S8 * * * * *
S9 * * * * *
S10 * * * * *
S11 * * * *
S12 * * * *
S13 *
S14 *
S15 *

Total 6 3 12 12 2 6 7 3

Sa, saliency-based motion; AM, apparent motion; CH, coherence; DN, density; VF, visual field; R, right; L, left; C, central.
a Detection of increasing temporal frequency.

When subjects had completed all six scanning sessions, for higher-level motion regions by contrasting the mo-
tion and stationary control conditions of the salience-each was asked to rate their levels of attention to the

stimuli across the different sessions. defined stimuli, averaged over the high- and low-green
saturation conditions (Figure 2). We observed significantIn a second series of recordings we used moving

luminance-modulated random dot textures positioned (p � 0.05 corrected for multiple comparisons) activation
in the right inferior parietal lobule (IPL), ipsilaterally toin the central, left, and right visual field. A number of

previous studies (Zeki et al., 1991; Tootell et al., 1995; the stimulation, and bilaterally in area hMT/V5� (Figure
2A). The functional profiles of the IPL region revealedSunaert et al., 1999) have shown that these first-order

stimuli are potent activators of classical motion centers.
The third series of recordings employed an oscillating
apparent motion quartet. The stimuli we employed are
thought to tap the hypothesized higher-level motion sys-
tem (Battelli et al., 2001). The fourth and final set of
experiments were performed using contrast modulated
checkerboard stimuli described by Vaina and Cowey
(1996). These stimuli were used to tap second-order
motion processing and to clarify the relationship be-
tween second-order motion processing and the hypo-
thetical higher-level motion system.

Analysis of brain responses within and across these
four classes of stimuli—isoluminant and luminance-
modulated gratings, random dot textures, the apparent
motion quartet, and contrast modulated checker-
boards—provides compelling evidence for separate
neural substrates for lower- and higher-level motion sys-
tems. The latter system appears to be localized in the
inferior parietal lobule (IPL).

Results

Subjects maintained fixation very well during scanning.
The average frequency of saccades was less than 0.7
per condition for all time series in all fMRI studies. The
frequency of eye movements did not differ significantly
among conditions for any session of any experiment
(Friedman ANOVA; main exp. 1: p � 0.12; control exp. Figure 1. Stimulus Configuration in Main Experiment 1 and Control 1
2: p � 0.20; main exp. 2: p � 0.11; control exp. 4: p � Stimuli in the low-green (A), medium-green (B), and high-green (C)
0.84; control exp. 5: p � 0.25). saturation isoluminant conditions are shown. The black arrow indi-

cates the direction of the perceived motion.In the analysis of main experiment 1, we first tested
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activity only for salience-defined motion, which was sim-
ilar in the low- and high-green saturation conditions
(Figure 2B). This is summarized in a profile plotting the
motion response for the three conditions (Figure 2C):
isosalience-isoluminant (blue), different saliency (yel-
low), and different luminance (red). On the other hand,
hMT/V5� showed MR activity for motion driven by red/
green salience differences but even more so for motion
driven by achromatic luminance differences. That right
(R) IPL was not driven by luminance-based motion was
confirmed by exclusive masking (in the analysis) of the
response to salience-based motion by the response to
luminance-based motion (z � 5.86, p � 0.05 corr.). The
right IPL region fits our expectation for a higher-level
motion region, but in addition, fails to respond to lower-
level, luminance-based motion.

To ensure the generality of the results, data obtained
in the first experiment were subjected to three separate
group analyses, each comprising two sessions, ranked
according to the subject’s own estimated level of atten-
tion to the stimuli and clarity of the attention-based
motion percept. The results described so far (Figures
2A–2C) were obtained in a group analysis of the two
highest attention scan sessions per subject. The results
of the other two group analyses confirmed those of
the first analysis (Figure 2D), although significance and
magnitude of the IPL activation by salience-based mo-
tion was reduced in the analysis of the two lowest atten-
tion sessions (Figure 2E). These data also indicate that
the salience-based motion was strong enough to obtain
reliable activation of IPL in only two scanning sessions.
Single-subject analyses confirmed the results of the
group analysis. A right IPL activation was observed in
each of the six subjects in the salience-defined motion
conditions but not in the luminance-defined motion con-
dition (Figures 3A and 3B). Furthermore, the right IPL
activation by salience-based motion was significant (z �
5.32, p � 0.05 corr.) in a conjunction analysis across
the six subjects (Friston et al., 1999) of the two highest
attention sessions, underscoring again the generality of
the results.

