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Abstract: Object-based visuospatial transformation is important for the ability to interact with the
world and the people and objects within it. In this preliminary investigation, we hypothesized that
object-based visuospatial transformation is a unitary process invoked regardless of current context and
is localized to the intraparietal sulcus. Participants (n 5 14) performed both antisaccade and mental
rotation tasks while scanned using fMRI. A statistical conjunction confirmed that both tasks activated
the intraparietal sulcus. Statistical parametric anatomical mapping determined that the statistical
conjunction was localized to intraparietal sulcus subregions hIP2 and hIP3. A Gaussian na€ıve Bayes
classifier confirmed that the conjunction in region hIP3 was indistinguishable between tasks. The
results provide evidence that object-based visuospatial transformation is a domain-general process
that is invoked regardless of current context. Our results are consistent with the modular model of the
posterior parietal cortex and the distinct cytoarchitectonic, structural, and functional connectivity
profiles of the subregions in the intraparietal sulcus. Hum Brain Mapp 39:354–368, 2018. VC 2017 Wiley

Periodicals, Inc.
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INTRODUCTION

The intraparietal sulcus (IPS) plays a fundamental role in
organizing visual spatial attention. A wide range of processes
activate the IPS, with neurons encoding information such as
spatial coordinates of objects, the position of body parts in

space, eye movement data, or geometrical properties of
objects such as shape, size, and orientation [Grefkes and Fink,
2005]. A potential commonality between these processes is
that all require some form of visuospatial transformation
within an object-based reference frame, in contrast to other
visuospatial transformations that are performed in the
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egocentric (relative to self or effector) and allocentric (relative
to environmental fiducial points) reference frame (see Zacks
and Michelon [2005] for a review). Despite highly consistent
activation of the IPS in tasks requiring object-based visuospa-
tial transformation, it remains unclear if the IPS plays a
“general purpose” role in the transformation that is invoked
regardless of current context (i.e., current behavioral goals).

Two tasks that show robust activation of the IPS are the
mental rotation and antisaccade tasks. The mental rotation
task requires the imagined rotation of a visual stimulus
from one orientation to another, for example, the imagined
rotation of a digit to determine if it is presented in its
correct or reversed orientation [Podzebenko et al., 2002;
Fig. 1B]. The antisaccade task requires an eye movement
away from a peripherally presented target to its mirror
opposite location (Fig. 1A); in other words, it requires the
transformation of the target location to a mirror opposite
location. Despite clear differences in task parameters includ-
ing imagined versus overt movement, the category-response
task rules, and stimulus visual and temporal characteristics,
activations for both tasks have been identified within the
IPS. Our aim was to investigate whether the IPS may have
a general-purpose role in object-based spatial transforma-
tions that is activated regardless of the task context.

A vast number of studies have attempted to map the
structure and function of the IPS. Much of the published
research has exploited the apparent anatomical and func-
tional similarities of the human and nonhuman primate
IPS, leading to the identification of neurons that respond
to direction in the visuomotor domain [Grefkes and Fink,
2005], including a “remapped vector signal” required in
the antisaccade task [Zhang and Barash, 2000]. The

nonhuman primate (NHP) IPS has been subdivided into a
number of subregions, including the anterior intraparietal
area (AIP) which selectively activates for size, shape, and
orientation of objects, especially where the objects are tar-
gets for motor manipulation; the medial intraparietal area
(MIP) which is involved in planning, executing and moni-
toring reaching movements; the ventral intraparietal area
(VIP) which is a “polymodal” association region, integrat-
ing visual, tactile, vestibular, and auditory input; the lat-
eral intraparietal area (LIP) which is particularly
responsive during saccades; and the caudal intraparietal
area (CIP) which is particularly involved in the processing
of 3D object features.

The human parietal cortex is greatly expanded in com-
parison to nonhuman primates [Grefkes and Fink, 2005;
see also Mitchell et al., 2016], which results in different
spatial positions of distinct anatomical IPS subregions, as
well as the presence of anatomical and functional areas
unique to humans. Cytoarchitectonic studies have identi-
fied three distinct IPS subdivisions: hIP1, hIP2, and hIP3
[Choi et al., 2006; Scheperjans et al., 2008a, 2008b]. These
regions are postulated to be putative homologs of
macaque AIP, VIP, and MIP respectively [Caspers et al.,
2012]. The IPS anatomical subdivisions exhibit quite differ-
ent functional activity and connectivity to different neural
networks [Uddin et al., 2010]. Functional connectivity anal-
yses have shown that hIP1 and hIP2 (located anteriorly on
the IPS) have a strong association with frontal attentional
regions, while hIP3 (located more posteriorly) shows strong
coupling with posterior occipital regions.

A saccade is a fast eye movement that quickly moves
the fovea from one target or image to another [Enderle,

Figure 1.

Task design. (a) Antisaccade task. Figure represents a single trial. Depending on the color of

fixation-1 and the target, the participant was required to make a prosaccade toward the target

or an antisaccade to the mirror opposite location. Color-task mapping was randomized between

participants. (b) Mental rotation task. Figure represents a single trial. [Color figure can be viewed

at wileyonlinelibrary.com]
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2010]. The antisaccade task requires participants to inhibit
a reflexive saccade to a visual target and instead make a
voluntary saccade to its mirror opposite location [Munoz
and Everling, 2004]. Neuroimaging and single cell record-
ing studies of NHPs and humans have revealed that the
IPS and the posterior superior parietal lobule play a major
role in generating saccades [Koyama et al., 2004; McDow-
ell et al., 2008; Sereno et al., 2001; Zhang and Barash,
2000]. A recent meta-analysis of neuroimaging studies of
the antisaccade task in humans confirmed that the IPS is
highly activated while performing antisaccades compared
to prosaccades [Jamadar et al., 2013]. In the antisaccade
task, the IPS is thought to be involved in the process of
vector inversion [Brown et al., 2006; Medendorp et al.,
2005] that spatially transforms the target for the saccade
from the visually presented stimulus location to the mirror
opposite location [Domagalik et al., 2012; Dyckman et al.,
2007; Moon et al., 2007; Nyffeler et al., 2007]. Single-cell
recordings in NHPs have shown that the vector inversion
process is localized to the NHP lateral intraparietal region
[Zhang and Barash, 2000]. The human equivalent of NHP
lateral intraparietal area is thought to be on the posterior
medial wall of the IPS [Culham and Valyear, 2006;
McDowell et al., 2008; Pierrot-Deseilligny et al., 2009].

