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Abstract

In the monkey the lateral bank of the anterior part of the intraparietal sulcus (area AlP), contains neurons that are involved in visually
guided, object-related hand movements. It has also been shown that neurons in the caudal part of the intraparietal sulcus (area CIP)
preferentially respond to 3D surface orientation. According to these results, it has been hypothesized that neurons in area CIP primarily
encode the 3D features of an object and forwards this information to area AIP. AIP then utilizes this information for appropriate hand
actions towards the object. Based on analogies to these primate studies, recent neuroimaging studies have suggested human
homologues of areas AIP and CIP, however, the functional interaction between these areas remains unclear. Our event related fMRI
study was designed to address specifically the question, how CIP and AIP interact in the process of adjustment of hand orientation
towards objects. Volunteers were asked to perform three tasks: discrimination of surface orientation, imaging of visually guided hand
movements and execution of visually guided hand movements. Our data show that the human AIP was activated both during
discrimination of surface orientation and during the subsequent spatial adjustment of the thumb and index finger position towards the
surface orientation. In contrast, human CIP was activated by the surface orientation but not by spatial adjustment of finger position.
These data clearly indicate that the function of human CIP is more involved in coding 3D features of the objects, whereas human AIP is

more involved in visually guided hand movements, similar to its role in the monkey.

Introduction

In order to grasp and manipulate objects in space it is necessary to
match the hand and finger configuration with 3D features of an object
(preshaping) (Jeannerod, 1986). The building of a central representa-
tion of visual geometrical 3D features in this context is of foremost
importance. Patients with parieto-occipital lesions for example, exhibit
deficits in the matching of hand and fingers to the shape, size and
orientation of objects (Jeannerod et al., 1994).

Through neurophysiological studies in alert monkeys, Sakata and
colleagues have demonstrated that posterior parietal areas within the
intraparietal sulcus (IPS) play a crucial a role in the reconstruction of
3D objects to be manipulated by the hand (Sakata et al., 1998). It has
also been shown that neurons in the anterior part of the IPS (area AIP)
are related to visually guided hand movements (Taira et al., 1990;
Sakata et al., 1995) and some AIP neurons respond to the sight of 3D
object features (Murata et al., 2000). Furthermore, it has been reported
that neurons in the caudal part of the IPS (area CIP) show selectivity
for the 3D axis or surface orientation (Kusunoki et al., 1993; Shikata
et al., 1996; Taira et al., 2000; Tsutsui et al., 2001, 2002). Based on
these findings it has been speculated, that the CIP area is involved in
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coding 3D features of objects. Since AIP has no direct access to
information about spatial object features, it has been further speculated
that area CIP could be the source of this information for AIP that is
essential for grasping (Sakata et al., 1998).

Recently, neuroimaging studies which have focused on the discri-
mination of axis and surface orientation in space and crossmodal
object features have demonstrated increased neural activation in the
anterior part of the intraparietal sulcus, the putative human homologue
of primate area AIP (Faillenot et al., 1997, 1999; Binkofski et al.,
1998, 1999; Taira et al., 1998; Shikata et al., 2001; Grefkes et al.,
2002). In our previous study using texture gradients for the investiga-
tion of pure surface orientation discrimination, we also observed
increased neural activation in this putative AIP area and as well as
in the caudal part of the IPS, which might resemble the human
homologue of area CIP (Shikata et al., 2001). In analogy to nonhuman
primate data, it may be speculated that human CIP is directly related to
surface orientation discrimination and that activation of area AIP is
related to the visual representation of 3D features of objects for
grasping (Shikata et al., 2001). To confirm the hypothesis that human
CIP mainly processes visual information about 3D features of objects,
whereas human AIP is more involved in visually guided hand move-
ments, we designed an fMRI study in which subjects were required to
adjust their hand orientation to the orientation of a surface presented as
a texture gradient. In particular it was hoped we would be able to
identify which cortical areas responded to the surface orientation and
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to the according hand adjustment and which responded to surface
orientation alone.

Materials and methods

Nine healthy volunteers (mean age 26.6 +4.5 years, 4 females and 5
males, all right-handed) with normal visual function gave their written
informed consent to participate in this study. The protocol of the study
was approved by the Hamburg University School of Medicine Ethics
Committee.

