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Vesia, Michael, Jachin A. Monteon, Lauren E. Sergio, and J. D.
Crawford. Hemispheric asymmetry in memory-guided pointing dur-
ing single-pulse transcranial magnetic stimulation of human parietal
cortex. J Neurophysiol 96: 3016–3027, 2006. First published Septem-
ber 27, 2006; doi:10.1152/jn.00411.2006. Dorsal posterior parietal
cortex (PPC) has been implicated through single-unit recordings,
neuroimaging data, and studies of brain-damaged humans in the
spatial guidance of reaching and pointing movements. The present
study examines the causal effect of single-pulse transcranial magnetic
stimulation (TMS) over the left and right dorsal posterior parietal
cortex during a memory-guided “reach-to-touch” movement task in
six human subjects. Stimulation of the left parietal hemisphere sig-
nificantly increased endpoint variability, independent of visual field,
with no horizontal bias. In contrast, right parietal stimulation did not
increase variability, but instead produced a significantly systematic
leftward directional shift in pointing (contralateral to stimulation site)
in both visual fields. Furthermore, the same lateralized pattern per-
sisted with left-hand movement, suggesting that these aspects of
parietal control of pointing movements are spatially fixed. To test
whether the right parietal TMS shift occurs in visual or motor
coordinates, we trained subjects to point correctly to optically re-
versed peripheral targets, viewed through a left–right Dove reversing
prism. After prism adaptation, the horizontal pointing direction for a
given visual target reversed, but the direction of shift during right
parietal TMS did not reverse. Taken together, these data suggest that
induction of a focal current reveals a hemispheric asymmetry in the
early stages of the putative spatial processing in PPC. These results
also suggest that a brief TMS pulse modifies the output of the right
PPC in motor coordinates downstream from the adapted visuomotor
reversal, rather than modifying the upstream visual coordinates of the
memory representation.

I N T R O D U C T I O N

The posterior parietal cortex (PPC) is critical for spatial
processing and visually guided action (Andersen et al. 1997;
Colby and Goldberg 1999; Goodale and Milner 1992; Jean-
nerod et al. 1995). Primate neurophysiology has identified a
number of parietal areas within the intraparietal sulcus that
process information for specific visuomotor functions
(Andersen and Buneo 2002; Colby and Goldberg 1999). In
particular, the lateral intraparietal area (LIP) codes the location
of targets for eye movements termed saccades (Dickinson et al.
2003; Snyder et al. 1997), whereas the parietal reach region
(PRR)—an area in the medial aspect of the posterior parietal
cortex—is specialized for planning target-directed limb move-
ments (Batista et al. 1999; Calton et al. 2002). Both areas are
thought to encode this information in contralateral space rela-

tive to a gaze-centered, eye-fixed frame of reference (Batista et
al. 1999; Colby et al. 1995; Duhamel et al. 1992; Stricanne et
al. 1996).

Recent functional magnetic resonance imaging (fMRI) re-
vealed a similar functional organization in PPC of humans that
includes areas specialized for saccades (LIP) (Medendorp et al.
2003, 2005; Schluppeck et al. 2005; Sereno et al. 2001) and
reaching (PRR) (Connolly et al. 2003; DeSouza et al. 2000;
Medendorp et al. 2003, 2005) toward targets in the contralat-
eral visual field. More recently, a similar region was identified
when reaching toward central and peripheral visual targets
(Prado et al. 2005). Further evidence implicating the PPC in
movement planning comes, in part, from examining deficits in
patients with damaged cerebral cortex. For instance, lesions of
PPC, centered on the pariet-ooccipital junction in humans
(Karnath and Perenin 2005), result in a specific deficit of
visually guided behavior referred to as optic ataxia, character-
ized by visually guided errors to targets in the contralateral
visual field that are not attributed to a solely motor or visual
perturbation (Battaglia-Mayer and Caminiti 2002; Jakobson et
al. 1991; Perenin and Vighetto 1988; Rossetti et al. 2003). In
addition, both functional imaging and patient investigations
have shown that the PPC contains a dynamic internal spatial
representation that updates contralateral space in a gaze-cen-
tered frame of reference when the eyes rotate (Khan et al.
2005a,b; Medendorp et al. 2003; Merriam et al. 2003).

