Reference Frame of Human Medial Intraparietal Cortex
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■ Visually guided reaching involves the transformation of

a spatial position of a target into a body-centered reference
frame. Although involvement of the posterior parietal cortex
(PPC) has been proposed in this visuomotor transformation,
it is unclear whether human PPC uses visual or body-centered
coordinates in visually guided movements. We used a delayed
visually guided reaching task, together with an fMRI multivoxel
pattern analysis, to reveal the reference frame used in the
human PPC. In experiments, a target was first presented either
to the left or to the right of a fixation point. After a delay period,
subjects moved a cursor to the position where the target had
previously been displayed using either a normal or a left–right
reversed mouse. The activation patterns of normal sessions

INTRODUCTION
When we reach for an external object, the retinal inputs of
the target position need to be transformed into our limb/
body-centered reference frame to generate the appropriate motor commands. This process is called visuomotor
transformation and is crucial for visually guided reaching.
Multiple coordinates for representing spatial information
are known to be contained within the posterior parietal
cortex (PPC), and experimental evidence suggests that
the PPC is involved in visuomotor transformation in monkeys as well as in humans.
Neurophysiological studies with nonhuman primates
indicate that PPC is related to the transformation from
retinal to body-centered coordinates for visuomotor control (for a review, see Colby, 1998). Specifically, a region called the parietal reach region, which comprises
the parieto-occipital junction (PO or V6A) as well as the
medial part of the intraparietal area (MIP), is related to visually guided reaching movements in monkeys (Andersen
& Buneo, 2002; Cohen & Andersen, 2002; Snyder, Batista,
& Andersen, 2000).
In humans, previous studies with fMRI revealed that
two regions in PPC are related to visually guided reaching: the V6A/PO, extending medially into the precuneus
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were first used to train the classifier to predict movement directions. The activity patterns of the reversed sessions were
then used as inputs to the decoder to test whether predicted
directions correspond to actual movement directions in either
visual or body-centered coordinates. When the target was presented before actual movement, the predicted direction in the
medial intraparietal cortex was congruent with the actual movement in the body-centered coordinates, although the averaged
signal intensities were not significantly different between two
movement directions. Our results indicate that the human
medial intraparietal cortex uses body-centered coordinates to
encode target position or movement directions, which are crucial
for visually guided movements. ■

(Fernandez-Ruiz, Goltz, Desouza, Vilis, & Crawford, 2007;
Astafiev et al., 2003; Connolly, Andersen, & Goodale,
2003), and the medial intraparietal cortex (mIPS; Hinkley,
Krubitzer, Padberg, & Disbrow, 2009; Grefkes & Fink,
2005; Prado et al., 2005; Grefkes, Ritzl, Zilles, & Fink,
2004). Grefkes et al. (2004) identified human homologue
of MIP using on-screen cursor movements, as had been
employed in a study on monkeys (Eskandar & Assad,
1999, 2002). They found increased mIPS activity for a condition requiring visuomotor transformation compared
with a control condition that did not require this type of
transformation. However, it is not yet clear which reference frame is used in this region for visual representation
of a presented target. This is because the conventional
univariate fMRI study reveals only overall increases in activation in a specific region and cannot reveal directional
selectivity of movements, mainly because of its poor spatial resolution. One possibility is that the reference frame
is based on the visual coordinates of the on-screen cursor
(visual coordinates), whereas the other possibility is that
it is centered on the hand used to manipulate the cursor
(body-centered coordinates).
To decide between these possibilities, this study investigated the reference frame used in PPC using fMRI
multivoxel pattern analysis (MVPA; Norman, Polyn, Detre,
& Haxby, 2006; Haynes & Rees, 2005; Kamitani & Tong,
2005). Reference frames were investigated in previous
studies using a univoxel fMRI analysis that exploited the
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Abstract

METHODS
Subjects
Subjects were 16 volunteers (seven men and nine women)
with a mean age of 28.3 years (range = 22–34 years).
No volunteer exhibited excessive head movement (over
2 mm) during scanning. All subjects were right-handed,
as assessed using the improved version of the Edinburgh
Handedness Inventory (Oldfield, 1971). Written informed
consent was obtained from all subjects in accordance with
the Declaration of Helsinki. The experimental protocol
received approval from the ethics committee of the Advanced Telecommunication Research Institute, Japan.
Task Procedures
We used a delayed visually guided reaching paradigm that
temporally separates the target presentation and movement execution periods (Figure 1A). First, a target (a small
red square) was presented for 250 msec, either to the left
or to the right (5° in visual angle) of a fixation point on a
screen. This was immediately followed by presentation of
a mask image for another 250 msec. After a memory delay
period of 9.1 sec, during which subjects kept fixation,
a mouse cursor (a small blue square) was presented centrally on screen. The subjects then moved the cursor with
their right hand to the position where the target had
172
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Figure 1. (A) The experimental time course, with examples of sample
trial. First, a target (a small red square) was presented for 250 msec, either
to the left or to the right (5° in visual angle) of a fixation point on a screen.
This was immediately followed by presentation of a mask image for
another 250 msec. After a memory delay period of 9.1 sec, during which
subjects kept fixation, a mouse cursor (a small blue square) was presented
centrally on screen. The subjects then moved the cursor with their
right hand to the position where the target had previously been displayed.
The cursor, together with right and left target, was displayed for 7.2 sec.
During intertrial intervals (ITI), a fixation was displayed for 9.6 sec, and
subjects moved their hand back to the original position. Subjects first
used a normal mouse (normal condition) in two sessions, and then a
left–right reversed mouse (reversed condition) in another two session
to perform this task. (B) A schematic diagram of MVPA. We first used
brain activity patterns (beta values) from 30 pseudorandomly sampled
(with replacement) trials among 60 trials of normal sessions to train
the classifier to decode movement direction (left or right), then used
activations from 30 pseudorandomly chosen (with replacement) trials
among 60 trials of reversed sessions to test whether the predicted
direction of the decoder corresponded to actual movement direction
with either visual or body-centered coordinates. This procedure was
repeated 15,000 times for each ROI, and then the averaged decoding
accuracy was estimated.