The activation of R IPL by a right-sided motion stimu-
lus is consistent with either an ipsilateral or a bilateral
representation of higher-level motion. In fact, in theFigure 2. The Higher-Level Feature-Tracking Motion System: Main

Experiment 1 group analysis of Figure 2A, the left (L) IPL (�63, �36,
(A) Statistical parametric maps (SPMs) showing voxels significant 39) reached a lower threshold (z � 4.39, p � 0.001
(p � 0.05 corrected for multiple comparisons) in the group analysis uncorrected for multiple comparisons) for salience-
(main experiment 1, two highest attention scan sessions) for the based motion, suggesting that the representation might
subtraction moving minus stationary in the different salience condi- be bilateral. To confirm this alternative, we enrolled three
tions, rendered on the standard right and left hemispheres.

subjects (S1–S3) in a control experiment (Table 1) in(B) Activity profile of R IPL (66, �36, 33) in which the relative (to
which the stimuli were positioned in the left visual fieldfixation) adjusted MR signal is plotted as a function of the eight

stimulus conditions: moving (M) and stationary (S) stimuli in the (Figure 4). This control experiment revealed an activation
isosalient (b)-isoluminant (blue), different salience (a and c) -isolumi- (p � 0.05 corr.) of the L IPL region by salience-based
nant (yellow), and isosalient-different luminance (d, red) conditions; motion only (Figure 4B), with the contralateral (right) IPL
letters as in Figure 1. activated at a less significant (p � 0.001 uncorr.) level.
(C) Functional profiles of R IPL, L hMT/V5� (�42, �66, 12), and R

The activity profiles confirm that the IPL region in bothhMT/V5� (54, �66, 15) plotting the average percentage MR signal
hemispheres represents salience-specific motion in thechange (M-S/S) for the moving (M) compared to the stationary (S)

stimuli in the isosalient-isoluminant (I, blue), different salience-iso-
luminant (Sa, yellow), and isosalient-different luminance (L, red) con-
ditions.
(D) SPMs of the three group analyses for the subtraction as in (A), (E) Functional profiles of right IPL in the three groups of two scanning
projected onto a coronal slice selected to show the R IPL activation: sessions, each in decreasing order of attention to the stimulus mo-
group 1 (highest attention sessions): 66, �36, 33; group 2: 66, �30, tion. Percentages indicate size of saliency-based motion effect,
39; group 3 (lowest attention sessions): 66, �33, 39; 1 and 2 at p � other conventions as in (C). R, right; L, left; IPL, inferior parietal lobule;
0.05 corr., 3 at p � 0.001 uncorr. hMT/V5�, human middle temporal complex. Error bars indicate SD.
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Figure 3. Right IPL Activation in Single Sub-
jects

(A and C) SPMs showing the right IPL activa-
tion (encircled in yellow), in the single-subject
analyses for the subtraction moving minus
stationary different salience conditions in the
first main experiment (A), and for the subtrac-
tion 7 Hz apparent motion minus 7 Hz control
condition in the second main experiment (C),
projected onto individual coronal sections
selected to show R IPL. Significance reached
**p � 0.05 corrected and *p � 0.001 uncor-
rected for multiple comparisons, as indicated
per subject in (B and D). The IPL activation
site is located superior to and nearby the lat-
eral sulcus. Subjects 1–3 participated in both
experiments. The location of their right IPL
activation in the two experiments matches
very well. The individual right IPL coordinates
were S1: 64, �32, 28; S2: 68, �28, 30; S3:
68, �36, 38; S4: 62, �32, 38; S5: 52, �44, 32;
S6: 56, �40, 28 for main experiment 1 and
S1: 66, �33, 24; S2: 60, �24, 33; S3: 60, �27,
39 for main experiment 2.
(B and D) Corresponding activity profiles for
the first ([B], same conventions as in Figure
1) and for the second (D) main experiment
plotting % MR signal change for the 2 Hz (red)
and 7 Hz (yellow) apparent motion conditions
and the 7 Hz control condition (blue), for a
stimulus located in the right (R) and left (L)
visual field. For other conventions see legend
Figure 2.

two hemifields, though ipsilateral responsiveness was nance-defined motion. Notice that these two regions
and also DIPSM and PIC did not respond to motionstronger.