Nevertheless, functional neuroimaging techniques, such as
fMRI, allow identification of the brain regions correlated with
a given behavior only, whereas inferences from patient studies
are limited by highly variable lesions and do not take into
account the inherent compensatory plasticity of the brain after
the insult. In contrast, transcranial magnetic stimulation pro-
vides a methodology for determining the causal inferences with
respect to the relationship between neural processes in speci-
fied brain areas and normal behavior (Jahanshahi and Rothwell
2000; Pascual-Leone et al. 1999, 2000; Robertson et al. 2003;
Walsh and Cowey 2000). In particular, TMS studies in humans
provide evidence for critical involvement of PPC in several
areas of visuomotor control including the programming and
execution of saccades (Elkington et al. 1992; Kapoula et al.
2001, 2004, 2005; Muri et al. 1996, 2000; Nyffeler et al. 2005;
Oyachi and Ohtsuka 1995; Tzelepi et al. 2005; Yang and
Kapoula 2004), eye–hand interactions (van Donkelaar and
Adams 2005; van Donkelaar et al. 2000), and the on-line
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control of reaching (Desmurget et al. 1999) and grasping
(Glover et al. 2005; Tunik et al. 2005).

However, few studies to date have used the disruptive effect
of TMS to probe the functional relevance of the parietal cortex
for spatial representation during a memory-guided pointing
movement. Perhaps the only exception was that of Smyrnis et
al. (2003), who showed that the application of single pulses of
TMS over PPC during the memory period disrupts the early
stages of encoding a spatial location while moving a cursor
across the surface of a workspace in the horizontal plane to a
given remembered target displayed on a computer monitor
screen in the vertical plane. This disruption was manifested by
an increase in the variance of pointing precision in both visual
fields, but only during TMS to the left PPC. Surprisingly, TMS
to the right PPC had no significant effect.

Although the findings of Smyrnis et al. (2003) suggest an
involvement of the PPC in early control of memory-guided
pointing, several questions remain. In particular, why was there
only increased scatter during left PPC TMS, and why was there
no sign of the direction-specific contralateral organization
observed in fMRI and patient studies? One possibility is that
Smyrnis et al. (2003) used an indirect mouse-pointing trans-
formation rather than a natural reach directly to the spatial
target (Gorbet et al. 2004; Messier and Kalaska 1997). Another
possibility is that the authors used a standard 9-cm-diameter
circular coil, which may not provide an optimally focal means
of brain stimulation with TMS, compared with the more
recently popular figure-of-eight coil (Pascual-Leone et al.
1999; Robertson et al. 2003).

Here, we address these issues by using a figure-of-eight coil
to deliver single-pulse TMS to transiently disrupt the putative
processing within the dorsal PPC of both hemispheres during a
memory-guided “reach-to-touch” movement directly to the
spatial location of the visual target. Our results from Experi-
ment 1A confirm that TMS to left PPC produces a specific
increase in pointing scatter. However, we also found that during
right parietal stimulation, the directional error of pointing move-
ments systematically shifted leftward in both visual fields.

In Experiment 2, we further investigated the latter systematic
leftward shift with the use of a recently developed visuomotor
adaptation paradigm (Marotta et al. 2005). A recent fMRI
study suggests that after reversing prism adaptation, PPC
activity remains tied to the reversed visual input rather than the
direction of motor output (Fernadez-Ruiz et al. 2004). We
similarly reasoned that, if any left–right TMS shift was elicited
within a visual coordinate frame in the brain, the pointing
errors would remain fixed in visual coordinates, that is, revers-
ing vision would reverse the behavioral errors left to right.
However, if the neural bias originated in motor coordinates, the
behavioral errors should not be affected by the reversal of
vision. The aim of this second experiment was to investigate
whether these pointing movements remain fixed in visual
coordinates—similar to results observed using fMRI—or mo-
tor coordinates after reversing prism adaptation during stimu-
lation of the right dorsal PPC.