During the mental rotation task, subjects are required to
imagine rotating a visually presented stimulus from one
orientation to another. Reaction time increases with
increasing angle of imagined rotation [Alivisatos and Pet-
rides, 1997; Cohen et al., 1996; Goebel et al., 1998; Gogos
et al., 2010; Schendan and Stern, 2007; Zacks, 2008]. The
superior parietal lobule has a significant role in the mental
rotation process with activation identified along with the
IPS [Booth et al., 2000; Gogos et al., 2010; Zacks, 2008].
Additionally, specific subregions of the IPS are selectively
activated during mental rotation, namely, the ventrolateral
bank of the IPS [Podzebenko et al., 2005], the ventral and
dorsal IPS [Milivojevic et al., 2009; Schendan and Stern,
2007], and the medial and posterior medial IPS [Weiss
et al., 2009]. The medial and posterior medial aspects of
the IPS are frequently involved in mental rotation and
antisaccade tasks.

Both mental rotation and antisaccade tasks require
object-based visuospatial transformation, and both reliably
and robustly activate the IPS. Therefore, we aimed to
determine whether the IPS may have a general-purpose
role in object-based visuospatial transformation that is
invoked regardless of the current task context. We conjec-
tured that the IPS may play a unitary role in object-based
visuospatial transformation. In this initial study, we
conducted functional MRI in a cohort of young healthy
individuals while they completed mental rotation and
antisaccade tasks. We conducted a statistical conjunction
analysis to determine whether both tasks activated the
same IPS regions. A consistency analysis was conducted to
identify how consistent IPS activity was across the partici-
pants, and a classifier analysis was performed to determine

if activity between the two tasks within the IPS region was
statistically distinguishable. We hypothesized that the
medial and the posterior IPS would be active during anti-
saccades, and that the ventrolateral bank of the IPS, ventral,
posterior medial, and medial IPS would be active during
mental rotation. Finally, we also hypothesized that both
tasks would activate overlapping regions in the IPS, specifi-
cally, the medial IPS region and the posterior medial IPS
region corresponding to cytoarchitectonic region hIP3.

METHODS

All procedures were reviewed and approved by the
Monash University Human Research Ethics Committee, in
accordance with the Australian National Statement on
Ethical Conduct in Human Research (2007).

Participants

Nineteen healthy participants volunteered in this study.
Two participants had incomplete behavioral data sets and
one participant experienced difficulty remaining in the
MRI scanner due to claustrophobia; therefore, the data for
these three participants were excluded from the overall
analysis. Additionally, two participants were excluded due
to poor performance on either task (<50% correct). The
remaining 14 participants (aged 23–42 years, mean 29.1,
SD 5 5.85 years, 6 female) were predominantly right
handed (9 right, 3 left, 2 ambidextrous; Edinburgh Hand-
edness Inventory, Oldfield, [1971]) with mean 19.8 (SD 3.2)
years of education. All participants had normal or
corrected-to-normal vision, had no history of neurological
impairment or head trauma; women were excluded for
current or suspected pregnancy.

Stimuli and Tasks

Stimuli for each task were projected onto a 1.2 m 3 1 m
screen positioned at the rear of the MRI scanner bore.
While in the scanner, participants lay supine with their
head supported in a 20-channel radiofrequency head coil,
with foam padding used to reduce motion. Participants
viewed the screen with an angled mirror attached to the
head coil. Earplugs were used to reduce the discomfort of
scanner noise.

Antisaccade task

The antisaccade task was programmed in Experiment
Builder v.10 (SR Research, Ontario Canada). Antisaccade,
prosaccade, and null trials were presented using a block
design in pseudorandomized order (e.g., AS/null/PS/
null/PS/null/AS/null. . .). There were nine cycles of
antisaccade/null/prosaccade/null sequence. Participants
completed 99 trials each of antisaccade and prosaccade.
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The duration of antisaccade and prosaccade trials were
fixed at 2700 ms. Each trial began with the presentation of
a fixation cross (“fixation-1” 96 3 96 pixels; Fig. 1A) on a
black background presented for 400, 450, 500, 550, or
600 ms with the duration randomized between trials. The
fixation-1 image was removed and followed by a blank
screen (200 ms), after which the target (filled circle diame-
ter 96 pixels with 30 3 30 pixel cross hairs in center)
appeared on either the left or the right side of the screen
for 1500 ms. The target was followed by a white fixation
cross (“fixation-2,” 96 3 96 pixels) until the end of the trial
for 600, 550, 500, 450, or 400 ms, randomized between
trials. One block of each task type consisted of 11 trials
with a duration of 29.7 s.

For the antisaccade and prosaccade trials, the fixation-1
image and the target were colored in one of two cue col-
ors; magenta for antisaccade, turquoise for prosaccade or
vice versa, counterbalanced between participants. Within
antisaccade and prosaccade blocks, trials were pseudor-
andomized according to the following rules: even number
of right and left targets within trial type, no more than
four consecutive targets in the same hemisphere, the fixa-
tion cross duration randomized with equal number of
each within trial type, and no more than four consecutive
trials of the same fixation cross duration. Participants were
instructed to direct their gaze to the fixation cross and
when the colored target appeared, to execute an eye
movement either to the stimulus (prosaccade) or to its
mirror opposite location (antisaccade) indicated by the
target color. The fixation-2 image then appeared to
indicate the end of that trial type and the start of the next
trial. For null trials, the fixation-1 image was white and
was presented continuously on the screen for 16.2 s. Six
trials made up one null block. Participants were instructed
to maintain fixation throughout the duration of the null
block. Total task run time was 13.8 min.

Mental rotation task

Stimuli were presented using Presentation software
(v12, Neurobehavioral Systems, CA, USA). The mental
rotation task was based on a previous study [Gogos et al.,
2010] and consisted of six two-dimensional alphanumeric
characters (F, G, R, 2, 4, 5) presented in their normal or
mirror-reverse orientation (Fig. 1B). The characters were
displayed in their upright position or at varying angles of
rotation, ranging from 08 to 3208. There were seven
available rotation angles that were divided into four
groups of average rotation angle; (i) stimuli not rotated
(08, zero), (ii) 508 average rotation (included stimuli rotated
40/3208 and 60/3008), (iii) 1008 average rotation (included
stimuli rotated 80/2808, 100/2608, and 120/2408), and (iv)
1508 average rotation (included stimuli rotated 140/2208

and 160/2008). Thus the five experimental conditions
were a baseline, a 08 rotation condition and three rotation
conditions; easy (508 average rotation), medium (1008 aver-
age rotation), and hard (1508 average rotation).