We next compared the motion regions activated in in the isoluminant-isosalient condition, in which little
motion is perceived.our first main experiment with the potential lower-level

motion regions revealed in a second control experiment Since experiment 1 demonstrated that human R IPL
is a higher order motion region, we wondered whether(same six participants, Table 1). The stimulus consisted

of a moving or stationary random texture pattern, posi- the IPL region processes other types of stimuli for which
a higher-level status had been proposed. A recent hu-tioned in the central, left, and right visual field. We focus

here on the results obtained for the right visual field in man lesion study (Battelli et al., 2001) suggested that a
quartet variant of the two dots apparent motion displayanalogy with the main experiment. By contrasting the

moving and stationary condition (Figure 5A), a predomi- (Figure 6A) (Ternus, 1938), which has previously been
considered a long-range motion stimulus (Braddick,nantly left-sided, contralateral, activation pattern was

observed, including area hV3A, hMT/V5�, superior tem- 1974), might be processed by the IPL. Patients with a
unilateral R IPL lesion were shown to suffer from a bilat-poral sulcus (STS), posterior insular cortex (PIC), pa-

rieto-occipital intraparietal sulcus (POIPS), dorsal intra- eral deficit for long-range apparent motion, without defi-
cit on lower order motion tests. Patients failed to distin-parietal sulcus medial (DIPSM), and dorsal intraparietal

sulcus anterior (DIPSA). This pattern corresponds to the guish apparent motion from flicker at high frequencies
(6–8 Hz), but not at frequencies below 5 Hz.known motion regions (Sunaert et al., 1999). Activity in

all these left-sided regions was larger for contralateral Therefore, in the second main experiment (Table 1),
we presented the quartet display with apparent motion(right) than ipsilateral (left) visual field stimulation (Fig-

ure 5B). at 2 Hz (Goebel et al., 1998) and 7 Hz, and a control
flicker at 7 Hz, and positioned these stimuli in right andWe then tested which of these traditional motion re-

gions, mapped out in the control experiment, were acti- left visual fields. A stringent random-effect analysis (Fris-
ton et al., 1999) was performed on the group data (n �vated by the salience-defined and luminance-defined

motion in the first main experiment. As expected, all 12). Averaging over left and right visual field presenta-
tions, apparent motion at 7 Hz compared to flicker acti-known motion areas were activated by luminance

based-motion (Figure 5C). Many extrastriate areas, such vated a similar R IPL region as in our first study (Figure
6B). The activation of the left IPL was weaker, but theas hV3A and hMT/V5�, also showed activity for sa-

lience-based motion, but far extrastriate motion areas activity profiles of the two IPL regions are similar, with
equally large activity for 7 Hz apparent motion in bothSTS and DIPSA revealed activity exclusively for lumi-
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Flicker responses, however, were strongly reduced in
those four regions that in main experiment 1 failed to
respond in the isosaliency-isoluminance condition, STS,
PIC, DIPSM, and DIPSA, confirming that these regions
are active only in conditions in which motion is per-
ceived.

The previous experiments indicate that IPL represents
motion bilaterally in the visual field while the traditional
motion regions represent predominantly motion in the
contralateral field. To explore these differences more
fully, we analyzed the response to the random texture
motion presented in three positions (central and 5� pe-
ripheral in left and right visual field) in the second control
experiment. Additionally, we measured in two subjects
the response to apparent motion and flicker at 7 Hz in
the same three positions (control experiment 3, Table
1). As shown in Figure 7, the traditional motion regions
all had a clear bias in favor of the contralateral visual
field and in most cases a higher magnification in the
center of the visual field: their response to the central
motion was stronger than to contralateral motion, even
if the central stimulus was physically smaller. Weak re-
sponses to random texture motion, reaching only p �
0.001 uncorr. in the group analysis, were also observed
in IPL, but here the response to ipsilateral motion wasFigure 4. Bilateral Activation of IPL
slightly stronger than to central or contralateral motion.SPMs as in Figure 2 but with an exclusive mask by the subtraction
With apparent motion, which was physically identicalmoving minus stationary different-luminance condition, for the stim-
in all three stimulus positions, the ipsilateral responseulus positioned in right ([A], main experiment 1 but same three

subjects as in control 1) and left ([B], first control experiment, n � clearly exceeded the two other responses (Figure 7).
3) visual fields. This mask was used to reveal only brain regions Notice that the stronger response to ipsilateral stimula-
that are specifically activated by salience-defined motion. In both tion than to contralateral stimulus is a constant feature of
experiments, ipsilateral IPL is significantly (p � 0.05 corr.) activated.