M E T H O D S

Subjects

Six human subjects (three males and three females, aged 20–30 yr)
provided written informed consent before inclusion. All participants

were right-handed, as defined by the Edinburgh Inventory of Manual
Preference (Oldfield 1971), in good health, and, according to a
self-report, without any known neurological or muscular deficits. All
experimental procedures received ethical approval by the York Hu-
man Participants Review Subcommittee.

Apparatus

The experimental device was the same in all conditions and con-
sisted of a modular chin-rest/prism assembly fixed to a horizontal
tabletop surface in front of a liquid crystal display (LCD) screen
(Marotta et al. 2005). Briefly, the prism assembly consisted of opaque
goggles in which a removable left–right reversing Dove prism (12.5 �
3 � 3 cm) was mounted in a black Plexiglas frame 40 cm from a LCD
screen that allowed monocular vision in the right eye, and a chin rest
that fixed the subject’s head and aligned the eye with the central
fixation cross. Stimuli were presented at one of four different locations
in the periphery (2.3° left, 4.6° left, 2.3° right, 4.6° right relative to the
central fixation cross). These target positions corresponded to loca-
tions on the vertical screen of 16 and 32 mm from the central fixation
cross on the left visual field (LVF, signed negative) and the right
visual field (RVF, signed positive), respectively. All of the stimuli
were restricted to a 14 � 11.5-cm window so that the central fixation
cross (15 cm from the left edge of the LCD screen) fell at the center
of the prism view (Fig. 1, B and C). This setup allowed for visual
feedback of the hand briefly at the end of the movement and was
necessary for the second experiment. A caveat of this setup was that
eye movements could not be monitored on-line.

To verify that subjects were able to maintain central fixation during
the task, we performed a control study where eye position was
monitored using an eye-tracking system (Applied Science Laborato-
ries, Bedford, MA) for both nonstimulation and stimulation conditions
during the memory interval and execution epochs. Results confirmed
that subjects could maintain central fixation throughout the experi-
ment.

Pointing movements were monitored by two OPTOTRAK three-
dimensional (3-D) motion-tracking systems (Northern Digital, Water-
loo, Ontario, Canada), which recorded three 8-mm-diameter infrared
light-emitting diodes (IREDs), attached to the distal portion of the
subject’s left or right index fingertip. The starting hand position was
aligned with the central fixation cross but positioned 13 cm below it
in the frontal plane and placed on a table surface in the horizontal
plane 10 cm away from the subject’s torso. The two-dimensional
(2-D) coordinates of the IREDs were recorded at a rate of 200 Hz and
stored on hard disk for off-line analysis.

TMS protocol

Single-pulse TMS was delivered using a MagStim 200 magnetic
stimulator (MagStim, Whitland, UK) and a 70-mm figure-of-eight
coil. Custom software triggered the magnetic stimulator 250 ms after
the peripheral target extinguished during the memory delay period for
the stimulation conditions (see Experimental procedure). It was pre-
viously suggested that motor threshold is not an appropriate measure
of individual magnetic stimulus intensity in nonmotor areas of the
brain because of the lack of correlation between motor and phosphene
thresholds in healthy normal subjects (Boroojerdi et al. 2002; Stewart
et al. 2001). Accordingly, the intensity of magnetic stimulation was
fixed to 60% of the stimulator output (Beckers and Zeki 1995;
Corthout et al. 1999; Dambeck et al. 2006; Lewald et al. 2002). All
stimulation parameters were in accordance with the safety guidelines
for magnetic stimulation (Wassermann 1998). For anatomic reference,
locations for TMS coil placement were determined according to the
10–20 EEG (electroencephalogram) coordinate system (Herwig et al.
2003) and confirmed a posteriori by MRI using vitamin E capsules as
markers of stimulated skull positions (Fig. 1A). Commercially avail-
able 10–20 EEG stretch caps for 20 channels (Electro-Cap Interna-
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tional, Eaton, OH) were used to define the 10–20 EEG positions. The
cap sizes were selected according to the individual head size and fitted
to the subjects’ heads. The putative vector of the magnetic current was
derived by virtually prolonging the orthogonal to the line tangent to
the skull at the stimulation site by 15 mm from the scalp onto the
cortical surface of the structural MRI by means of Brain Voyager 4.6
software (Brain Innovation, Maastricht, The Netherlands). This cor-
tical site then was identified in the Talairach atlas (Talairach and
Tournoux 1988) and the corresponding coordinates and anatomical
and Broadmann areas of stimulation were obtained. Specifically, MRI
showed that test locations overlay left and right dorsal PPC (P3 and
P4, respectively) and included the intraparietal sulcus, Broadmann
area 19, and the adjacent cortex in the superior and inferior parietal
lobule. Across subjects, the average Talairach coordinates (in milli-
meters) and their SDs approximately were x � �39 (6), y � �68 (5),
z � 38 (6) on the left hemisphere and x � 36 (1), y � �73 (6), z �
41 (4) on the right hemisphere.