The five conditions were presented in a block design
over two runs (8 min 24 s each; 288 total trials). A total of
24 blocks were presented pseudorandomly per run: six
baseline, six 08 rotation and four 508, four 1008, and four
1508 rotation blocks. Each block lasted 21 s and consisted
of six trials of 3500 ms per trial. Each stimulus was pre-
sented in black Arial font in the center of a white screen
for 3000 ms, followed by a blank white screen for 100 ms,
fixation point (“1”) for 300 ms and another blank white
screen for 100 ms. The first and last block in each run was
a baseline condition. In the baseline condition, six consecu-
tive presentations of an arrow pointing to the left or right
required participants to respond with the hand corre-
sponding with the arrow direction. For rotated stimuli,
participants were asked to determine stimulus orientation
and responded by pressing a button corresponding to
“correct” orientation or “mirror-reverse” orientation. Par-
ticipants held a response pad in each hand and responded
with the index finger of each hand; right hand to indicate
correct and left hand to indicate mirror reverse orientation
or vice versa, counterbalanced between participants.

In each run, there were a total of 108 alphanumeric
stimuli, consisting of 18 trials of each of the six characters.
The sequence of stimuli within each run was consistent
between all participants; however, the order in which the
runs were presented differed between participants.

Data Acquisition and Analysis

Antisaccade task: Ocular motor data recording

and analysis

Horizontal displacement of the eye was recorded simulta-
neously with fMRI using an MR- compatible video-based
SR Research Eyelink 1000 system, with a spatial resolution
of 0.018 and a sampling rate of 500 Hz.

Ocular motor data were analyzed using a customized
program written in MatLab (v.8.0, R2012b) and was used to
mark the time and location of target onset and offset, as
well as saccade onset and offset. Each trial was manually
inspected to ensure correct placement of target and saccade
markers and to ascertain errors. The onset of the saccade
was defined as the time when eye velocity exceeded 308/s
and the end of a saccade was defined as the time after sac-
cade onset when eye velocity fell below 108/s. Trials were
excluded from further behavioral analysis if they exhibited:
(i) blinks prior to 100 ms of the target onset or during the pri-
mary saccade, (ii) small saccades with amplitude< 38, or (iii)
anticipatory eye movements (saccades made within 100 ms
of the peripheral target appearing). On average, 37 trials
were excluded from the behavioral analysis using these cri-
teria. Variables of interest were reaction time of the primary
saccade (the time difference between target onset and the
primary saccade onset) and directional errors (trials in
which a prosaccade was made during an antisaccade trial,
or in which an antisaccade was made during a prosaccade
trial). Directional error proportions were calculated for both
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pro- and antisaccades as the ratio of the number of trials
with a directional error to the total number of trials
analyzed. Outliers (values exceeding 6 3 SDs) for these
variables were removed.

Behavioral data were analyzed using IBM SPSS Statistics
20. Reaction time and directional error percentage were
analyzed with two separate 2 trial type (antisaccade and
prosaccade) repeated measures ANOVA. Estimates of
effect size are partial eta squared.

Mental rotation task: Behavioral data recording

and analysis

Reaction time and percentage correct were the variables
of interest. Behavioral data were analyzed using IBM SPSS
Statistics 20. Reaction time and percentage correct were
analyzed with two separate 3 trial type (easy, medium,
and hard) repeated measures ANOVA. Estimates of effect
size are partial eta squared.

Behavioral results were not corrected for multiple com-
parisons for the number of tasks (antisaccade and mental
rotation) or the number of measures for each task (RT and
error rate).

MR image acquisition and analysis

Magnetic resonance images were acquired on a Siemens
Skyra 3 T wide-bore scanner equipped with a Siemens 20
channel radiofrequency head coil. Functional MRI was
acquired using a T2*-weighted GRAPPA echo-planar
imaging (EPI) sequence (ascending axial acquisition,
TR 5 2.5 s, TE 5 30 ms, FOV 5 192 mm, acquisition
matrix 5 64 3 64, 44 slices, 3 3 3 3 3 mm voxels). Struc-
tural MRI was acquired using a T1-weighted 3D MPRAGE
sequence (TR 5 1900 ms, TE 5 2.43 ms, flip angle 5 98,
matrix 5 192 3 192 mm, voxel size 5 0.6 3 0.6 3 0.6 mm3,
256 slices). For the antisaccade task, a total of 356 volumes
were acquired per run, while for the mental rotation task,
a total of 211 volumes were acquired per run.

MRI data were analyzed with Statistical Parametric Map-
ping 8 (SPM8; Wellcome Department of Cognitive Neurol-
ogy, London). Data from both tasks for each participant
were preprocessed and modeled separately. For functional
runs, the first five images of each participant for each task
were discarded to account for T1 saturation effects. EPI slice
acquisition timing differences were corrected using the cen-
tral slice as a reference, realigned to the first nondummy
image and coregistered to their individual structural scans.
Structural scans were then segmented using the unified seg-
mentation algorithm in SPM8 to derive spatial normaliza-
tion parameters for each individual to MNI space.
Functional and structural scans were then normalized to the
MNI template using these parameters and spatially
smoothed using a 3 mm isotropic full width half maximum
(FWHM) Gaussian smoothing kernel. A small smoothing
kernel was chosen to reduce the blurring of effects across the
IPS subregions. Mean total displacement [Wilke, 2012, 2014]

across subjects was 0.64 mm (s.d. 0.32 mm; range
0.38–1.17 mm). No participant met criteria for exclusion for
motion (acute motion >1 voxel).

For the antisaccade task, first-level analyses consisted of
a model with the two experimental regressors (antisaccade
and prosaccade) and six realignment parameters (x, y, z,
pitch, roll and yaw) as regressors of no interest, convolved
with a canonical hemodynamic response. Contrast images
for antisaccade compared to baseline were entered into a
second-level random effects analysis and thresholded
(PFDR corrected< 0.05, k> 25 voxels).