IPL since it was also observed in experiment 1 (Figure 4).Activation of contralateral IPL (data not shown) only reached p �
In order to control for possible differences in attention0.001 uncorr. Functional profiles of the right ([A]: 66, �33, 33; [B]:

to the stimuli between the apparent motion and flicker66, �33, 39) and left ([A]: �57, �33, 39; [B]: �66, �27, 36) IPL are
shown for the stimulus located in right (A) and left (B) visual fields. control conditions of main experiment 2, we performed
Conventions as in Figure 2. a control experiment (control 4, Table 1), in which six

subjects detected an increase in the temporal frequency
of the stimulus in either condition. Both right and left

visual hemifields (Figures 6C and 3D). Single-subject
IPL (Figure 6D) were significantly (p � 0.05 corr.) more

analysis, also averaged over left and right visual field active in the apparent motion than the flicker condition.
presentations, confirmed the results of the group analy- Thus, the activation of IPL by apparent motion does not
sis: R IPL was activated (p � 0.001 uncorr.) in 10/12 reflect differences in attention to the stimulus.
subjects and L IPL in 8/12 subjects (Figure 6E). Re- Finally, we wanted to clarify the response of IPL to
sponses in three of the subjects that participated in both another type of nonluminance-based motion, second-
main experiments are illustrated in Figures 3C and 3D order motion (Chubb and Sperling, 1988). We used the
to show that the location of the IPL activation in both very same contrast-modulated checkerboard stimuli as
main experiments was very similar. The only other signif- Vaina and Cowey (1996) and Vaina et al. (1999) used to
icant (p � 0.0001 uncorr.) activation by 7 Hz apparent demonstrate a dissociation between first and second-
motion was bilateral hMT/V5�. No activation was ob- order motion processing in patients. In control experi-
served in ventral visual regions, suggesting that the MR ment 5 (Table 1) we manipulated the coherence of these
activation in temporal cortex by long-range apparent stimuli just as Vaina et al. (1999) had done in their pa-
motion reported by Zhuo et al. (2003) reflects change tients. In control experiment 6, we investigated the effect
in size rather than motion as such. of density of the stimuli in a more restricted group of

Testing the conditions of main experiment 2 on the subjects (Table 1). This latter experiment demonstrated
lower-level motion regions revealed that these areas that in most visual cortical areas the middle density used
were generally responsive to the 2 Hz apparent motion, in control experiment 5 and in Vaina et al.’s patients was
and in general responded predominantly to contralateral near optimal. Using this middle density, the results of
visual field stimulation (Figure 5D). Many of them were control experiment 5 revealed that in most lower-level
also responsive to apparent motion at 7 Hz. The two motion regions, MR activity increased with motion co-
regions, however, which failed to respond to saliency- herence, as Rees et al. (2000) reported for first-order
based motion in main experiment 1, DIPSA and STS, stimuli. A notable exception was hV3A, which responded
also failed to respond to the apparent motion at 7 Hz. strongly to low-coherence stimuli (Figure 5E). On the
Notice also that several regions especially the near ex- other hand, the higher-level motion IPL region re-

sponded little to these second-order motion stimuli, nottrastriate areas hV3A and hMT/V5� responded to flicker.



Neuron
636

Figure 5. Cortical Regions of the Lower-
Level Motion System

(A) Statistical parametric maps showing vox-
els significant (p � 0.05 corr.) in the group
analysis for the subtraction moving minus
stationary random texture stimulus (control
experiment 2), superimposed on the left stan-
dard hemisphere in a lateral and posterior
view. The stimulus was located in the right
visual field. The color bar indicates z scores.
(B) Corresponding functional profiles of the
main lower-level motion areas (see coordi-
nates below) plotting % MR signal change
(M-S/S) in the moving (M) compared to the
stationary (S) conditions for a stimulus lo-
cated in right (R), contralateral (green), and
left (L), ipsilateral (gray) visual field.
(C and D) Activity profiles of these areas for
the conditions of the first (C) and second (D)
main experiment (local maxima in left hemi-
sphere at p � 0.001 uncorr.).
(E) Activity profiles of these areas in control
experiment 5 (average of R and L hemi-
spheres, local maxima at p � 0.001 uncorr.)
in the low (Lo, brown), medium (M, orange),
and high (H, purple) coherence conditions. In
(A) and (B) hV3A (�21, �90, 15), indicates
human visual area 3A; hMT/V5� (�42, �69,
6), human middle temporal complex; STS
(�57, �48, 6), superior temporal sulcus; PIC
(�51, �30, 21), posterior insular cortex;
POIPS (�15, �84, 45), parieto-occipital intra-
parietal sulcus; DIPSM (�12, �63, 63), dorsal
intraparietal sulcus medial; DIPSA (�30, �36,
63), dorsal intraparietal sulcus anterior. For
other conventions see legend Figures 2 and 3.
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Figure 6. Response of IPL to Apparent Motion Stimulus