Two additional control experiments were conducted to yield esti-
mates of nonspecific effects of TMS on both testing days (i.e., both
left and right hemispheric stimulation had their own control condi-
tions). First, we assessed performance after stimulation of the vertex
(Cz). Second, we conducted “sham” trials in which the coil was held
close to the subject’s skull, but angled away so that no current was
induced in the brain. None of the subjects reported any undesirable
side effects as a result of the stimulation.

Experimental procedure

Left and right hemispheric stimulation were performed on separate
days to minimize fatigue and TMS exposure for each session. Subjects
first underwent right hemispheric stimulation, while reaching with the
right hand, and then returned the following week for left hemispheric
stimulation (Experiment 1A). A follow-up experiment (Experiment
1B), stimulating both the left and right hemispheres (counterbal-
anced), was then performed to investigate whether the pointing
asymmetry remained spatially fixed or reversed with left-hand move-
ment. In Experiment 1 (Fig. 1B), subjects performed a baseline task in
which they pointed to peripheral targets under open-loop conditions.
At the start of each experimental trial, a fixation cross appeared for
1,000 ms. A peripheral target (0.5° circle) then briefly appeared for
500 ms to either the left or right of this fixation cross at random
horizontal eccentricities between 2.3 and 4.6°. A single-pulse TMS
was delivered 250 ms after this peripheral target extinguished (on
TMS trials only) during the 500 ms memory delay period. Based on
a preliminary experiment, this early stimulation time during the
memory delay had the most significant effect on the subsequent
accuracy of pointing movements and is consonant with a previous
finding (Smyrnis et al. 2003). After the delay period, an auditory tone
signaled the subjects to use their dominant right hand (or nondominant
left hand in the follow-up experiment) to point to the remembered
peripheral target. Subjects were instructed to maintain central fixation
of the eyes at all times. In every block, each peripheral target location

FIG. 1. A: location of individual transcranial
magnetic stimulation (TMS) sites for one repre-
sentative subject. Stimulation sites are shown in
the left and right posterior parietal cortex with the
position of high-intensity signal markers placed
on the subject’s skull (P3 and P4, respectively).
Gray bars indicate position of the TMS coil.
Stimulation sites were verified a posteriori using
the magnetic resonance imaging (MRI) of the
individual subject. Anatomical site of stimulation
for right posterior parietal cortex (PPC, shown
here) is indicated by the line intersection in the
transverse (leftmost panel) coronal (middle
panel), and sagittal (rightmost panel) sections of
T1-weighted MRI. B: delayed-pointing task. Sub-
jects fixated a central cross for 1 s. Then a periph-
eral dot was presented toward the left or right of
fixation. After this pointing target extinguished, a
brief TMS pulse was delivered (0.25 s thereafter,
on TMS trials only) during a 0.5 s memory-delay
period. At this point, subjects were signaled by an
auditory tone to perform a rapid pointing move-
ment to the remembered target location and then
immediately return to the start position. Time
between successive movements was 5 s. C: view-
point from the subject’s perspective. Prism-point-
ing task was identical to the previous task except
that the subject had to point while looking through
a left–right Dove reversing prism. When looking
through the prism, the subject’s view of the point-
ing hand and the actual movement appeared to be
reversed. This reversed view of the pointing target
caused subjects to adapt their pointing movements
to the opposite direction. Top row of boxes is a
rendering of the subject’s view through the prism.
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was repeated ten times in random order (40 trials) for each of the four
stimulus conditions (no stimulation, test stimulation, control stimula-
tion, and “sham” stimulation). Two blocks were collected for the
baseline (no TMS with no prism), control (Cz and “sham” TMS with
no prism), and test (PPC TMS with no prism) conditions.