For the mental rotation task, first-level analyses con-
sisted of a model with the four experimental regressors
(zero, easy, medium, and hard) and six realignment
parameters (x, y, z, pitch, roll, and yaw) convolved with a
canonical hemodynamic response. Contrast images for
hard> zero were entered into a second-level random
effects analysis and thresholded (PFDR corrected< 0.05, k> 25
voxels). The hard> zero contrast was used to identify the
maximal mental rotation activation in the IPS.

IPS ROI definition and conjunction analyses

Anatomical regions of interest (ROI) were defined using
maximum probability cytoarchitectonic maps in the SPM
Anatomy toolbox [Eickhoff et al., 2005]. The probabilistic
cytoarchitectonic maps are based on an observer-independent
cytoarchitectonic analysis in a sample of 10 human postmor-
tem brains, and provide stereotaxic information on the location
and variability of cortical areas in the Montreal Neurological
Institute (MNI) reference space [Eickhoff et al., 2006]. Details
on the IPS cytoarchitectonic regions that these maps are based
on are found in Caspers et al. [2008, 2012], Choi et al. [2006],
Hoffstaedter et al. [2013], Scheperjans et al. [2008a, 2008b], and
Wu et al. [2009]. The combined IPS map used in this analysis
included the human intraparietal areas 1, 2, and 3 (hIP1, hIP2,
and hIP3, respectively). The probability threshold was set to
P< 0.05 and the number of voxels contained in regions hIP1, 2,
and 3 at this threshold were 5433 (1173 mm3), 2802 (605 mm3),
and 4620 (997 mm3), respectively. Separate conjunction analy-
ses of each task with the combined IPS map were performed.
A task conjunction map of co-activation within the IPS during
both the antisaccade and mental rotation tasks was computed,
and conjunction analyses were performed between the indi-
vidual hIP maps, areas BA2 and SPL7PC, with the task con-
junction map.

Consistency analysis and nonparametric tests

To determine the consistency of the results across subjects,
we calculated the number of participants contributing to
each cluster. Each participant’s first-level antisaccade and
mental rotation thresholded maps were binarized to pro-
duce maps with values of 0 (no activity) or 1 (activity). A
group-level consistency map was calculated to quantify the
number of participants with activity in each cluster.
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In addition to this consistency analysis, we also con-
ducted nonparametric tests to examine the reproducibility
of the conjunction analysis, controlling for sample variance
in age, sex, and handedness. Permutation analysis was
performed using FSL Randomize. Specifically, Z-maps for
all the 14 subjects for each task were merged to create 2
4D files. Each of them was then fed into Randomize with
5000 permutations, controlling for age, gender, and hand-
edness. Permutation tests were limited to the IPS region.
The P values in the final images were FWE P< 0.05
corrected, controlling for false-positive rate. Finally, the
conjunction map was calculated taking the maximum of
the 1 2 P values in each voxel between the two tasks.

Classifier analysis

While a statistically significant conjunction provides evi-
dence of co-activation of the same region between tasks,
this analysis does not provide information that the activity
is identical between the two tasks. To do this, a classifica-
tion algorithm is required.

The activation maps for each participant were divided
into two classes (the antisaccade and mental rotation maps),
with 14 exemplars per class, and a decoding analysis was
performed using the IPS map as the ROI mask. The
activation maps were converted to Z-score and submitted to
a leave-one-run-out cross-validation scheme, using a Gauss-
ian Na€ıve Bayes (GNB) classifier and a searchlight approach
(searchlight radius of 4 voxels). Briefly, each voxel in the IPS
mask was used as a center to build a searchlight sphere of
radius 4 voxels (including only those voxels within the IPS
map). This sphere was used to extract the voxel values for
each participant’s activation map, to create an N 3 M classi-
fier matrix (where N is the total number of exemplars, 28,
and M is the number of voxels within the sphere). An exem-
plar (per class) was left out, and a prediction for its label was
made using the classifier trained on the remaining sample
(26 exemplars). This procedure was repeated for each exem-
plar in turn to generate 28 predictions. The accuracy for the
voxel in the center of the searchlight sphere was then com-
puted as the proportion of the number of correct classifica-
tions to the total number of predictions. In this way, an
accuracy value was produced for each voxel of the IPS
mask. To assess statistical significance, a permutation test
within each searchlight step (8192 permutations which is the
maximum possible number for this analysis) was imple-
mented (Hebart et al., 2015) and the accuracy map was
thresholded at P< 0.05. To further investigate the classifica-
tion accuracy, the decoding analysis was repeated using
three independent ROIs, namely hIP1, hIP2, and hIP3,
respectively.

Finally, the IPS subregion accuracy maps were binarized
(1 in voxels with accuracy> 50%, 0 otherwise) to deter-
mine the proportion of the subregion that was classified at
>50% accuracy. The Dice Similarity Coefficient (DSC) was
used to quantify the spatial overlap between the binarized

accuracy maps and the three IPS subregion maps. The
DSC is given by

2 X \ Yð Þ
jXj1jYj

where the first term is the number of common voxels
between the two masks, and |X| and |Y| are the total
number of nonzero voxels in the first and second masks,
respectively. The value of the Dice coefficient ranges from
0 (no spatial overlap between two binary images) to 1 for
complete overlap. Three Dice scores were calculated for
the accuracy maps for hIP1, hIP2, and hIP3.

RESULTS

Behavioral Results

Reaction times (Fig. 2A) were significantly longer for
antisaccades compared to prosaccades (F(1,13) 5 102.809,
P 5 1.53 3 1027, g2 5 0.888). Mean directional error rates
(accuracy) showed antisaccades had higher rates compared
to prosaccades but this was not significant (F(1,13) 5 3.866,
P 5 0.071, g2 5 0.229).

For the mental rotation task, reaction time (Fig. 2B) sig-
nificantly increased as a function of increasing rotation
angle (easy, medium and hard: F(2,26) 5 79.046, P 5

8.90 3 10212, g2 5 0.859). Accuracy (percent correct)
reduced significantly (Fig. 2B) with increasing rotation
angle (F(2,26) 5 18.083, P 5 1.2 3 1025, g2 5 0.582). The
reduced accuracy with increasing rotation angle was
significant for the easy versus hard conditions (P 5

1.4 3 1024), and for the medium versus hard conditions
(P 5 0.001), but no significant differences were observed
for the easy versus medium conditions (P 5 0.137; planned
comparisons).