previously been displayed. The cursor, together with
the right and left target, was displayed for 7.2 sec. During
intertrial intervals, a fixation was displayed for 9.6 sec,
and subjects moved their hands back to the original
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contralateral response property with respect to visual
hemifield or the hand used for moving: for example,
a greater response to visual stimuli displayed in the
contralateral visual field was observed in a part of the
PPC (Beurze, de Lange, Toni, & Medendorp, 2007;
Medendorp, Goltz, & Vilis, 2005, 2006; Medendorp,
Goltz, Crawford, & Vilis, 2005; Medendorp, Goltz, Vilis,
& Crawford, 2003; Merriam, Genovese, & Colby, 2003).
However, this method is only applicable to regions that
have a clear contralateral response bias. In contrast, the
MVPA can be applied to regions that lack these properties, as this type of analysis evaluates differences in
the spatial pattern of activated voxels rather than overall
differences in amplitudes of fMRI signals among conditions. The MVPA extracts information contained in multivoxel activity using a pattern classification method, which
enables investigation of neuronal selectivity beyond the
conventional univoxel analysis, and it can thereby reveal
reference frames more directly.
In our experiment, subjects performed delayed visually
guided reaching task using a left–right reversed mouse
(i.e., movement of the mouse to the right moved the cursor to the left and vice versa). This allowed us to dissociate these two coordinates (visual vs. body centered). We
then used MVPA to reveal which reference frame (i.e.,
visual or body-centered coordinates) is used to encode
target or movement direction for visually guided reaching
in the human PPC.

Behavioral Analysis
Cartesian coordinates of the on-screen cursor were recorded at 50 Hz. The initial distance between the target
and the cursor was 306 pixels (corresponding to 5° in visual
angle), and the size of the target and the cursor was 40 ×
40 pixels. We defined each trial as a correct event when
the cursor entered into the target window (50 × 50 pixels;
10 pixels larger than the target size) within the movement
period. We also defined an error trial when subjects incorrectly reached for the opposite target. These error
trials were excluded from further analysis. We then calculated the following two behavioral measures: RT, which
was defined as the time between appearance of the cursor
and movement onset, and movement time, which was defined as the time from cursor presentation to successful
reaching to the target window.

Preprocessing and Modeling of fMRI Data
Image preprocessing was performed using SPM5 software
(Wellcome Department of Cognitive Neurology, London,
UK; www.fil.ion.ucl.ac.uk/spm). All functional images were
first corrected for slice-timing and then realigned to adjust
for motion-related artifacts. The realigned images were
spatially normalized with the Montreal Neurological Institute template based on spatial transformations derived
from coregistered T2-weighted anatomical images and resampled into 3-mm3 voxels with sinc interpolation. Unless
otherwise noted, all spatial localizations were made using
Montreal Neurological Institute coordinates. All images
were spatially smoothed using a Gaussian kernel of 8 ×
8 × 8 mm FWHM. Smoothing was not performed for
the data that were used for the MVPA, as this could blur
fine-grained information contained in the multivoxel activity (Mur, Bandettini, & Kriegeskorte, 2009).
Using the general linear model, the 30 trials per session
were independently modeled. Each task period (periods
of target presentation, delay, and movement-execution,
hereafter referred to as “TARGET,” “DELAY,” and “MOVE,”
respectively) was modeled as a separate regressor within
a trial. TARGET and MOVE were modeled as delta functions, whereas DELAY was a box-car function whose width
equaled the length of time between target presentation
and movement period. These regressors were then convolved with a canonical hemodynamic response function.
The six movement parameters resulting from the realignment stage estimated by SPM software were modeled
as confounding covariates. Low-frequency noise was removed using a high-pass filter with a cutoff period of
128 sec, and serial correlations among scans were estimated with an autoregressive model implemented in
SPM5. This analysis yielded 30 independently estimated
parameters (beta values) for each task period, resulting
in a total of 90 parameters per session. These parameters
were subsequently used as inputs for decoding analysis.

Definition of ROIs
MRI Acquisition
A 3-T Siemens Trio scanner (Erlangen, Germany) with a
12-channel head coil was used to perform T2*-weighted
EPI. A total of 335 scans were acquired with a gradientecho EPI sequence. The first four scans were discarded
to allow for T1 equilibration. Scanning parameters were
as follows: repetition time = 2400 msec, echo time =
30 msec, flip angle = 80°, field of view = 192 × 192 mm,
matrix = 64 × 64, 40 axial slices, slice thickness = 3 mm
without gap, and voxel size = 3 × 3 × 3 mm. T1-weighted
anatomical imaging with a MP-RAGE sequence was performed with the following parameters: repetition time =
2250 msec, echo time = 3.06 msec, flip angle = 9°, field
of view = 256 × 256 mm, matrix = 256 × 256, 192 axial
slices, slice thickness = 1 mm without gap, and voxel
size = 1 × 1 × 1 mm.