(A) Stimulus configuration in main experiment 2 and control 3 and 4.
(B) SPM showing the right IPL activation (60, �36, 30; encircled in yellow) in the random-effect group analysis (main experiment 2, colored
voxels p � 0.001 uncorr.) for the subtraction 7 Hz apparent motion conditions minus 7 Hz control conditions, averaged over R and L
presentations, overlaying an anatomical coronal slice at antero-posterior level y � �36 in Talairach space.
(C) Corresponding activity profiles of right IPL (see [B]) and left IPL (�57, �39, 36; random-effect group analysis, p � 0.01 uncorr.). Same
conventions as in Figure 3.
(D) Activity profile of right (63, �36, 30; p � 0.05 corr.) and left IPL (�63, �39, 33; p � 0.05 corr.) in control experiment 4.
(E–G) Distributions of motion ratios (M-S/S) in individual hemispheres (n) of main experiment 2 (E), control experiment 2 (F) and control
experiment 5 (G). Ratios were averaged over right and left stimulus presentations in (E) and (F) and over levels of coherence in (G). Hatched
bars indicate significant activation (p � 0.001 uncorr.).

even at 100% coherence (Figure 6G), as was the case for second-order motion site was located more ventrally
than the higher-level motion region. The distance be-first-order stimuli (Figure 6F). Interestingly, the individual

IPL responses to second-order and first-order motion, tween these two activation sites in the right hemisphere
was 18 mm in the group analysis and 14 mm averagedrelative to static control, correlated significantly (r �

0.72, p � 0.005), while there was no significant correla- over individual subjects (in which a smaller smoothing
kernel was used).tion between individual IPL responses to apparent mo-

tion on one hand and first- (r � 0.31, p � 0.2) or second-
order motion (r � 0.44, p � 0.1) on the other. Comparison Discussion
of the second-order motion at the three coherence levels
to their stationary counterpart revealed a significant IPL In this study, we documented a neural correlate of a

higher-level salient feature-tracking motion system inactivation in the right but not the left hemisphere. This
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of two motion-processing systems in the human brain:
an energy-driven, contralateral lower-level system, fun-
neling motion information from hMT/V5� and hV3A into
the IPS and STS (Figure 5), and a salience-driven, bilat-
eral higher-level system represented in the inferior pari-
etal lobule (Figures 2 and 6).

Human MT/V5� responded to all motion stimuli
tested. This suggests that it may function as a clearing-
house for motion signals, similar to what has been pro-
posed for striate cortex and luminance signals in general
(Zeki, 1978). In monkey, MT/V5 projects to MST (Unger-
leider and Desimone, 1986), and this area in turn projects
to the retro-insular motion region (Guldin et al., 1992),
which is likely to be the homolog of human PIC (Orban
et al., 2003). PIC was responsive to higher order motion
stimuli and might provide the anatomical link for these
signals to reach IPL. The activation of hMT/V5� in iso-
luminant conditions is in agreement with recent humanFigure 7. Visual Field Representation in Motion Regions
imaging studies (Tootell et al., 1995; Wandell et al., 1999)Motion activation plotted as a function of stimulus position for ran-
and with single-cell studies in which macaque MT neu-dom texture motion (M-S/S, full lines) and apparent motion (AM-FL/