Functional MRI Results

Activation maps results for each task across the whole
brain are shown in Figure 3. Consistent with previous
studies, both the antisaccade task and mental rotation task
evoked activation in distributed frontal-parietal networks.
Results for the conjunction analysis across the whole brain
are shown in Figure 3c. As expected following the individ-
ual task analyses, the task conjunction analysis identified
activation in a distributed frontal-parietal network.

Results for the IPS activation for each task are shown in
Figure 4. The antisaccade task evoked activation along the
medial bank of the IPS (Fig. 4A) that extended from ante-
rior to posterior IPS, predominantly within the right hemi-
sphere. The mental rotation task showed similar activation
to the antisaccade task within the IPS (Fig. 4B) with nota-
ble activation in the posterior medial IPS region. The task
conjunction analysis showed significant co-localized activa-
tion for the two tasks within the IPS (Fig. 4C), extending
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Figure 2.

Behavioral results. (a) Reaction time and accuracy for the antisaccade task. (b) Reaction time and

error rate for the mental rotation task. Error bars show standard error. Horizontal bars and

asterisks indicate significant effects of condition (see Behavioral Results).

Figure 3.

Whole-brain activation results in the IPS. (a) Antisaccade activa-

tion map for the antisaccade> baseline contrast (Talairach co-

ordinate x 5 36, y 5 254, z 5 49); (b) mental rotation task for

the hard> zero contrast (36, 254, 49); and (c) the task

conjunction map between the antisaccade and mental rotation

activation maps (x 5 33, z 5 49). [Color figure can be viewed at

wileyonlinelibrary.com]
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anteriorly to posteriorly along the medial bank of the IPS,
and predominantly in the right hemisphere.

The majority of the activated voxels in the conjunction
analysis were assigned bilaterally to cytoarchitectonically

defined IPS subregion hIP3 (Fig. 5 and Table I). In the
right hemisphere, 50.0% of the activated voxels were
assigned to hIP3 (with relative extent of activation 30.1%)
and 20.1% of activated voxels were assigned to hIP2 (with

Figure 4.

IPS task conjunction maps. Overlap of the IPS mask and (A) the

antisaccade map (z coordinate 5 49); (B) the mental rotation map

(z coordinate 5 49); and (C) the task conjunction map. (D) A sur-

face rendered view with inset highlighting alignment of the IPS

task conjunction map along the right IPS. Blue regions indicate

the IPS mask, purple regions indicate the overlap between the IPS

mask and the task conjunction map, and the red regions indicate

activity outside of the IPS mask. Activation maps thresholded at

PFDR <0.05, k> 25. Abbreviation: IPS, intraparietal sulcus. [Color

figure can be viewed at wileyonlinelibrary.com]

Figure 5.

IPS task conjunction of tasks within anatomical subregions of the

parietal cortex. (a) All parietal subregions (z coordinate 5 49),

with detail shown along the IPS (inset) and across the posterior

cortical surface (rendered view). (B) IPS subregion task conjunc-

tion maps for hIP1, hIP2, and hIP3 (y coordinate 5 244). Blue

regions indicate the IPS subregion masks, red regions indicate

the significant conjunction between the mental rotation and

antisaccade tasks, purple regions indicate the overlap of each IPS

subregion map with the task conjunction map, green regions

indicate the Area 2 anatomical mask, yellow regions indicate the

overlap of the task conjunction map with the Area 2 mask, and

pink regions indicate the SPL anatomical mask. Abbreviations:

IPS, intraparietal sulcus; SPL, superior parietal lobule. [Color fig-

ure can be viewed at wileyonlinelibrary.com]

r Functional Subdivisions Within Human Intraparietal Sulcus r

r 361 r



relative extent of activation 28.8%). Small percentages of
this cluster were identified as being in hIP1 (8.9%), Brod-
mann Area 2 (BA2; 6.1%) and the superior parietal lobule
7PC (SPL 7PC; 5.5%). In the left hemisphere, 59.4% of acti-
vated voxels were assigned to hIP3 (with relative extent of
activation 22.3%), and 17.7% of activated voxels were
assigned to hIP1 (with relative extent of activation 4.1%).
Small percentages of this cluster were identified as hIP2
(6.7%), SPL 7PC (6.3%), Brodmann Area 2 (BA2; 3.2%),
and SPL 7A (1.1%).

Figure 6 shows the consistency of results across individuals.
These maps highlight that the antisaccade task cluster within
the IPS was the most consistent across individuals, with all 14
participants contributing to the peak. The mental rotation task
cluster within the IPS had 10 individuals contribute to the
peak, and 8 individuals contributed to the IPS peak in the con-
junction of the antisaccade and mental rotation tasks.

The sample size of this study is modest, and the sample
included demographic variance in age, sex and handed-
ness, which were not controlled for in the main analysis.
Therefore, we conducted follow-up permutation tests to
examine the reproducibility of the results. After controlling
for age, sex and handedness, the conjunction results were
largely consistent with the main analysis (Table II). In the
right hemisphere, the IPS cluster increased from 185 voxels
in the main analysis, to 193 voxels after controlling for
age, sex, and handedness. The percentage of activation
remained largely within hIP3 (from 50% to 63%); the per-
centage of activation within hIP2 reduced (from 20% to
3%) and hIP1 remained largely unchanged (from 9% to
7%). In the left hemisphere, the IPS cluster size remained
unchanged. The percentage of activation within hIP3 and
hIP2 reduced after controlling for demographic variance
(hIP3: from 60% to 40%; hIP2: from 7% to 0.4%); the

TABLE I. MNI coordinates, T values, and cluster sizes of regions showing statistical conjunction of antisaccade and

mental rotation tasks

Percentage probabilities of
cytoarchitectonic regions

Number of
voxels in cluster

Site of SPM maxima x, y, z

MNI coordinates T value

R inferior parietal lobule/R superior
parietal lobule/R angular gyrus 185

(50.0%) hIP3 (30.1%) 40 240 48 6.41
(20.1%) hIP2 (28.8%) 36 246 54 5.67
(8.9%) hIP1 (7.2%) 38 244 52 5.46
(6.1%) Area 2 (1.2%) 42 240 52 5.36
(5.5%) SPL 7PC (2.5%) 32 244 44 4.72
(3.0%) SPL 7A (0.5%) 26 258 52 4.70
(0.6%) IPC PFt (0.3%) 36 242 44 4.66
(0.1%) IPC PFm (0.0%) 22 256 50 4.57