We defined two ROIs in PPC related to visually guided
hand movements: bilateral mIPS in the superior parietal
lobule (SPL; left [L]: [−29, −51, 58], right [R]: [31, −54,
57]) and V6A/PO located medially in the parieto-occipital
sulcus and precuneus (L: [−5, −80, 40], R: [1, −69, 42])
were defined as mean coordinates among the previous
fMRI studies that identified arm/hand reaching task (mIPS
from Prado et al., 2005; Grefkes et al., 2004; V6A/PO from
Fernandez-Ruiz et al., 2007; Astafiev et al., 2003; Connolly
et al., 2003). The hand region of the primary motor area
(Mot) was also selected (L: [−37, −22, 58], R: [38, −20,
58]; Hanakawa, Parikh, Bruno, & Hallett, 2005). The visual
cortex ( Vis; L: [−30, −78, −6], R: [27, −72, −12]) was
defined as the region that showed greatest activation in
the occipital cortex when a target was presented in the
contralateral visual field ( p < .001, uncorrected). All ROIs
Ogawa and Inui
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position. To perform the task, participants first used a normal mouse (normal condition) in two sessions, and then
the left–right reversed mouse (reversed condition) in
another two sessions. Subjects were explicitly told that
the cursor motion was right–left reversed, immediately
before the start of the reversed sessions. Each session
consists of 30 trials, with an equal number of left and right
target presentations given in a pseudorandom order. Before the scanning, participants underwent a brief practice
session where they used only a normal mouse, while lying
in the MRI scanner, to become accustomed to performing the task. Experimental stimuli, controlled by Presentation software (Neurobehavioral Systems, Albany, CA),
were presented on a liquid crystal display and projected
onto a custom-made viewing screen. Subjects lay supine
in the scanner with the head immobilized and viewed
the screen via a mirror. The trial onset was synchronized
with fMRI acquisitions, and 11 functional images were
acquired within each trial.

from 30 pseudorandomly chosen (with replacement) trials
among 60 trials of reversed sessions as inputs to the decoder to test whether predicted direction of the decoder
corresponded to actual movement direction with either
visual or body-centered coordinates (Figure 1B). This
procedure was repeated 15,000 times for each ROI, and
then the averaged decoding accuracy was estimated. A
two-sided t test was used to determine whether observed
decoding accuracy was significantly higher than chance
(50%), with the intersubject difference treated as a random
factor (degree of freedom [df ] = 14).

fMRI Univariate Analysis
We first analyzed activated regions in the whole brain
with conventional univoxel analysis using SPM, which
allowed direct comparison of activities between two directions. Activation was thresholded at p < .001, uncorrected for multiple comparisons for the voxel level, and
the extent threshold was 20 voxels, unless otherwise
indicated. We then analyzed the averaged signal time
course of each ROI in two directions (left vs. right),
either in visual or in body-centered coordinates, after trial
onset (target presentation). Signal intensities were normalized as percent signal changes with zero means within
each scanning session. A two-way ANOVA with repeated
measures was performed, using 11 time points and 2 directions as intrasubject factors, to determine the effect of
movement directions on the overall signal increase within
the ROIs.

MVPA
The classification analysis of MVPA was performed with a
linear support vector machine implemented in LIBSVM
(www.csie.ntu.edu.tw/∼cjlin/libsvm/), with default parameters (a fixed regularization parameter C = 1). The parameter estimates (betas) of each trial of voxels within
the ROIs were z-normalized within each trial and were
then used as inputs to the classifier. t values of betas during the task block compared with the rest period were
estimated. Only training runs were used for voxel selection to avoid non-independence errors (Kriegeskorte,
Simmons, Bellgowan, & Baker, 2009). Voxels in each
ROI were then selected in the order of highest t value of
training runs, which was based on the univariate analysis,
until the number of voxels reached 200 for each subject
(Pereira, Mitchell, & Botvinick, 2009). The total number
of voxels contained in each spherical ROI was approximately 250 voxels, which meant that about 80% of the
activated voxels were selected for the MVPA. The mIPS
ROIs were additionally masked anatomically with SPL, so
they had fewer than 200 voxels (an average of 169 and
173 voxels for the left and right, respectively). We first
used brain activity patterns (beta values) from 30 pseudorandomly sampled (with replacement) trials among 60 trials
of normal sessions to train the classifier to decode movement direction (left or right). We then used activations
174
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RESULTS
Behavioral Performance
One subject was excluded from further analysis because
of poor performance (the percent accuracy ratio of correct trials was only 69.2%). The remaining subjects performed almost perfectly, with over 95% accuracy and
with an averaged accuracy of 99.2%. The accuracy (SD)
of normal and reversed trials was 99.3% (1.8%) and
99.1% (1.8%), respectively. The paired t test showed no
significant difference in accuracy between normal and
reversed trials [t(14) = 0.36, p = .72]. Figure 2 presents
the raw trajectories of one representative subject in the
normal (Figure 2A) and reversed sessions (Figure 2B).
The averaged RTs (SD) across subjects (in msec) were
522.5 (93.9) and 518.0 (110.4) for Sessions 1 and 2 (normal condition) and 520.0 (126.0) and 526.7 (121.7) for
Sessions 3 and 4 (reversed condition). Two-way ANOVA
showed no statistical significance in RT between sessions
[F(3, 42) = 0.08, p > .05]. The averaged movement
time (SD) across subjects (in msec) was 1006.6 (234.9)
and 931.9 (191.1) for Sessions 1 and 2 (normal condition)
and 1146.5 (416.7) and 1059.1 (309.5) for Sessions 3 and
4 (reversed condition). Two-way ANOVA showed statistical significance in movement time between sessions
[F(3, 42) = 4.03, p < .05]. Post hoc analysis with Ryanʼs
method showed a statistically significant increase in movement time only when Session 3 was compared with Session 2 ( p < .05).

Figure 2. Example trajectories of one representative subject in
normal (A) and reversed sessions (B). The center square represents
the initial cursor position, and the left and right squares depict the
left and right target positions, respectively.
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were defined as 12-mm radius spheres centered at each
coordinate. The mIPS ROIs, including the medial part of
intraparietal sulcus, were also anatomically masked by
SPL using WFU PickAtlas (fmri.wfubmc.edu/cms/software).
This allowed exclusion of regions that extended into the
inferior part of intraparietal lobule. Given that the righthanded participants used their dominant hand to perform
this task, our primary interest is in ROIs in the left hemisphere, but we also analyzed right ROIs for comparison.