FL, dashed lines) in IPL, early extrastriate regions hMT/V5�, hV3A, rons were shown to process chromatically defined mo-
and regions in the vicinity of IPL: DIPSA, STS and PIC. (A), absolute tion (Seidemann et al., 1999; Thiele et al., 2001). This
values; (B), normalized values to the central motion response. Color activation of hMT/V5� (and hV3A) is also consistent
list: see inset. In this figure, the ipsilateral values were obtained with the mounting psychophysical evidence of low-leveldirectly from their local maxima (p � 0.001 uncorr. or p � 0.01

motion energy processing of color input (for review, seeuncorr., except hV3A), while in Figure 5 they were taken at the local
Seiffert and Cavanagh, 1999). Finally, the activation ofmaximum for contralateral motion.
the lower-level motion regions by second-order stimuli
is in agreement with the recent studies of Dupont et al.
(2003) and Seiffert et al. (2003).the inferior parietal lobule, using moving isoluminant

Our results, especially those of main experiment 2,chromatic gratings. This region contained a bilateral rep-
are in excellent agreement with human lesion studiesresentation of the visual field with a slightly stronger
(Battelli et al., 2001; Lê et al., 2002). The representationsensitivity in the ipsilateral than central or contralateral
of higher-level motion in IPL is bilateral. Therefore thefield. The same IPL region was selectively activated by
effect of unilateral (right) IPL lesions documented byanother higher order, apparent motion stimulus, but not
Battelli et al. (2001) might indicate that activity in IPL ofby second-order motion stimuli. The activation of the
both hemispheres is needed to sustain perception of

IPL region depended on the level of attention to the
apparent motion. PIC was also responsive to apparent

stimuli in general, but did not reflect a difference in
motion at 7 Hz, but given its localization (only 20 mm

attention to motion and control stimuli. On the other
away from IPL), it may well have been included in the

hand, we confirmed that the traditional motion sensitive lesion of the Battelli et al. patients. The results of control
regions—hV3A, hMT/V5, STS, PIC, POIPS, DIPSM, and experiment 5 indicate a possible alternative explanation
DIPSA—correspond to a lower-level luminance-based for Vaina et al.’s dissociation between first- and second-
system. This system processes both first-order and sec- order motion stimuli (Vaina et al., 1999). The lesion in
ond-order motion stimuli, represents motion predomi- patient DF, although described as dorsal to hMT/V5�
nantly in the contralateral visual field, and magnifies the (Vaina et al., 1999), extends posteriorly to the cuneus,
central part of the visual field. possibly compromising the output of hV3A. We ob-

Several lines of evidence indicate that as one ascends served that hV3A was the only motion region responding
the anatomical hierarchy of the motion processing re- well to low-coherence second-order stimuli. Thus, the
gions in the monkey, flicker is gradually rejected at fur- dissociation reported by Vaina et al. (1999) might indi-
ther stages (Lagae et al., 1994; Qian and Andersen, cate that different cortical regions process first-and sec-
1994). In the present study, flicker responses were also ond-order stimuli at low coherence but not in general.
gradually reduced, as reported in earlier imaging studies Our results strongly suggest that lower- and higher
(Orban et al., 1999; Sunaert et al., 1999; Braddick et al., order motion regions differ not in the stimuli processed
2000). Flicker responses were absent in DIPSA, STS, (first or second order) but in the motion processing itself
and IPL, suggesting that these regions represent far (Cavanagh, 1991), the latter process being feature
stages in the human motion-processing hierarchy. At based, the former energy based. Although these are
these stages, we demonstrated a functional double dis- different processes, they might both compute a change
sociation between the lower-level motion areas STS and of position over a change in time, the lower-level process
DIPSA on the one hand and the higher-level IPL motion over small ranges and the higher-level one over long
region on the other. The dissociation was complete in ranges. The only way for this higher-level process to
both main experiments 1 and 2. However, when a strong avoid false matches is by labeling the parts of the image
lower order stimulus, in the form of a high-contrast mov- to be matched by saliency. Saliency was explicitly ma-
ing random pattern, was used, IPL responded weakly nipulated in the first main experiment, but we suggest