32 252 54 4.14
26 262 46 3.85
30 256 46 3.81

L inferior parietal lobule/L postcentral
gyrus/L superior parietal lobule

105

(59.4%) hIP3 (22.3%) 230 252 48 5.05
(17.7%) hIP1 (4.1%) 232 248 50 4.39
(6.7%) hIP2 (3.1%) 240 236 42 4.28
(6.3%) SPL 7PC (3.3%) 240 244 48 4.10
(3.2%) Area 2 (0.4%) 226 258 54 3.78
(1.1%) SPL 7A (0.1%) 228 246 42 3.64
(0.5%) IPC PFt (0.1%) 234 242 40 3.57
(0.4%) SPL 5L (0.1%) 236 246 54 3.56
(0.1%) Area 1 (0.0%) 228 260 44 3.38
L superior parietal lobule 1
(75.0%) hIP3 (0.3%) 222 256 52 3.26
(25.0%) SPL 7A (0.0%)

The anatomical region and cytoarchitectonic map location [Eickhoff et al., 2005] of significant clusters (P< 0.05 corrected) for the
conjunction of antisaccade and mental rotation tasks at the group level. Percentage probabilities for cytoarchitectonic locations are based
on the maximum probability map, version 1.3 [Eickhoff et al., 2005]; for example, “50.0% hIP3 (30.1%)” indicates that 50.0% of the
cluster activation is in hIP3 and this represents 30.1% activation of the total volume for hIP3. Cluster size is based on number of voxels
at P< 0.05 FDR corrected within cluster. Site of maxima voxels (Montreal Neurological Institute (MNI) x, y, z coordinates) and peak
voxel Z scores reported also reached significance at a false discovery rate (FDR) probability threshold P< 0.05. Area 1 5 Brodman Area 1;
Area 2 5 Brodman Area 2; hIP1 5 human intraparietal area 1; hIP2 5 human intraparietal area 2; hIP3 5 human intraparietal area 3;
IPC 5 inferior parietal cortex; SPL 5 superior parietal lobule.
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percentage of activation within hIP1 increased (from 18%
to 33%) after controlling for demographic variables. Last,
the third cluster in the left hIP3 increased slightly in size
(from 1 to 7 voxels). These results confirm that the con-
junction is robust when controlling for sample age, sex,
and handedness.

Figure 7 shows the results of the classification analysis.
The GNB classifier achieved a high accuracy in hIP1
(85.7%) and hIP2 (82.1%), suggesting that the activity pat-
terns within these two IPS subregions was spatially dis-
tinct. A lower accuracy was achieved in hIP3 (64.3%),
suggesting that the spatial pattern of the activity for the
tasks was similar in this subregion. Dice coefficients fur-
ther corroborated those findings. The DCS between the
binarized accuracy map (1 where classification accu-
racy> 50%) and hIP1 was 0.51, confirming that the area
with the highest classification accuracy has a significant
spatial overlap with the ROI representing hIP1 subregion.

Following the decreasing trend observed for the GNB clas-
sifier accuracy, the DCS for hIP2 and hIP3 were 0.26 and
0.15, respectively. In particular, the low DCS for hIP3,
denoting a small number of voxels with high classification
accuracy in this area, is a further evidence of the inability
of the classifier to distinguish between the two tasks in
this subregion (Fig. 7).

DISCUSSION

The goal of this preliminary study was to determine if
object-based visuospatial transformation is a unitary pro-
cess that is invoked regardless of current context, behav-
ioral goals, and current task rules. Drawing upon previous
studies, we argued that object-based visuospatial transfor-
mation is localized to the intraparietal sulcus. We used the
antisaccade and mental rotation tasks, two tasks that

TABLE II. MNI coordinates and cluster sizes of regions showing statistical conjunction of antisaccade and mental

rotation tasks in permutation tests: controlling for age, sex, and handedness

Nonparametric tests Values in main analysis

Probabilistic mapping # Voxels Maxima # Voxels Probabilities

R inferior parietal lobule/R superior
parietal lobule/R angular gyrus

193 36 244 48 185

(62.9%) hIP3 (26.5%) (50.0%) hIP3 (30.1%)
(7.3%) hIP1 (4.9%) (8.9%) hIP1 (7.2%)
(3.4%) hIP2 (3.1%) (20.1%) hIP2 (28.8%)
(1.9%) Area 2 (0.6%) (6.1%) Area 2 (1.2%)
(0.8%) SPL 7A (0.2%) (3.0%) SPL 7A (0.5%)
(0.7%) SPL 7PC (0.3%) (5.5%) SPL 7PC (2.5%)

(0.6%) IPC PFt (0.3%)
(0.1%) IPC PFm (0.0%)

L inferior parietal lobule/L postcentral
gyrus/L superior parietal lobule

105 236 252 50 105

(39.8%) hIP3 (9.1%) (59.4%) hIP3 (22.3%)
(33.3%) hIP1 (9.6%) (17.7%) hIP1 (4.1%)
(0.4%) hIP2 (0.2%) (6.7%) hIP2 (3.1%)
(2.7%) Area 2 (0.5%) (3.2%) Area 2 (0.4%)
(1.7%) IPC PFt (0.3%) (0.5%) IPC PFt (0.1%)
(0.2%) SPL 5L (0.1%) (0.4%) SPL 5L (0.1%)

(6.3%) SPL 7PC (3.3%)
(1.1%) SPL 7A (0.1%)
(0.1%) Area 1 (0.0%)

L superior parietal lobule 7 228 260 46 1
(89.3%) hIP3 (1.4%) (75.0%) hIP3 (0.3%)

(25.0%) SPL 7A (0.0%)