The Univoxel Analysis in the Whole Brain

Figure 4. Univoxel activation maps comparing two directions in the
visual (A–C) or body-centered (D and E) coordinates. (A) The activated
areas when a target was presented: A region in red showed greater
activity for the right target, whereas a region in green showed greater
activity for the left target. (B) The activated region for a left versus
right target during delay. (C) The activated region for a right versus
left target during movement. (D) The activated region for right
versus left movement during target presentation. (E) The activated
region for left versus right movement during the delay period. (F) The
activated region for normal versus reversed trials. L = left; R = right.

Finally, comparisons between normal (Sessions 1 and 2)
versus reversed (Sessions 3 and 4) trials collapsed over
three events revealed significantly greater activity only in
a small area near the posterior cingulate cortex [(−15,
−45, 39), number of voxels = 22] in normal compared
with reversed sessions (Figure 4F), but the opposite contrast revealed no change.

The Averaged Signal Time Course in the ROIs

Figure 3. Univoxel activation maps showing regions with increased
activations during target presentation (left column), delay (middle
column), and movement (right column) periods. L = left; R = right.

Figure 5 shows the averaged signal time course of each
ROI after trial onset (target presentation) in the left (A)
and right (B) hemispheres in two directions (left vs. right)
and for two conditions (normal and reverse). The same
data shown in Figure 5 are plotted again in Figure 6 (left
hemisphere) and Figure 7 (right hemisphere) using either
visual (A) or body-centered (B) coordinates collapsed over
conditions. In the left hemisphere, a significant difference
was found between the two directions in the Vis ROI ( p <
.001), which showed greater activation when the stimuli
(target and moving cursor) were displayed in a contralateral visual field, considering the fMRI hemodynamic
response delay of 5–6 sec. There were no significant differences in body-centered coordinates. The mIPS ROI showed
no significant difference in averaged signal intensity when
the target was presented as well as in the delay period between the two directions in either coordinate, whereas
Ogawa and Inui
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We first analyzed activated regions in the whole brain with
conventional univoxel analysis within the three task periods (TARGET, DELAY, and MOVE; Figure 3). During the
TARGET period, significantly increased activations were
found bilaterally in the dorsal visual pathway, including
the PPC, together with the temporal cortex (Figure 3,
left column), whereas no significant activations were found
in these regions during DELAY period (Figure 3, middle
column). During the MOVE period, a significant increase
in activation was observed largely in the left-lateralized sensorimotor areas, together with the parietal and occipital
regions in both hemispheres (Figure 3, right column).
We then performed direct comparisons between the
two target directions (left vs. right) and found significant
differences only in the occipital regions for all task periods
(Figure 4A–C). During the TARGET period, significantly
greater activities were observed in the ventral part of occipital cortex contralateral to the visual field where the
stimulus was displayed: the left [(−30, −78, −6), number
of voxels = 29] and the right [(27, −72, −12), number of
voxels = 22] hemisphere for the right and left target, respectively (Figure 4A). The increased activation was also
found for the left versus right target during the DELAY (Figure 4B) in the lateral occipital [(−42, −75, −12), number
of voxels = 50] as well as in the dorsal occipital region
[(−27, −93, 15), number of voxels = 24] for the right versus left target for MOVE period (Figure 4C). When two
movement directions (left vs. right) were compared, significant activities were found in small clusters near the posterior cingulate cortex [(−9, −51, 36), number of voxels =
28] and in the cerebellum [(15, −84, −36), number of
voxels = 21] for the right versus left during the TARGET
period (Figure 4D). We also found significant activations
in the SPL that peaked at the precuneus [(12, −66, 66),
number of voxels = 365] and the premotor cortex [(45,
3, 54), number of voxels = 21] in the right hemisphere
for the left versus right during the DELAY (Figure 4E).

a significant difference ( p < .001) was seen in the visual
coordinates after the movement period (16.8–21.6 sec
after trial onset). The V6A and Mot ROIs showed no significant difference between directions for either coordinate
(Figure 6). In the right hemisphere, we found a significant
difference in Vis ROI, indicating contralateral dominance in
the visual coordinates, as had been observed in the corresponding ROI in the left hemisphere. No significant differences between directions were found in other ROIs (V6A,
mIPS, and Mot) in either coordinate (Figure 7).
MVPA
We separately estimated the decoding accuracies for movement directions within the three task periods (TARGET,
DELAY, and MOVE) to reveal the reference frame (visual
or body-centered coordinates) used in each ROI. We first
performed the MVPA using data from only normal sessions
by pseudorandomly choosing 30 trials each for training and testing data out of 60 trials (Figure 8). For the left
hemisphere (Figure 8A), significant decoding accuracies
were found during all task periods in the mIPS [TARGET,
t(14) = 2.95, p < .05; DELAY, t(14) = 6.84, MOVE, t(14) =
6.10, both p < .01] and Vis [TARGET, t(14) = 2.56, p < .05;
176
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DELAY, t(14) = 5.33, MOVE, t(14) = 7.09, both p < .01], and
DELAY and MOVE in V6A [DELAY, t(14) = 5.05, MOVE,
t(14) = 8.91, both p < .01] and Mot [DELAY, t(14) = 5.19,
MOVE, t(14) = 3.92, both p < .01]. In the right hemisphere
(Figure 8B), similar patterns of decoding accuracies were
also observed.
We next used data from the normal session, in which
the visual and body-centered coordinates coincided, to
train the decoder. We then fed in data from the reversed
session, in which these two coordinates were dissociated,
and we compared decoding accuracy for each coordinate
(Figure 9). For the left hemisphere (Figure 9A), in the
TARGET period, significant decoding accuracies in visual
coordinates were observed in Vis [t(14) = 3.64, p < .01]
and in V6A [t(14) = 2.20, p < .05], whereas mIPS showed
a significant decoding accuracy in body-centered coordinates [t(14) = 2.81, p < .05]. During the DELAY period, significant decoding accuracies were found in body-centered
coordinates in mIPS [t(14) = 3.25, p < .01] and in V6A
[t(14) = 2.74, p < .05], as well as in Mot [t(14) = 2.66, p <
.05]. Finally, in the MOVE period, we saw significant decoding accuracies in Mot in body-centered coordinates
[t(14) = 2.63, p < .05] as well as in Vis in visual coordinates [t(14) = 2.61, p < .05]. Figure 10 shows the decoding
Volume 24, Number 1
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Figure 5. The averaged signal time course in ROIs in the left (A) and right (B) hemisphere. The horizontal axis represents time in seconds after
the trial onset (target presentation), where onset (0 sec) and an arrow marked C (at 9.6 sec) represent the time for presentation of the target
and cursor, respectively. The vertical axis shows the averaged signal intensity as percent signal change. The signals were normalized with zero
means within each scanning session. RR = right target and right movement (normal condition); LL = left target and left movement (normal
condition); RL = right target and left movement (reversed condition); LR = left target and right movement (reversed condition).