For right PPC stimulation with the right hand only (based on results
from Experiment 1A), subjects then underwent a training session on a
separate day while wearing a left–right Dove reversing prism (Exper-
iment 2, Fig. 1C). Subjects were considered “trained” once they could
successfully perform ten accurate pointing movements consecutively.
After learning to correctly point to the optically reversed peripheral
targets during the prism training condition, subjects were retested on
the pointing task while looking through the reversing prism (test
condition). Two blocks were collected for the baseline (no TMS with
prism) and right parietal stimulation condition (P4 TMS with prism).

Data analysis

Movement start and end were scored at 5% peak tangential veloc-
ity. Pointing accuracy to visual targets was quantified by recording the
spatial coordinates in the horizontal (x) and vertical (y) axes of
movement endpoints in the frontal plane. Pointing accuracy parame-
ters were assessed by calculating 1) constant error—the mean distance
between the fingertip at movement end and each target location and 2)
variable error—the distance of the endpoints of each movement from
the mean final position (95% confidence ellipses of the scatter of
fingertip at movement end). The linear distance between the initial
fingertip position and its movement endpoint defined movement
amplitude, whereas movement direction was defined as the direction
in degrees of this vector (Gordon et al. 1994; Messier and Kalaska
1997).

Ellipses were fit to the 2-D data set in such a way that the horizontal
and vertical coordinates of the ellipse corresponded to the mean of the
data. The semimajor (principal axis) and semiminor (orthogonal to the

principal axis) axes correspond to the data with the highest and lowest
dispersion from the mean, respectively. Based on these axes, confi-
dence ellipses including 95% of the movement endpoint population
were constructed (Messier and Kalaska 1997; Sokal and Rohlf 1981).
Accordingly, constant error provides a measure of overall accuracy
with respect to target position and variable error gives a measure of
the global pointing scatter (Revol et al. 2003). Repeated-measures
ANOVA and Tukey post hoc tests were used to test the statistical
reliability of differences between mean elliptical areas and horizontal
errors for movement endpoints; t-tests were used to test significance
of pointing error direction before and after prism adaptation.

R E S U L T S

Experiment 1A: TMS during memory-guided pointing with
right hand

LEFT PARIETAL TMS. The fixation position was always straight
ahead (aligned with midsagittal plane of head), but the pointing
targets (F) varied from 32 mm left to 32 mm right of this
fixation position. The symbols F (no stimulation) or � (pari-
etal stimulation) indicate the 20 individual endpoints for each
condition in one typical subject. For illustrative purposes, Fig.
2A depicts pointing performance in 95% confidence interval
elliptical fits to these data in the no stimulation (gray ellipses)
and left parietal stimulation (black ellipses) conditions only for
each of the four pointing targets. Figure 2, B and C shows the
mean ellipses of all six subjects superimposed one on top of
each other.

In the baseline condition, subjects slightly but systematically
overshoot the pointing targets (relative to the central fixation
cross) in the horizontal axis for the no stimulation condition

FIG. 2. Mean endpoint confidence ellipses with
dominant right hand during the delayed-pointing
task for left (left) and right (right) hemispheric TMS
with no prism. Horizontal and vertical axes corre-
spond to the x- and y-coordinates of the movement
endpoints in the frontal plane while subject is fix-
ating the central cross. Four possible pointing tar-
gets (●) are shown in eye-centered coordinates from
�32 mm right to 32 mm left of fixation. A and E:
movement endpoints and their 95% confidence in-
terval elliptical fits for one typical subject in the no
stimulation (gray ellipses) and parietal stimulation
(black ellipses) conditions. Symbols ● (no stimula-
tion/baseline) or � (parietal stimulation) indicate the
20 individual endpoints for each condition. B, C, F,
and G: ellipses for all 6 subjects superimposed one
on top of each other for near (B, F) and far (C, G)
targets. D and H: mean elliptical fits for all subjects.
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(gray ellipses). These data are consistent with results of previ-
ous studies that similarly found this retinal exaggeration effect
(Bock 1986; Henriques et al. 1998; Medendorp and Crawford
2002; Poljac and van den Berg 2003; Pouget et al. 2002).