Values from the main analysis (see main text) are shown for ease of comparison. The anatomical region and cytoarchitectonic map loca-
tion [Eickhoff et al., 2005] of significant clusters (P< 0.05 corrected) for the conjunction of antisaccade and mental rotation tasks at the
group level. Percentage probabilities for cytoarchitectonic locations are based on the maximum probability map, version 1.3 [Eickhoff
et al., 2005]; for example, “50.0% hIP3 (30.1%)” indicates that 50.0% of the cluster activation is in hIP3 and this represents 30.1% activa-
tion of the total volume for hIP3. Cluster size is based on number of voxels at P< 0.05 FDR corrected within cluster. Site of maxima
voxels (Montreal Neurological Institute (MNI) x, y, z coordinates) and peak voxel Z scores reported also reached significance at a false
discovery rate (FDR) probability threshold P< 0.05. Area 1 5 Brodman Area 1; Area 2 5 Brodman Area 2; hIP1 5 human intraparietal
area 1; hIP2 5 human intraparietal area 2; hIP3 5 human intraparietal area 3; IPC 5 inferior parietal cortex; SPL 5 superior parietal
lobule.
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require visuospatial transformation, and that show robust
activation of the IPS. The results obtained from whole-
brain analyses for each task were consistent with the liter-
ature demonstrating activation of medial and posterior IPS
during the antisaccade task [Domagalik et al., 2012; Jama-
dar et al., 2013, 2015] and the medial, ventral, and poste-
rior medial IPS during the mental rotation task
[Podzebenko et al., 2002, 2005; Weiss et al., 2009]. These
results are consistent with evidence showing that neurons
within the human IPS code for visuospatial transformation
[Choi et al., 2006; Grefkes and Fink, 2005].

We tested the hypothesis that the IPS is involved in
object-based visuospatial transformation in a non-context-
dependent manner by using three approaches: (a) statisti-
cal conjunction analysis testing for co-activation of the IPS
in the antisaccade and mental rotation tasks; (b) statistical
parametric anatomical mapping to localize activity to IPS
subregions; and (c) a Gaussian na€ıve Bayes (GNB) classi-
fier to test if activity of IPS subregions can be discrimi-
nated between tasks. To examine the reproducibility of the

IPS results, consistency analyses and nonparametric tests
controlling for demographic variance in age, sex, and
handedness were also conducted.

The majority (50%) of the significant statistical conjunc-
tion was obtained between the two tasks in the medial
and posterior medial aspects of the IPS, particularly area
hIP3. Permutation tests confirmed that this result was not
due to variance in age, sex, and handedness. While a sta-
tistically significant conjunction provides evidence of co-
activation of the same region between tasks, this analysis
does not confirm that the activity is identical between the
two tasks. The GNB classifier demonstrated poor classifica-
tion accuracy in area hIP3, confirming that the activity
within this region was indiscriminable between the two
tasks. This result is strong evidence that this region per-
forms a “general purpose,” non-context-dependent role in
object-based visuospatial transformation, compatible with
this region’s involvement in the multidemand network
[Duncan, 2010]. In contrast, while 20% of the conjunction
between antisaccade and mental rotation tasks was

Figure 6.

Consistency of results. (a) Antisaccade task had all 14 participants contribute to the peak of

activity within the IPS cluster. (b) The mental rotation task had 71% (10/14) participants contrib-

ute to the peak of activity within the IPS. (c) The conjunction between antisaccade and mental

rotation maps had 57% (8/14) participants contribute to the peak of activity within the IPS.

[Color figure can be viewed at wileyonlinelibrary.com]

Figure 7.

Classification accuracy. Highlighted areas indicate the percent accuracy for the classification anal-

ysis. [Color figure can be viewed at wileyonlinelibrary.com]
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obtained in hIP2, the GNB classifier showed very high
classification accuracy (82%) between the two tasks in this
region. While only a small proportion (<10%) of the signif-
icant conjunction between the tasks was obtained in hIP1,
this region showed the highest classification accuracy
(86%) between the tasks. These results represent an inter-
esting dissociation between these three regions and their
involvement in visuospatial transformation. Region hIP2
appears to be significantly activated by visuo-spatial trans-
formation, but appears to play a distinct role in each task.
Region hIP1 is minimally activated by visuospatial trans-
formation, and is likely to play a different role in antisac-
cade and mental rotation. In contrast, region hIP3 is
involved in a visuospatial transformation that is common
and indistinguishable between the two tasks.

The functional and structural connectivity and cytoarchi-
tectonic profile of region hIP3 is different from regions
hIP1 and hIP2. The cytoarchitectonic laminar pattern of
region hIP3 shows significantly different border patterns
between layers and different volume of cell bodies com-
pared to the neighboring regions [Scheperjans et al.
2008b]. Region hIP3 shows greater functional connectivity
to visual cortex and greater density of fibers along the
inferior fronto-occipital fasciculus connecting to the supe-
rior occipital cortex, compared to regions hIP1 and hIP2,
which show greater functional and structural connectivity
to fronto-parietal networks [Uddin et al., 2010]. Thus our
results are compatible with previous studies showing that
region hIP3 shows a distinct anatomical and functional
profile compared to regions hIP1 and hIP2. The greater
structural and functional connectivity of hIP3 to visual cor-
tex underscores its role in manipulating visual information
for subsequent processing. Although region hIP3 has only
recently been identified in cytoarchitectonic maps of the
IPS [Scheperjans et al., 2008a, 2008b], evidence is building
that this region plays a critical role in visuospatial atten-
tion. Gillebert et al. [2013] concluded that this region is
involved in attentional selection between peripherally pre-
sented stimuli. Silk et al. [2010] concluded that hIP3 main-
tains a spatial map where coordinates of an attention shift
are computed based on motor planning (see also Corbetta
et al. [2002] and Hu et al. [2009]); consistent with the vec-
tor inversion process in the antisaccade task [Medendorp
et al., 2005] and isomorphic nature of mental rotation
[Zacks and Michelon, 2005].

In contrast, the greater connectivity of region hIP2 with
fronto-parietal networks for action, suggests that this
region may be important for transforming the visuospatial
information into a target for action. While the antisaccade
and mental rotation tasks share common processes includ-
ing target identification and visuospatial transformation,
the two tasks differ in the processing that occurs after
transformation. In the antisaccade task, the result of the
transformation process directly codes the location for the
eye movement, and the saccade is performed. In the men-
tal rotation task, the result of the transformation process

must be parsed to category-response rules (i.e., correct ori-
entation 5 left hand; mirror orientation 5 right hand), and
the result of that decision process is then parsed to the
motor output. We argue that region hIP2 plays an impor-
tant role in converting the result of the visuospatial trans-
formation carried out by hIP3 into a target for action.