DISCUSSION
The current study used MVPA to determine which reference frame (visual or body-centered coordinates) is used
to encode target or movement direction for visually guided
reaching in the human PPC.
First, conventional univariate analysis revealed directional selectivity only in the occipital cortex when the
two target directions were compared. For comparison of
two movement directions, large activations were found
in the right SPL and premotor areas for left versus right
movement directions during the delay period. The right

SPL is well known for its dominant role in spatial attention
(Corbetta, Miezin, Shulman, & Petersen, 1993), and the
right parieto-frontal areas constitutes a dorsal attentional
network for controlling top–down attention (Corbetta &
Shulman, 2002). In this study, the top–down attention
to the contralateral hemisphere for the upcoming movements may induce overall increases in activation within
these areas. No significantly different activation was found
in the left PPC contralateral to the hand used. The averaged signal intensities also showed no significant directional
sensitivity within the mIPS when target was presented or
during the delay period. In contrast, MVPA revealed significantly above-chance decoding accuracy in the left mIPS
for body-centered coordinates, both when the target was
initially presented as well as in the delay period before actual movement. This finding indicates that the human
mIPS encodes the position of a target or movement direction for visually guided reaching in a body-centered
reference frame.
It should be noted that the univariate analysis, both with
whole-brain analysis and the signal time course, revealed
no increase in overall activation in the mIPS during the delay period. This successful decoding with no increase in
overall signal amplitudes was previously reported in MVPA

Figure 6. The averaged signal time course in ROIs in the left hemisphere. The horizontal axis represents time in seconds after the trial onset (target
presentation), where onset (0 sec) and an arrow marked C (at 9.6 sec) represent the time for presentation of the target and cursor, respectively.
The vertical axis shows the averaged signal intensity as percent signal change. The black and gray lines represent right and left movements,
respectively, in visual (A) and body-centered (B) coordinates. Error bars denote SEMs.
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accuracies of individual subjects in the left mIPS for normal (A) and reversed (B) trials. It shows that 12 and 11
of 15 participants had above-chance decoding accuracy
for body-centered coordinates during the TARGET and
DELAY period, respectively, in the reversed trials. For the
ROIs in the right hemisphere (Figure 9B), we found a
significant accuracy in visual coordinates in both TARGET
[t(14) = 2.28, p < .05] and MOVE [t(14) = 2.40, p < .05] in
V1, similar to what had been observed in the left hemisphere. No other ROIs (mIPS, V6A, and Mot) showed significant accuracies during any of the periods.

studies (Harrison & Tong, 2009; Soon, Brass, Heinze, &
Haynes, 2008). Harrison and Tong (2009) showed successful classification of visual working memory content
during the delay period using activities in the early visual
areas, even when the participants showed no increased
overall activations from baseline. Soon et al. (2008) suc-

cessfully decoded participantsʼ free-decision content (right
or left button press) using activities in the prefrontal
and parietal cortex without an increase in overall signal
amplitudes. The findings from these previous studies are
consistent with our current results, which could be explained by the use of differential activation patterns of

Figure 8. Decoding accuracies
with MVPA for movement
directions regarding two
reference frames (visual vs.
body-centered coordinates)
in each ROI in the left (A) and
in the right (B) hemisphere
(*p < .05, **p < .01). The
decoding was performed using
the normal trials. The three
task periods include the time
when a target was presented
(TARGET), the delay period
(DELAY), and the time for a
movement execution (MOVE).
Error bars denote SEMs.
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Figure 7. The averaged signal time course in ROIs in the right hemisphere. The horizontal axis represents time in seconds after the trial onset
(target presentation), where onset (0 sec) and an arrow marked C (at 9.6 sec) represent the time for presentation of the target and cursor,
respectively. The vertical axis shows the averaged signal intensity as percent signal change. The black and gray lines represent right and left
movements, respectively, in visual (A) and body-centered (B) coordinates. Error bars denote SEMs.

many voxels by the MVPA and also by successful decoding that is not necessarily accompanied with an averaged
signal increase within regions.
The mIPS and Body-centered Coordinates
The current results revealed that mIPS encodes a visually
presented target or movement direction in body-centered

coordinates upon a brief presentation of the target, well
before any movement execution. This property was contrary to the results obtained from the early visual areas or
V6A/PO, which showed significant decoding accuracies in
visual coordinates upon target presentation. Furthermore,
no significant decoding accuracy was observed in the
mIPS at a later movement period when the subjects were
actually moving their hand to reach to the target. This

Figure 10. The decoding
accuracy of individual subjects
(n = 15) for the left mIPS.
(A) The decoding was
performed with the normal
trials (summarized in Figure 8).
(B) The decoder was trained
with the normal trials and then
tested in the reversed trials
(summarized in Figure 9).