Stimuli

The stimuli used in this experiment consisted of the same texture
elements as were used in a previous study (Shikata et al., 2001), but
which were 80% of the diameter of the original set. Instead of a colour
axis from red to yellow we used an axis of blue to yellow to avoid
problems with deuteranopia (Fig. 1). In brief, texture elements con-
sisted of coloured dots with a diameter of 0.26 degrees in the fronto-
parallel plane assembled into a perspective array. This plane was
slanted at 30- and 45-degrees creating a pair of stimuli. This pair was
then rotated around the horizontal plane in 45-degree steps, resulting in
16 different orientations. The background of the texture was black.
These texture stimuli had 6.3-degrees aperture and appeared as a round
disc (Fig. 1). All visual stimuli were presented on a screen positioned
on top of the MR scanner head coil, which was viewed by the subjects
through a 45° mirror. The effective field of view was 10 x 15° of visual
angle. The sequence of visual stimuli was controlled by a PC running
the ‘Presentations’ package version 0.42 (Neurobehavioural systems;
http://www.neurobehaviouralsystems.com).

Subjects performed a delayed matching-to-sample task with 4
different tasks organized in 3 sessions. In the first two tasks subjects
were required to discriminate either orientation or colour; orientation
discrimination (task O) or colour discrimination (task C), respectively.
In the third task, volunteers were asked to imagine grasping the visual
stimulus with the right hand in addition to performing a subsequent
orientation discrimination. They were asked to imagine grasping as if
the grasping a slanted round disc, adapting the index finger and thumb
to the orientation of the surface (task OI). In the fourth task, volunteers
were asked to pantomime grasping movements with no real objects as
if they were grasping a slanted round disc with their right index finger
and thumb, taking into account the surface orientation of the disc (task
OM).

Each trial began with a cue letter, which indicated the trial type. The
letter ‘O’,°C’,°OI’ and ‘OM’ indicated a task O, task C, task OI and
task OM, respectively. Figure 1 shows the task procedure. The cue was
followed by a sample stimulus. After the sample stimulus, a single
matching stimulus was presented. Subjects were instructed to press the
right button with their left index finger when the stimulus showed the
same orientation (task O, task OI, task OM) or the same colour (task C)
as the sample, respectively, and the left button with the middle finger
when the matching stimulus was different. Stimuli were presented for
1000 ms with a stimulus onset asynchrony randomized between 2500
and 4000 ms in Sessions 1 and 2 and 3000 and 4500 ms in Session 3.
Subjects were also instructed to pantomime a grasping movement (task
OM) or to imagine a grasping movement (task OI) after sample stimuli
in OI and OM trials, respectively. During the inter-stimulus interval, a
white dot was presented as a fixation point (diameter 0.6°) at the centre
of the screen. Volunteers were instructed to fixate on this spot
throughout all trials.

All tasks were performed in three separate sessions. In the first
session only tasks O and C were performed, in order to avoid implicit
movement components. The second session included three tasks: O, C

and OI to conform without real movement. The third session included
all of four trial types. Before fMRI scanning volunteers were intro-
duced to the stimuli and trained on all tasks.

Image acquisition

MR scanning was performed on a 1.5 T MRI scanner (Siemens
Vision). A fast imaging sequence was employed (32 slices with a
TR of 2.6 s (TE=40ms, FA 90 degrees, matrix 64764, field of view
210210 mm) using a gradient echo, echo-planar (EPI) T2"-sensitive
sequence. The slices were centred on the parietal lobe but covered most
of the brain. We acquired 158 volumes in the first session, 227 in
session 2 and 395 in session 3.

Image processing and statistical analysis

Image processing and statistical analyses were carried out using
SPM99 (Friston et al., 1995b; Worsley & Friston, 1995). All volumes
were realigned to the fist volume (Friston e al., 1995a), spatially
normalized to a standard EPI template (Talairach & Tournoux, 1988;
Evans et al., 1994) and finally smoothed using a 6-mm full-width at
half-maximum (FWHM) isotropic Gaussian kernel for individual
analyses. A wider filter of 9mm FWHM was used for the group
analysis.

Data analysis was performed by modelling the visual stimuli and the
motor responses presented during each trial (task O, C, Ol and OM) as
delta functions convolved with a haemodynamic response function
(HRF). In a separate analysis whole trials were modelled by a Fourier
set in order to investigate the overall pattern of the BOLD signal.

Specific effects were tested with appropriate linear contrasts of the
parameter estimates, resulting in a t-statistic for each and every voxel.
These z-statistics constituted a statistical parametric map (SPM). SPMs
are interpreted by referring to the probabilistic behaviour of Gaussian
random fields. Data were analysed for each subject individually and at
the group level using a random effects analysis.