Importantly, we do not claim that the IPS subdivisions
only perform visuo-spatial transformation (hIP3), or only
visuo-motor integration (hIP2); rather we argue that the
present results support the conclusion that visuospatial
transformation is a unitary process that is common across
tasks and is implemented by a distinct region of the IPS.
Interestingly, this serial view of visuospatial transforma-
tion in hIP3 and visuomotor integration in hIP2 is consis-
tent with the known temporal properties of the IPS during
antisaccades. Nyffeler et al. [2008] showed that the initial
process of vector inversion during antisaccades can be dis-
rupted using transcranial magnetic stimulation (TMS)
early (100 ms) after the onset of the target. TMS applied
later (330–450 ms) after target onset interfered with inte-
grating the result of the vector inversion with motor sac-
cade planning. These results are consistent with our
argument that the visuospatial transformation performed
by hIP3 is parsed to hIP2 for integration with motor action
plans. This serial view is also consistent with arguments
that the IPS is part of a domain-general multidemand net-
work that is recruited across a broad range of tasks [Dun-
can, 2010; Fedorenko et al., 2013].

Our results are compatible with the characterization of
the posterior parietal cortex as a multimodal association
region, which processes different input modalities for inte-
gration into higher cognitive, motor, and somatosensory
processing. The IPS in particular has long been recognized
as playing an important role in integrating visual informa-
tion with spatial, motor, and somatosensory information to
support successful hand-eye coordination and movement
through the environment [Grefkes et al., 2004; Corbetta
et al., 2002; Colby and Goldberg, 1999]. Our results are
also compatible with the apparent modular organization
of the IPS, evident from architectonic, electrophysiological,
and functional studies of the macaque and human
(reviewed in Caspers et al. [2012]). Thus, the IPS appears
to be composed of a number of highly specialized mod-
ules that play a general role in visual attention that are
selectively activated during a variety of cognitive pro-
cesses, and are integrated into complex fronto-parietal and
parieto-occipital networks that subserve goal-directed and
object-centered movements [Grefkes et al., 2004].

Given that cognitive neuroscience appears to be building
evidence against the concept of modularity in human
brain function (see, e.g., discussions in Hanson and Bunzl
[2010]), the question arises, why would there be regions
within the parietal cortex specialized for object-based
visuospatial transformation? The integrative processes
mediated by the IPS, including visuospatial transforma-
tion, are vital for the successful interaction of the organism
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with the external environment. Interacting with the world
requires anticipating the consequences of one’s own
actions, as well as the actions of other people and objects in
the environment. IPS-mediated visuospatial transformation
underlies the human ability for exquisitely fine hand–eye
coordination [Grefkes et al., 2004], highly detailed and
person-centric action observation and monitoring [Caspers
et al., 2010], powerful allocation of attention to location [Fink
et al., 1997], and the ability to transform symbolic informa-
tion to spatial and semantic representations of quantity and
semantic concepts [Dehaene et al., 2004; Uddin et al., 2010].
In turn, this allows the organism to use the present state to
predict future outcomes (e.g., “Does this lid fit this plastic
container?” “Can the lion fit through the gap to eat me?”),
by imagining and transforming the visuospatial information
present in the environment.

An interesting consequence of our findings is that if a sin-
gle region mediates visuospatial transformation across
tasks, it is likely that it is not possible to perform both anti-
saccade and mental rotation tasks simultaneously. It is a cen-
tral tenet of classic cognitive psychology that a processing
module that is in use by one task cannot be simultaneously
used by another task. Irwin and Brockmole [2000] concluded
that mental rotation is delayed until saccade processing is
complete. Nyffeler et al. [2007] described a patient with a
lesion in the right posterior parietal cortex resulting from an
ischemic stroke. While visually guided saccades were intact,
the patient was unable to perform antisaccades in the ipsilat-
eral visual hemifield, nor was he able to perform mental
rotation. This result is consistent with a modular view of
object-based visuospatial transformation localized to the
posterior parietal cortex.

Our results are also consistent with formulations of the
“multiple demand” network [Duncan, 2010]: a common
fronto-parietal network associated with diverse cognitive
processes. In this model, goals are achieved in a strictly
serial fashion, assembling a series of subtasks, each sepa-
rately defined and solved. Broadly compatible with our
results, Fedorenko et al. [2013] showed that an inferior
parietal region that encompassed parts of the IPS showed
a domain-general response across multiple tasks. Consid-
ered in light of this model, our results suggest that the IPS
is specifically involved in an object-based visuospatial
transformation subtask that is invoked for any global goal
that requires such visuospatial transformation.

The study had a number of limitations, which should be
considered in the development of future studies. One limita-
tion is that we focused on a group-level rather than
individual-level analysis. The IPS shows considerable inter-
individual variability in length and morphology [Choi et al.,
2006; Scheperjans et al., 2008a, 2008b]; future studies should
consider interindividual variability in IPS morphometry.
Similarly, we did not control for differences in handedness
or sex in our sample, which is known to influence cerebral
morphology and asymmetry of brain structures [Good et al.,
2001]. To control for these variables, we conducted non-

parametric tests of the conjunction in the IPS, controlling for
age, sex, and handedness. These results were consistent
with the parametric tests, suggesting the current results are
not driven by sample characteristics. Furthermore, we partly
addressed each of these issues by using probabilistic ana-
tomical mapping, and examining the consistency of our
results across subjects, which confirmed that the majority of
subjects contributed to the peak of activity in both tasks.
One way to improve the examination of interindividual vari-
ability is to take the approach used by Fedorenko et al.
[2013], who used subject-specific ROIs to study the consis-
tency of activation across tasks. Connectivity analyses (e.g.,
psychophysiological interactions) should also consider the
inter-relatedness of activity between brain regions during
object-based visuospatial transformation. It may also be pos-
sible in the future to use a combination of structural imaging
(e.g., diffusion tensor imaging) together with functional
imaging to map region hIP3 and its role in object-based
visuospatial transformation.

In conclusion, the results of this study suggest that
object-based visuospatial transformation is a unitary
domain-general process that is localized to the IPS, specifi-
cally, the hIP3 subdivision. Our results are consistent with
the modular model of the posterior parietal cortex and the
distinct cytoarchitectonic, structural, and functional con-
nectivity profiles of the subregions in the intraparietal
sulcus.
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