Importantly, endpoint variability (elliptical area) increased
in the left PPC stimulation condition (black ellipses) for both
near (Fig. 2B) and far targets (Fig. 2C), independent of visual
field, compared with the baseline (gray ellipses), as is evident
by the stochastically larger pointing errors along the vertical
and horizontal axes. However, there was no systematic left-
ward or rightward shift in the horizontal component of the
pointing ellipses for any of the targets. This behavior was
consistent for all subjects except for one who showed a smaller
range of errors, as shown in the mean elliptical data (Fig. 2D).

To quantify these qualitative observations, we calculated the
corresponding areas of the ellipses and separated the horizontal
pointing component from the overall pointing performance and
analyzed it independently. We then performed two separate
two-way repeated-measures ANOVAs, condition (four levels:
baseline, sham, control, and parietal stimulation) � visual field
[two levels: left (LVF) and right (RVF)] with respect to
variability in pointing (elliptical areas) and mean horizontal
pointing error.

Figure 3 illustrates the main finding for left PPC. For
illustrative purposes, data are shown separately for both the
elliptical areas and horizontal errors to left and right pointing
targets. Figure 3, A and B shows the mean elliptical areas for
left hemispheric stimulation for each of the four conditions in
the LVF (Fig. 3A) and RVF (Fig. 3B). As shown, there was a
significant main effect only for condition [F(3,15) � 16.167;
P � 0.001] in elliptical areas. Post hoc analyses (Tukey)
showed that left parietal stimulation (P3) significantly in-
creased the elliptical area compared with that in all other
experimental conditions (P3 vs. sham, P � 0.001; P3 vs. Cz,
P � 0.001; P3 vs. baseline, P � 0.001). In particular, the mean
areas of the ellipses for P3 stimulation (289.67 � 60.96 mm2

for LVF and 227.08 � 52.19 mm2 for RVF) were greater in
magnitude compared with baseline and controls (LVF � base-

line: 70.21 � 13.31 mm2; sham: 65.21 � 16.16 mm2; Cz:
67.51 � 12.11 mm2; RVF � baseline: 74.33 � 9.16 mm2;
sham: 56.67 � 11.46 mm2; Cz: 67.75 � 12.82 mm2). The
pattern of responses was consistent across visual fields as
shown by the nonsignificant condition � visual field interac-
tion [F(3,15) � 1.797; P � 0.191]. In contrast to the increased
elliptical areas (scatter), no significant differences were found
in the mean horizontal pointing errors (P � 0.05) for left
hemispheric stimulation (Fig. 3, C and D), irrespective of
condition or visual field.

RIGHT PARIETAL TMS. Figure 2, E–H (right) and Fig. 4 both use
the same conventions to show our findings during right PPC
TMS. As expected, Fig. 2, E–H qualitatively shows that sub-
jects systematically overshoot the pointing targets in the hori-
zontal axis for the baseline control. However, in this case, there
was no increase in the scatter of the ellipses during right
parietal stimulation (black ellipses). Instead, the center of the
ellipses shifted to the left for all targets in both visual fields
compared with the baseline (gray ellipses).

Figure 4 clearly shows that, when compared with left hemi-
spheric stimulation (Fig. 3), the reverse is true for elliptical
areas and horizontal pointing error during right hemispheric
stimulation. This notion is qualitatively illustrated by Fig. 4, A
and B and confirmed quantitatively by statistical analyses
indicating that the elliptical areas were not significantly differ-
ent across the conditions and visual fields (P � 0.05). In
addition, Fig. 4, C and D shows a significant main effect for
condition [F(3,15) � 44.323; P � 0.001] for the mean horizon-
tal error to left and right targets. Post hoc analyses (Tukey)
showed that right parietal stimulation (P4) significantly in-
creased the mean horizontal error compared with that in all
other experimental conditions (P4 vs. sham, P � 0.001; P4 vs.
Cz, P � 0.001; P4 vs. baseline, P � 0.001). Interestingly, the
mean horizontal pointing was systematically biased in the
direction contralateral to the hemispheric stimulation site. That
is, the directionality of the horizontal pointing error for right
parietal stimulation was systematically shifted leftward com-
pared with baseline and controls, independent of visual field