TABLE 1. Group analysis (nine subjects)

Foci significantly”
activated by orientation
discrimination vs. colour

Area x y z Z-score (M)
Parietal
Left anterior IPS (a) -36 -39 39 3.88 9
Right anterior IPS 39 -39 39 351 8
Left posterior IPS (b) -9 =75 54 433 8
Right posterior IPS 21 —66 60 4.07 8
Left middle IPS (c) -30 —69 54 332 3
Right middle IPS 33 —69 51 3.11 2
Left supramarginal gyrus —54 —42 45 4.05 3
Right supramarginal gyrus 51 =36 48 3.25 2
Right postcentral sulcus 45 24 36 4.26 0
Occipital
Left interoccipital sulcus =27 =75 33 3.75 1
Right interoccipital sulcus 36 =75 36 342 1
Left middle occipital gyrus -54 —-60 —18 3.38 2
Right middle occipital gyrus 51 —66 —12 3.69 1
Frontal
Left superior frontal sulcus (h) -30 -12 57 4.14 7
Right superior frontal sulcus 36 0 60 3.87 4
Left inferior frontal gyrus n.s 4
Right inferior frontal gyrus 51 9 27 3.78 1

*P < 0.001, uncorrected; n, number of subjects who showed the activation sites
in that area (masked OI and OM condition); n.s. not significant. (a, b, ¢ and h)
Areas indicated in Fig2.
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Fi1G. 1. Paradigm as employed in the study. Stimuli were presented at the centre of the screen. The task was a delayed matching-to-sample task. After a cue stimulus,
sample and matching stimuli were presented sequentially. Subjects were instructed to press a different button for matching and nonmatching stimuli. In the OI and
OM conditions, subjects were instructed to perform the imagery of a grasping movement after the sample stimuli in OI and OM trials, respectively.

a; AlP OM>0I>0>C
b; CIP OM=0I1=0=C

F1G.2. Activated region in the group analysis (random effects model) for
surface orientation discrimination vs. colour discrimination (P < 0.001 uncor-
rected). The z-coordinate of the axial slice is 54 mm (a) Anterior part of IPS
(x=-36, y=-39, z=39mm and x =39, y=—39, z=39 mm). (b) Posterior
part of IPS (x=—9, y=—75, z=54 mm and x =24, y = —66, z=60 mm). (c)
Middle part of IPS (x=-30, y=—-69, z=54mm and x=33, y=-69,
z=>54mm). (h) Superior frontal sulcus (x=—30, y=—12, z=57mm and
x=236, y=—0, z=60mm). The functional regions are listed in Table 1.

Results

Activation related to orientation discrimination in
parietal cortex

Table 1 shows the location of the peak activations from the analysis of
the group data (random effects model). Identical letters indicate
identical location as in Fig.2. In the group analysis, the comparison
between orientation and colour discrimination revealed significant
activations in the anterior and posterior part of IPS in each hemisphere.
The activity in the anterior part of the IPS covered the lateral and
bottom part of the sulcus (continuously on the left side, intermittently
on the right side: x=—36, y=—39, z=39mm and x=39, y= -39,
z=39 mm; Table 1, Fig. 2, arrow a), and there were separate foci of

TABLE2. Z-score of AIP and CIP (random effects model)

OM > 01 O1>0 0>C
AIP (a)f
Left 4.73* 4.19* 3.88"
Right 3.42* 4.44* 3.51*
CIP (b)}
Left 231 1.02 433"
Right 1.43 0.78 4.07*

*P <0.001, uncorrected (otherwise not significant). Locations (a and b) as
indicated in Fig. 2.
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activation on both sides of the posterior part of the IPS (x=-9,
y=—75, z=54mm and x =24, y=—66, z=60 mm; Table 1, Fig. 2,
arrow b). The locations of the significant activations were similar to
those from previous experiments.

It was also found that there was another significant activation site in
a more superior part of the IPS (middle part of IPS) covering the
superior parietal lobule (x=—30, y=—69, z=54mm and x=33,
y=—69, z=54 mm; Table 1, Fig. 2, arrow c). Table 1 also shows the
number of subjects who showed these significant activations in each
location. Most of the subjects revealed significant activation in anterior
(left, 9/9; right, 8/9) and posterior part of IPS (left, 8/9; right, 8/9),
whereas fewer subjects revealed significant activation in the middle
part of IPS (left, 3/9; right, 2/9). In our previous experiment using only
individual subject data, a few subjects also revealed activation in
middle part of IPS, but with a lower threshold. Furthermore, activa-
tions in bilateral frontal lobes, at the posterior end of the superior
frontal sulcus (left; x=—30, y=—12, z=57mm; Table 1, Fig.2,
arrow h) and in bilateral occipital lobes at the middle occipital gyrus
and in interoccipital sulcus, the boundary with the IPS were found in
this random effect analysis.