Ogawa and Inui

179

Downloaded from http://mitprc.silverchair.com/jocn/article-pdf/24/1/171/1780332/jocn_a_00132.pdf
Downloaded from http://direct.mit.edu/jocn/article-pdf/24/1/171/1943578/jocn_a_00132.pdf by guest on by
19 September
MIT Libraries
2021 user on 17 May 2021

Figure 9. Decoding accuracies
with MVPA for movement
directions regarding two
reference frames (visual vs.
body-centered coordinates) in
each ROI in the left (A) and
in the right (B) hemisphere
(*p < .05, **p < .01). The
decoder was trained with
normal trials and then tested
in the reversed trials. The
three task periods include
the time when a target was
presented (TARGET), the
delay period (DELAY), and
the time for a movement
execution (MOVE). Error
bars denote SEMs.

The V6A/PO and Visuomotor Transformation
V6A/PO showed a characteristic pattern in decoding accuracy that was somewhat of a combination of those of
the early Vis and mIPS: a significant decoding accuracy
was observed in visual coordinates at target presentation,
the same as in the early visual area, together with a significant accuracy in body-centered coordinates at the delay period, as in mIPS. For human parietal reach region,
Fernandez-Ruiz et al. (2007) compared right versus left
target for visually guided movements using fMRI with
conventional subtraction design. They found V6A/PO uses
visual, not body-centered, coordinates in visually guided
reaching, which indicates that the visuomotor transformation from visual to body-centered coordinates is performed
possibly later in V6A/PO within a parieto-premotor pathway. The current result also replicated their result, as we
saw significant decoding accuracy in visual coordinates in
the target presentation period (Figure 9A). In contrast, our
MVPA further revealed that V6A/PO uses body-centered
coordinates during delay period when visual information is
unavailable. Taken together, our study indicates that V6A/
PO is at the intermediate stage of visuomotor transformation, located between the occipital and PPC.
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The PPC and Deficits in Visually Guided Reaching
Neuropsychological studies with human patients have
described deficits in visually guided reaching in patients
with optic ataxia (OA; Balint, 1909). The cause of OA is
considered to be impairments in visuomotor transformation of retinal inputs of target position to be reached into
body-centered reference frames. Lesion in the mIPS as well
as in the SPL appear to be the main cause of OA (Roy,
Stefanini, Pavesi, & Gentilucci, 2004; Perenin & Vighetto,
1988). A case study of a PPC lesion, as well as virtual lesion
studies using TMS, has also indicated that the PPC along
the IPS is involved in on-line correction of visually guided
movements (Grea et al., 2002; Desmurget et al., 1999).
In monkeys, lesions of MIP also caused reaching impairments based on a proprioceptive information of body
location (Rushworth, Nixon, & Passingham, 1997). The
current finding supports the view that impaired function
of visuomotor transformation in mIPS causes the deficits
in visually guided reaching observed in OA.

Related Studies on Reference Frames in Humans
Some previous fMRI studies have used univoxel analysis to
investigate reference frames for eye or hand movement in
humans (Beurze et al., 2007; Medendorp et al., 2003, 2006;
Medendorp, Goltz, Crawford, et al., 2005; Medendorp,
Goltz, & Vilis, 2005; Merriam et al., 2003). These studies
have exploited the contralateral response property of cortical regions with respect to the visual hemifield or the
hand used. For example, use of this method has successfully revealed that saccadic eye movements are dynamically
remapped in visual coordinates in the PPC (Medendorp
et al., 2003; Merriam et al., 2003). However, these studies
are only applicable to regions that have contralateral response properties. In contrast, the MVPA is able to analyze
differences in spatial patterns of voxel activities rather than
overall signal increases in a region. The use of MVPA in
our study, therefore, revealed body-centered reference
frames in the mIPS, although it showed comparable overall
activation amplitude in univoxel analysis.
Recent studies have used fMRI adaptation or a repetition
suppression paradigm (Grill-Spector & Malach, 2001) to reveal a coordinate systems for visually guided movements
(Bernier & Grafton, 2010; Van Pelt, Toni, Diedrichsen, &
Medendorp, 2010). Repetition suppression is another way
of achieving finer neuronal selectivity beyond voxel resolution, similar to the MVPA. However, considering the largely
unknown neurophysiological underpinnings and time scales
of adaptation, as well as attentional confounders accompanied by novelty or mismatch effects in repetitive presentation, the MVPA might be a more direct way of revealing
neuronal selectivity (Bartels, Logothetis, & Moutoussis, 2008;
Logothetis, 2008; Sawamura, Orban, & Vogels, 2006). Our
study showed that MVPA could be used to reveal coordinate systems in the human brain, as was shown in previous
neurophysiological studies with monkeys (Colby, 1998).
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indicates that the successful decoding of mIPS is not because of kinesthetic or proprioceptive signals from hand
movements but is related to encoding as well as retention
of the spatial position of the target to be reached. In contrast, for the primary motor area, significant decoding accuracies were observed in delay as well as actual movement
execution, but not in target presentation, which confirms
its dominant role in motor control rather than on the perceptual side. The eye movements could be a possible confounder, especially in a response period in which the
cursor was moving on screen. However, two reasons can
be suggested why eye movements were unlikely to affect
our MVPA results. First, body-centered coordinates in the
mIPS were observed during target presentation, as well
as in the delay period, and not during response period,
which was the period in when eye movements were most
likely to occur. Second, the direction of cursor motion on
the display is dissociated with that of hand movements in
the reversed sessions. If the decoderʼs output had been
influenced by an eye movement effect, the predicted direction should have been in visual coordinates, not in bodycentered coordinates. The eye movements, therefore, were
probably not a confounding factor in our results.
The previous neurophysiological studies using monkeys
revealed that the MIP neurons are selectively activated for
the direction of hand/arm movements, not that of an onscreen cursor (Eskandar & Assad, 1999, 2002). In agreement with a previous human fMRI study by Grefkes et al.
(2004), the current study further validates homologies
between the human mIPS and the MIP in monkeys by
showing that each has the same directional selectivity with
respect to body-centered coordinates.