FIG. 3. Mean elliptical areas and horizontal error
with dominant right hand in all 4 conditions for left
hemispheric TMS with no prism. Mean elliptical
areas for left visual field (LVF, A) and right visual
field (RVF, B) for all 6 subjects. Mean horizontal
error for LVF (C) and RVF (D) for all 6 subjects.
Four stimulation conditions: (i) P3 and P4 (left and
right parietal, respectively); (ii) “sham” control; (iii)
Cz (control site); and (iv) no TMS (baseline). Bars
represent SE.
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(LVF � P4: �8.88 � 2.76 mm; baseline: 0.29 � 1.74 mm;
sham: �0.51 � 1.68 mm; Cz: �0.11 � 1.01 mm; and RVF �
P4: �10.61 � 1.38 mm; baseline: �2.11 � 0.85 mm; sham:
�3.74 � 0.84 mm; Cz: �3.48 � 1.11 mm). A direct compar-
ison between the control conditions on both testing days
(Session 1: Right TMS vs. Session 2: Left TMS) revealed
significant differences in horizontal errors (P � 0.05) but not in
elliptical areas (P � 0.05). The fact that there was an apparent
inconsistency in the horizontal component of pointing in the
control conditions between sessions may be the result of a
practice effect or exposure to stimulation for the first time.

To distinguish whether TMS affected the speed–accuracy
relationship, and verify that subjects did not use alternative
strategies in stimulated conditions, we compared the mean
movement times between stimulated and nonstimulated condi-
tions for each session. For trials with TMS, movement times
were similar (Session 1 � P4: 802.75 � 56.54 ms; sham:
804.33 � 56.50 ms; Cz: 809.67 � 41.17 ms; and Session 2 �
P3: 815.83 � 78.18 ms; sham: 777.67 � 59.28 ms; Cz:
779.25 � 39.29 ms) compared with the nonstimulated condi-
tions (Session 1 � baseline: 799.25 � 58.92 ms; Session 2 �
baseline: 807.17 � 58.44 ms). Analyses revealed no significant
influence of TMS on movement times (P � 0.05).

Experiment 1B: TMS during memory-guided pointing with
left hand

We then repeated Experiment 1A with the nondominant left
hand to investigate whether the same pattern persisted and, if
so, whether it was spatially fixed or reversed with left-hand
movement. It has been suggested that left/right PPC is prefer-
entially responsible for control of the contralateral hand (Me-
dendorp et al. 2005; Perenin and Vighetto 1988). If TMS of the
parietal cortex influenced the spatial memory representation of
the target location, a similar pattern of endpoint movement
should persist regardless of the effector used. Conversely, if
this pattern reversed in spatial coordinates, it would suggest
that parietal control of pointing was lateralized relative to the
effector hand.

LEFT PARIETAL TMS. Figure 5, A–D and Fig. 6 use the same
conventions as Fig. 2, A–D and Fig. 3, respectively, to show
our findings during left PPC TMS with nondominant left-hand
movement. Similar to the dominant right-hand movement
results in Experiment 1A, Fig. 5, A–D shows that there was
no systematic leftward or rightward shift in the horizontal
reaching component coupled with a greater endpoint vari-
ability (elliptical area) in the left PPC stimulation condition
(black ellipses) compared with the baseline condition (gray
ellipses).