Activation related to imagination or execution of visually
guided hand movement

In the tasks OI and OM, the components of both surface orientation
discrimination and movement were included. To dissociate these two
components, we first performed a comparison between OI and O
(Table 3; left column) and between OM and O, and then also between
OM and OI (Table 3; right column). The comparison between Ol and O

in the group analysis (Table 3; left) revealed significant activations in
the IPS only in bilateral anterior parts but not in the middle and
posterior part. The differential activation between OM and OI
(Table 3; right) also revealed significant activations in bilateral anterior
part, but not in the middle and posterior part of IPS. Bilateral superior
parietal and left postcentral gyrus was activated differentially in
the OM vs. Ol, while not in the OI vs. O comparison. Bilateral
inferior parietal lobe activations were also shown in the OM vs. OL,
whereas only right inferior parietal one was shown in the OI vs. O
comparison. Proprioceptive and efference copy may be contained in
OM activation.

Table 2 shows the Z-scores from the significant activations in the
anterior and posterior part of the IPS in each condition. The activation
in the anterior part of IPS clearly shows a condition dependent
modulation (OM > OI > O > C) in both hemispheres. On the other
side, the Z-score in the posterior part of IPS shows no such condition
related modulation including surface orientation discrimination task
(OM=0I=0>0C).

Table4 shows the number of subjects who showed significant
activation in the anterior and posterior part of IPS. The activation
in the anterior part of IPS shows a modulation by the condition
(OM > OI =0 > C) in individual subjects. On the contrary, the activa-
tion in the posterior part of IPS in five individual shows no modulation
by condition. In any individual subject, the activation in the right
posterior part of IPS was not modulated by hand orientation move-
ments. Although, two of 9 subjects showed a significant activation
modulated by condition (OM > OI > O > C) in the left posterior part
of IPS only.

TABLE 3. Group analysis of nine subjects: the significantly” activated foci in the parietal area

Imagining vs. orientation only

Grasping vs. imagining

X y Z Z-score X y z Z-score

Left anterior IPS -39 -39 51 3.88 -30 —45 45 3.42
Right anterior IPS 45 -39 39 3.37 45 -30 39 4.73
Left posterior IPS - - - n.s. - - - n.s.
Right posterior IPS - - - n.s. - - - n.s.
Left middle IPS - - - n.s. - - n.s.
Right middle IPS - - - n.s. - - - n.s.
Left inferior parietal gyrus - - - n.s. —51 -33 45 4.96
Right inferior parietal gyrus 57 —48 33 3.62 63 —27 21 5.01
Left superior parietal gyrus - - - n.s. -30 —54 60 4.67
Right superior parietal gyrus - - - n.s. 27 —45 60 3.89
Left postcentral gyrus - - - n.s. —42 —27 63 3.79
*P < 0.001, uncorrected.
TABLE4. Numbers of subjects, out of nine, who showed significant™ activation in the anterior and posterior parts of IPS

Anterior IPS Posterior IPS

Bilateral Left Right No Bilateral Left Right No
Comparison activation activation activation activation activation activation activation activation
0>C 8 1 - - 7 1 1 -
OI>C 6 2 1 7 1 1 -
OM>C 6 1 2 - 7 1 1 -
OI>0 - 4 3 - 3 1 5
OM > Ol 5 2 2 3 1 - 5
OM >0 7 1 1 2 1 1 5

*P <0.001, uncorrected.
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Discussion

Our results clearly show, that activation related to actual hand move-
ments in the anterior part of IPS in the both hemispheres was found to
be much higher than in other imagery and surface orientation condi-
tions (OM > OI > O). On the other hand, in the posterior part of IPS
(CIP), no significant difference in the activation between the tasks,
including a surface orientation component (OM = OI = O) was found.
The CIP activation was also not related to the hand movement
component.

In our previous neuroimaging study, in which subjects were required
to discriminate surface orientation without any hand movements, we
found activation in both, the posterior (CIP) and the anterior part of the
IPS (AIP). Based on neurophysiological data in primates we specu-
lated that area CIP is primarily related to coding of 3D orientation
discrimination and sends this information on to AIP. AIP is utilizing
this information to create appropriate visually guided hand movements
(Shikata er al., 2001). The present study was explicitly designed to test
this hypothesis. We sought to disentangle the functional differences
between area AIP and CIP by employing additional tasks containing
imagery and execution of visually guided hand movements. As hypo-
thesized, our data clearly indicate that the function of the human area
CIP is more concerned with coding of 3D features of the objects, whereas
human AIP is more involved in visually guided hand movements.