The Limitation of the Current Study

Conclusion
The current study used fMRI together with MVPA to reveal
the reference frame used in the human PPC to encode the
target position or movement direction for visually guided
reaching. A significantly above-chance decoding accuracy
was noted in the mIPS for body-centered coordinates both
when the target was initially presented and also during the
delay period before actual movement. Our findings indicate that the mIPS uses a body-centered reference frame
to encode the position of a target or movement direction,
which is crucial for visually guided reaching.
Reprint requests should be sent to Kenji Ogawa, ATR, Cognitive
Neuroscience Laboratories, 2-2-2 Hikaridai, Seika-cho, Soraku-gun,
Kyoto 619-0288, Japan, or via e-mail: ogawa@cog.ist.i.kyoto-u.ac.jp.

REFERENCES
Andersen, R. A., & Buneo, C. A. (2002). Intentional maps in
posterior parietal cortex. Annual Review of Neuroscience,
25, 189–220.
Astafiev, S. V., Shulman, G. L., Stanley, C. M., Snyder, A. Z.,
Van Essen, D. C., & Corbetta, M. (2003). Functional
organization of human intraparietal and frontal cortex for
attending, looking, and pointing. Journal of Neuroscience,
23, 4689–4699.
Balint, R. (1909). Seelenlähmung des Schauens, optische Ataxie,
raümliche Störung der Aufmerksamkeit. Monatsschrift für
Psychiatrie und Neurologie, 25, 51–81.

Ogawa and Inui

181

Downloaded from http://mitprc.silverchair.com/jocn/article-pdf/24/1/171/1780332/jocn_a_00132.pdf
Downloaded from http://direct.mit.edu/jocn/article-pdf/24/1/171/1943578/jocn_a_00132.pdf by guest on by
19 September
MIT Libraries
2021 user on 17 May 2021

One caveat concerning MVPA is that lack of significance in
decoding accuracy does not validate that neurons in the
local region are totally unselective to those coordinates.
With the neural underpinning still unclear, the decoding
accuracy of MVPA is considered to be dependent on spatial
patterns of distinct neuronal populations and/or accompanying vasculature units, together with spatial resolution
of fMRI (Gardner, 2010; Bartels et al., 2008). Furthermore,
the current experimental manipulation cannot reveal any
region that jointly uses visual and body-centered coordinates due to the use of the right–left reversal mouse. This
means that if a certain area contains both visual and bodycentered coordinate neurons, the decoding accuracy
would be lower for our current dissociation paradigm. This
may partially explain the relatively lower decoding accuracy
for the classification that used normal and reversed sessions for training and testing, compared with the accuracy
obtained using only normal trials. Recent neurophysiological studies have reported that multiple reference frames
are represented in the same region (e.g., Crowe, Averbeck,
& Chafee, 2008; Batista et al., 2007). Further investigations
are needed to clarify the coordinate system in the PPC, possibly with an improved fMRI scanning method that could
achieve higher spatial resolution or with a smarter classification algorism.

Bartels, A., Logothetis, N. K., & Moutoussis, K. (2008). fMRI
and its interpretations: An illustration on directional
selectivity in area V5/MT. Trends in Neurosciences, 31,
444–453.
Batista, A. P., Santhanam, G., Yu, B. M., Ryu, S. I., Afshar, A.,
& Shenoy, K. V. (2007). Reference frames for reach
planning in macaque dorsal premotor cortex. Journal
of Neurophysiology, 98, 966–983.
Bernier, P. M., & Grafton, S. T. (2010). Human posterior
parietal cortex flexibly determines reference frames
for reaching based on sensory context. Neuron, 68,
776–788.
Beurze, S. M., de Lange, F. P., Toni, I., & Medendorp, W. P.
(2007). Integration of target and effector information in
the human brain during reach planning. Journal of
Neurophysiology, 97, 188–199.
Cohen, Y. E., & Andersen, R. A. (2002). A common reference
frame for movement plans in the posterior parietal cortex.
Nature Reviews Neuroscience, 3, 553–562.
Colby, C. L. (1998). Action-oriented spatial reference frames
in cortex. Neuron, 20, 15–24.
Connolly, J. D., Andersen, R. A., & Goodale, M. A. (2003).
fMRI evidence for a “parietal reach region” in the human
brain. Experimental Brain Research, 153, 140–145.
Corbetta, M., Miezin, F. M., Shulman, G. L., & Petersen, S. E.
(1993). A PET study of visuospatial attention. Journal of
Neuroscience, 13, 1202–1226.
Corbetta, M., & Shulman, G. L. (2002). Control of goal-directed
and stimulus-driven attention in the brain. Nature Reviews
Neuroscience, 3, 201–215.
Crowe, D. A., Averbeck, B. B., & Chafee, M. V. (2008).
Neural ensemble decoding reveals a correlate of viewer- to
object-centered spatial transformation in monkey parietal
cortex. Journal of Neuroscience, 28, 5218–5228.
Desmurget, M., Epstein, C. M., Turner, R. S., Prablanc, C.,
Alexander, G. E., & Grafton, S. T. (1999). Role of the
posterior parietal cortex in updating reaching movements
to a visual target. Nature Neuroscience, 2, 563–567.
Eskandar, E. N., & Assad, J. A. (1999). Dissociation of visual,
motor and predictive signals in parietal cortex during visual
guidance. Nature Neuroscience, 2, 88–93.
Eskandar, E. N., & Assad, J. A. (2002). Distinct nature of
directional signals among parietal cortical areas during visual
guidance. Journal of Neurophysiology, 88, 1777–1790.
Fernandez-Ruiz, J., Goltz, H. C., Desouza, J. F., Vilis, T., &
Crawford, J. D. (2007). Human parietal “reach region”
primarily encodes intrinsic visual direction, not extrinsic
movement direction, in a visual-motor dissociation task.
Cerebral Cortex, 17, 2283–2292.
Gardner, J. L. (2010). Is cortical vasculature functionally
organized? Neuroimage, 49, 1953–1956.
Grea, H., Pisella, L., Rossetti, Y., Desmurget, M., Tilikete, C.,
Grafton, S., et al. (2002). A lesion of the posterior parietal
cortex disrupts on-line adjustments during aiming
movements. Neuropsychologia, 40, 2471–2480.
Grefkes, C., & Fink, G. R. (2005). The functional organization
of the intraparietal sulcus in humans and monkeys. Journal
of Anatomy, 207, 3–17.
Grefkes, C., Ritzl, A., Zilles, K., & Fink, G. R. (2004). Human
medial intraparietal cortex subserves visuomotor coordinate
transformation. Neuroimage, 23, 1494–1506.
Grill-Spector, K., & Malach, R. (2001). fMR-adaptation: A tool
for studying the functional properties of human cortical
neurons. Acta Psychologica, 107, 293–321.
Hanakawa, T., Parikh, S., Bruno, M. K., & Hallett, M. (2005).
Finger and face representations in the ipsilateral precentral
motor areas in humans. Journal of Neurophysiology, 93,
2950–2958.