that the apparent motion response of IPL is also saliencyto this stimulus. Thus, our results indicate the existence
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based. It has been shown by Gottlieb et al. (1998) that 1997; Xiao et al., 1997), or multicomponent, articulated
the sudden onset of a stimulus increases its saliency. motion (Perrett et al., 1985). In these operations the
This view is in agreement with the suggestion made by explicit information about the position of a moving ele-
Lu et al. (1999a) that although salience of a feature can ment is lost. Extraction of spatial motion patterns is
be modulated by attention, the tracking of these features important to reconstruct object 3D shape, heading di-
is not dependent on attention. Hence it is not surprising rection, and biological motion, which are critical in visual
that the IPL region is clearly distinct from the human control of grasping (Vanduffel et al., 2002), of locomotion
brain regions involved in directing exogenous and en- (Gibson, 1950), and in processing of actions and inten-
dogenous attention (Corbetta and Shulman, 2002). If tions (Perrett et al., 1985; Frith and Frith, 1999).
lower- and higher order regions compute motion over While further work is warranted to elucidate the func-
different spatio-temporal ranges, they complement tional role of the different motion regions, the present
each other, providing the brain with a more robust mech- study clearly establishes the existence of a higher-level
anism for tracking moving objects over a wider range motion region in human IPL, with properties distinct from
of conditions, including those of occlusion in cluttered the traditional lower-level motion processing regions.
environments. Not surprisingly, Cavanagh (1992) dem-
onstrated psychophysically that tracking of rotating su- Experimental Procedures
perimposed luminance and color gratings could use ei-

Six volunteers participated (three male and three female, mean agether the higher- or lower order motion system. Imaging
21.2 years [19–25]) in the first main experiment, and three of themstudies have further revealed that attentive tracking of
took part in the first control study (Table 1). In the second controlmultiple targets engages the traditional lower-level sys-
study, 12 subjects participated. Also, 12 subjects participated in

tem along the IPS (Culham et al., 1998, 2001), rather the second main experiment (9 male and 3 female, mean age 23.8
than IPL. years [19–33]), 3 of them were the same as in the former experiments.

There is increasing evidence of involvement of parietal 2, 6, 7, and 3 of the 12 subjects took part in the third, fourth, fifth
and sixth control experiment, respectively. A written informed con-cortex in motion processing. Following the initial reports
sent was obtained from all subjects. Subjects fixated a fixation point(Dupont et al., 1994, 1997; Culham et al., 1998; Sunaert
and eye movements were monitored during all experiments.et al., 1999), a series of studies (Orban et al., 1999;

In the first main experiment and the first control study, we usedBraddick et al., 2000; Jovicich et al., 2001; Beauchamp et isoluminant reddish/greenish sinewave gratings (3� width, 6� height,
al., 2002; Muckli et al., 2002; Schubotz and von Cramon, 3.75 Hz, 0.5 cycle/�) located at 4.5� in the right and left visual field
2002; Vanduffel et al., 2002; Kriegeskorte et al., 2003) respectively, and viewed monocularly (Figure 1). The gratings were

produced by appropriate superposition of sinusoidal modulationshave reported parietal activation by different types of
of our display device’s red, green, and blue primaries. Animationmotion stimuli. All these studies used luminance-based
was produced by repetitively presenting a four-frame sequence instimuli and all activation sites were located in or near
which the gratings were phase shifted 90� between successivethe intraparietal sulcus (IPS), not in the inferior parietal
frames. Low spatial frequency horizontal gratings were used to mini-

lobule (IPL). The closest activation sites in IPS (Jovicich mize chromatic aberration and to maximize responses in chromatic
et al., 2001; Schubotz and von Cramon, 2002) were still visual mechanisms. The stimuli were Gaussian windowed in space
located 17–19 mm medial, dorsal, and anterior to the and time to avoid the effects of spatio-temporal transients, which

favor processing by luminance-based visual mechanisms. The mov-higher-level IPL region. IPL, however, has been impli-
ing and stationary gratings were matched for perceptual strengthcated in the processing of motion in other modalities.
by measuring contrast detection thresholds using the method ofBoth motion in the auditory and tactile modality acti-
adjustment. Thresholds were measured for each of the eight movingvates a number of parietal regions (Griffiths et al., 1998;
and stationary conditions: low-, medium-, and high-green saturation

Lewis et al., 2000; Hagen et al., 2002). Some of these isoluminant and luminance modulated. These thresholds were ob-
motion regions overlap with lower-level visual motion tained from two additional subjects in a separate experiment (same
regions, such as DIPSA (Lewis et al., 2000), but an audi- size and eccentricity as in the scanning) and were averaged. The

contrasts of the stimuli used during scanning were approximatelytory motion region (66, �26, 26) (Griffiths et al., 1998)
six times the corresponding detection thresholds. Since detectionand a tactile one (54, �32, 26) (Hagen et al., 2002), both
thresholds were measured for both stationary and moving stimuli,in the IPL, are close to the higher-level visual motion
these stimuli were equally salient.region. In the second control study, we used a moving and stationary