Area AIP

In accord with our previous data AIP was activated during orientation
discrimination. As predicted, this activation was significantly weaker
than that observed during imagery or actual performance of move-
ments. Neurons in area AIP in the monkey, which is known to be
related to visually guided hand manipulation, can also be activated by
the sight of 3D objects (Taira et al., 1990; Sakata et al., 1995). Many of
these neurons had motor components with visual input, showing less
activation during manipulation in the dark than in the light, and some
of them were activated during fixation of a particular object for
manipulation. Therefore, these neurons were classified as visuo-motor
neurons (Sakata et al., 1995). Other neurons in AIP (motor-dominant
neurons) were activated by movements in the dark, without any visual
or tactile component. Since activity in these motor-related neurons
showed selectivity for particular patterns of hand movement (Murata
et al., 2000), it was suggested that this activity might be related to the
efference copy of the motor programs that are received from the motor
association cortex (Jeannerod et al., 1995). Area F5 in the ventral
premotor cortex, is related to precise hand movements and has strong
reciprocal connections with area AIP (Matelli ez al., 1986; Luppino
et al., 1999).

Area CIP

Several neuroimaging studies have revealed a hemispheric lateraliza-
tion of activation during axis orientation and surface orientation
discrimination tasks in humans. In a PET study of size and orientation
discrimination, activation was evoked in the posterior part of the right
IPS (Faillenot et al., 1999). Another fMRI study, using visual object
and grating discrimination, activated the caudal part of the left IPS
(Faillenot et al., 2001), whereas perception of the structure of a surface
based on shading, activated the caudal part of the right IPS (Taira et al.,
2001). In our previous study of surface orientation discrimination, we
found significant CIP activation in both hemispheres (Shikata et al.,
2001). However, it is also known that the right parietal cortex is more
involved in visuo-spatial information processing, whereas the left
parietal cortex plays a greater role in visuo-motor integration. Activa-
tion of left CIP has also been reported for 3D object discrimination by
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tactile manipulation in the absence of visual guidance (Jincke et al.,
2001). Therefore, it is possible that human CIP shows a hemispheric
specialization.

Other imaging studies have reported motion and direction sensitiv-
ity of areas in the posterior part of the IPS (Shulman et al., 1999;
Sunaert et al., 1999) and activation of the posterior part of the IPS in
the context of visuo-spatial attention (Vandenberghe et al., 1996;
Nobre et al., 1997, 2000; Corbetta et al., 1998, 2000; Gitelman
et al., 1999; Hopfinger et al., 2000). However, it remains unclear
whether all these activations include area CIP. Our visual stimulus was
identical in all four conditions, therefore in the orientation discrimina-
tion task and colour discrimination conditions, we can exclude the
possibility that motion sensitivity or motor components activated CIP.
With respect to attention, some studies have reported activation close
to CIP (Corbetta et al., 1998, 2000; Vandenberghe et al., 1996;
Gitelman et al., 1999; Hopfinger et al., 2000; Nobre et al., 2000).
It is possible that attention can modulate activation in the posterior part
of IPS. However, it is unlikely, that spatial attentional shifts are
different in the four conditions used here.

Similar activation patterns for all four conditions (three tasks
including surface orientation discrimination component and even in
colour discrimination task) were observed in the middle part of the IPS.
The obvious difference is seen in the activation patterns between
posterior part of IPS and middle part of IPS. It is thus possible that the
middle part of the IPS is related to spatial attention more than the
posterior part, where we suspected the homologue of CIP in humans.

In general

Concerning the functional relationship between AIP and CIP in
humans, Faillenot et al. (2001) postulated that the anterior part of
the IPS might be more important for performing orientation discri-
mination than the more posterior regions from lesion reviews. In
contrary to their suggestion, our previous study suggested that it is
the posterior part of IPS that is primarily involved in orientation
discrimination (Shikata ez al., 2001). In this study on surface orienta-
tion discrimination we observed a strong modulation of CIP by
performance, i.e. a stronger activation in those trials in which the
subject performed correctly. Only a weak modulation by performance
was observed in the anterior part of the right IPS. Using surface
discrimination from shading (which is one of depth cue in the
perception of surface orientation) task, Taira et al. (2001) also reported
that the activation in right posterior part of IPS was specific for this task
not in anterior part of IPS.

We conclude therefore that the function of human area CIP is more
involved in coding 3D features of the objects, whereas human AIP is
more involved in visually guided hand movements, similar as in the
monkey.
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