182

Journal of Cognitive Neuroscience

introductory guide. Social Cognitive and Affective
Neuroscience, 4, 101–109.
Norman, K. A., Polyn, S. M., Detre, G. J., & Haxby, J. V. (2006).
Beyond mind-reading: Multi-voxel pattern analysis of fMRI
data. Trends in Cognitive Sciences, 10, 424–430.
Oldfield, R. C. (1971). The assessment and analysis of
handedness: The Edinburgh inventory. Neuropsychologia,
9, 97–113.
Pereira, F., Mitchell, T., & Botvinick, M. (2009). Machine
learning classifiers and fMRI: A tutorial overview.
Neuroimage, 45(1 Suppl.), S199–S209.
Perenin, M. T., & Vighetto, A. (1988). Optic ataxia: A specific
disruption in visuomotor mechanisms: I. Different aspects
of the deficit in reaching for objects. Brain, 111, 643–674.
Prado, J., Clavagnier, S., Otzenberger, H., Scheiber, C.,
Kennedy, H., & Perenin, M. T. (2005). Two cortical systems
for reaching in central and peripheral vision. Neuron, 48,
849–858.
Roy, A. C., Stefanini, S., Pavesi, G., & Gentilucci, M. (2004).
Early movement impairments in a patient recovering from
optic ataxia. Neuropsychologia, 42, 847–854.
Rushworth, M. F., Nixon, P. D., & Passingham, R. E. (1997).
Parietal cortex and movement: II. Spatial representation.
Experimental Brain Research, 117, 311–323.
Sawamura, H., Orban, G. A., & Vogels, R. (2006). Selectivity
of neuronal adaptation does not match response selectivity:
A single-cell study of the fMRI adaptation paradigm.
Neuron, 49, 307–318.
Snyder, L. H., Batista, A. P., & Andersen, R. A. (2000).
Intention-related activity in the posterior parietal cortex:
A review. Vision Research, 40, 1433–1441.
Soon, C. S., Brass, M., Heinze, H. J., & Haynes, J. D. (2008).
Unconscious determinants of free decisions in the human
brain. Nature Neuroscience, 11, 543–545.
Van Pelt, S., Toni, I., Diedrichsen, J., & Medendorp, W. P.
(2010). Repetition suppression dissociates spatial frames
of reference in human saccade generation. Journal of
Neurophysiology, 104, 1239–1248.

Volume 24, Number 1

Downloaded from http://mitprc.silverchair.com/jocn/article-pdf/24/1/171/1780332/jocn_a_00132.pdf
Downloaded from http://direct.mit.edu/jocn/article-pdf/24/1/171/1943578/jocn_a_00132.pdf by guest on by
19 September
MIT Libraries
2021 user on 17 May 2021

Harrison, S. A., & Tong, F. (2009). Decoding reveals the
contents of visual working memory in early visual areas.
Nature, 458, 632–635.
Haynes, J. D., & Rees, G. (2005). Predicting the orientation
of invisible stimuli from activity in human primary visual
cortex. Nature Neuroscience, 8, 686–691.
Hinkley, L. B., Krubitzer, L. A., Padberg, J., & Disbrow, E. A.
(2009). Visual-manual exploration and posterior parietal
cortex in humans. Journal of Neurophysiology, 102,
3433–3446.
Kamitani, Y., & Tong, F. (2005). Decoding the visual and
subjective contents of the human brain. Nature
Neuroscience, 8, 679–685.
Kriegeskorte, N., Simmons, W. K., Bellgowan, P. S., & Baker,
C. I. (2009). Circular analysis in systems neuroscience:
The dangers of double dipping. Nature Neuroscience, 12,
535–540.
Logothetis, N. K. (2008). What we can do and what we
cannot do with fMRI. Nature, 453, 869–878.
Medendorp, W. P., Goltz, H. C., Crawford, J. D., & Vilis, T.
(2005). Integration of target and effector information in
human posterior parietal cortex for the planning of action.
Journal of Neurophysiology, 93, 954–962.
Medendorp, W. P., Goltz, H. C., & Vilis, T. (2005). Remapping
the remembered target location for anti-saccades in human
posterior parietal cortex. Journal of Neurophysiology, 94,
734–740.
Medendorp, W. P., Goltz, H. C., & Vilis, T. (2006). Directional
selectivity of BOLD activity in human posterior parietal
cortex for memory-guided double-step saccades. Journal
of Neurophysiology, 95, 1645–1655.
Medendorp, W. P., Goltz, H. C., Vilis, T., & Crawford, J. D.
(2003). Gaze-centered updating of visual space in human
parietal cortex. Journal of Neuroscience, 23, 6209–6214.
Merriam, E. P., Genovese, C. R., & Colby, C. L. (2003). Spatial
updating in human parietal cortex. Neuron, 39, 361–373.
Mur, M., Bandettini, P. A., & Kriegeskorte, N. (2009). Revealing
representational content with pattern-information fMRI—An