H. Merchant et al. (submitted) have recorded recently high-contrast random texture pattern (6�/s, eight random directions,
in monkey area 7a, a possible homolog of the IPL high- as in Sunaert et al. [1999]) positioned centrally (3� diameter), or
level visual motion region. They documented that a sub- in the right or left visual field (5� diameter) at 5� eccentricity, and

viewed binocularly.stantial fraction of 7a neurons are indeed responsive to
The stimulus in the second main experiment (Figure 6A) consistedapparent motion over a 2–8 Hz range, as well as to real

of two alternating frames, each with two diagonally opposed whitemotion. Furthermore, they showed that many of these
dots (0.5� diameter) arrayed on the two opposite vertices of a 2�

neurons are able to code for the location of the moving square or diamond, at a temporal frequency of 2 and 7 Hz. If the
disc stimuli. This suggests a possible functional under- interval between the successive frames is appropriate, apparent
pinning of the complementarity between lower-level and motion of two dots in either horizontal or vertical direction is per-
higher-level motion regions. Together they compute the ceived. The stimulus was positioned at 4� eccentricity in the left and

right visual field and was viewed binocularly. The control conditionlocation of a moving target, important in, e.g., intercep-
consisted of four dots presented simultaneously (7 Hz).tion tasks such as hunting, over a wide range of condi-

In a third control experiment, the apparent motion stimulus (7 Hz)tions. The lower order motion regions, however, are
and the simultaneously presented dots (7 Hz) were positioned cen-

likely to perform additional functions on their own. They trally or 4� in left or right visual field. In this and subsequent control
process motion energy distributions to extract spatial experiments, stimuli were viewed binocularly.
patterns of motion, such as optic flow components In control experiment 4 the apparent motion stimulus (7 Hz) and

the simultaneously presented dots (7 Hz) were presented 4� in right(Saito et al., 1986), speed gradients (Duffy and Wurtz,
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and left visual field. The subjects’ task was to signal with a key molded bite-bar. Fixation was controlled using a MR compatible
eye movement tracking device (Ober2; Permobil Meditech, Timra,press (R index finger, response window 1000 ms) the increase in

temporal frequency of these stimuli (to 12 Hz for apparent motion Sweden). A high-resolution anatomical image (3D-MPRAGE) was
acquired for each subject (TR � 1950 ms, TE � 3.9 ms, TI � 800and to 15 Hz for flicker). The increase (lasting 800 ms) occurred on

average twice per scanning epoch (range: one to five times). Sub- ms, 240 � 256 matrix, 1 � 1 � 1 mm voxels, 160 sagittal partitions).
Data were analyzed using Statistical Parametric Mapping versionjects underwent a 2 hr training session before the scanning. Average

performance in the four task conditions ranged between 94% and SPM99 (Wellcome Department of Cognitive Neurology, London,
UK). The functional volumes were coregistered with the anatomical97% correct (NS, ANOVA p � 0.15). Reaction times were also very

similar (NS, ANOVA, p � 0.1) ranging between 668 and 698 ms. image, realigned and stereotactically normalized into the Montreal
Neurologic Institute template in Talairach space (Talairach and Tour-The stimuli in control experiments 5 and 6 were contrast-modu-

lated checkerboards (10� � 10�), as described by Vaina and Cowey noux, 1988). The data were spatially smoothed with an isotropic
Gaussian kernel (group analyses: 6 mm; single-subject analyses: 4 mm).(1996), presented centrally. The stimuli consisted of moving (4�/s,

eight random directions) or stationary 0.2� � 0.2� square texture For each stimulus comparison, significant MR signal changes were
assessed using a map of z scores. For fixed-effect group analysesmicropatterns on a background of flickering random texture. The

contrast of the micropatterns (60%) differed from that of the flick- the threshold was set at p � 0.05 corrected for multiple compari-
sons. In single-subject analyses and in the presence of a prioriering background texture (20%), but the mean luminance was identi-

cal. Before each scanning session, the LCD projector was calibrated information in group analyses, a threshold of p � 0.001 uncorrected
for multiple comparisons was used. For the stringent random-effectand � corrected. In experiment 5, the strength of the motion signal

was varied by changing the proportion of coherently moving micro- analysis, p � 0.0001 uncorrected was used as threshold.
patterns (30%, 65%, and 100%) at a constant density of 1.6. In
control experiment 6, the density was varied (0.32%, 1.6%, and 8%) Acknowledgments
at a constant coherence of 100%.
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