Again, we quantified these qualitative observations and
analyzed the corresponding elliptical areas and horizontal
reaching component from the overall movement performance.
Figure 6 illustrates the main finding for the left PPC with the
nondominant left-hand movement. As revealed by two separate
two-way repeated-measures ANOVAs, condition (two levels:
baseline and parietal stimulation) � visual field (two levels:
LVF and RVF) with respect to elliptical areas and mean
horizontal reaching error, there was a significant main effect
only for condition [F(1,5) � 12.29; P � 0.017] in elliptical
areas. Furthermore, post hoc analysis (Tukey) showed that
stimulation over P3 significantly increased (P � 0.01) the
elliptical area of pointing (LVF � 191.51 � 96.98 mm2;
RVF � 211.71 � 96.84 mm2) compared with that of the
nonstimulation baseline condition (LVF � 28.01 � 13.88
mm2; RVF � 37.81 � 15.32 mm2). This pattern of responses
was consistent with the dominant right-hand movement results
in Experiment 1A.

RIGHT PARIETAL TMS. Figure 5, E–H (right) and Fig. 7 both use
the same conventions to show our findings but during right
PPC TMS with nondominant left-hand movement. In this case,
however, there was no significant increase in the scatter of the
pointing endpoints during stimulation over P4 (black ellipses),
but rather a systematic shift in ellipse centers (horizontal
component error) to the left for all targets in both visual fields
compared with the baseline (gray ellipses). Figure 7, consistent
with the findings from Fig. 4 in Experiment 1A, quantitatively
confirms that the elliptical areas were not significantly different

FIG. 4. Mean elliptical areas and horizontal error
with dominant right hand in all 4 conditions for right
hemispheric TMS with no prism. Figure follows the
conventions of Fig. 3.
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across the conditions and visual fields (P � 0.05). In addition,
there was a significant main effect for condition [F(1,5) �
462.25; P � 0.001] for the mean horizontal error during right
parietal stimulation (LVF � �6.17 � 2.03 mm; RVF �
�10.26 � 2.35 mm) compared with that in the baseline
condition (LVF � �0.68 � 1.42 mm; RVF � �4.79 � 2.39
mm). Consistent with Experiment 1A, the directionality of the
horizontal component of the pointing movement, but to a lesser
degree, was systematically shifted leftward compared with the
baseline independent of visual field.

To summarize the results of Experiment 1, we found that left
parietal stimulation resulted in a significant increase in global
pointing variability, but did not have significant differences in
mean horizontal pointing error for both visual fields compared
with those in baseline and control conditions. In contrast, right
parietal stimulation did not affect endpoint variability, but
systematically biased the mean horizontal error leftward for
targets in both LVF and RVF. Furthermore, a similar pattern
persisted, and remained spatially fixed, with the nondominant
left-hand movement.

FIG. 5. Mean endpoint confidence ellipses with
nondominant left hand during the delayed-pointing
task for left (left) and right (right) hemispheric TMS
with no prism. Figure follows the conventions of
Fig. 2.

FIG. 6. Mean elliptical areas and horizontal error
with nondominant left hand in the parietal and no
stimulation conditions for left hemispheric TMS with
no prism. Figure follows the conventions of Fig. 3.
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Experiment 2: right PPC stimulation after prism adaptation

Given our result for right PPC, the critical question here is:
Does this directional leftward bias in pointing error remain
fixed in motor or visual coordinates? We addressed this ques-
tion by using a left–right reversing prism adaptation paradigm
in which the retinal coordinates of a target were dissociated
from the corresponding motor command. It was previously
shown (Marotta et al. 2005) that this reversal, in conjunction
with the simple motor paradigm used here, leads to a rapid
visuomotor adaptation that does not produce a dramatic, global
left–right reversal of all the normal spatial contingency rules
between visual input and motor output (Kohler 1962; Sugita
1996).

In Experiment 2, we trained subjects to point with the prism
(see METHODS). As illustrated by Fig. 8A, subjects adapted their
baseline pointing behavior (no TMS with no prism) from
Experiment 1A (thin gray ellipses) to the baseline condition (no
TMS with prism) in Experiment 2 (thick gray ellipses) after
prism training (P � 0.05; t-test). Figure 8, B and C illustrates
the predicted outcomes of right TMS data with prism, using the
right PPC data set from Experiment 1A with no prism. If the
leftward bias in mean horizontal pointing error during right
PPC TMS remained fixed in motor coordinates, then the right
PPC stimulation data with prism would look the same as the
right parietal TMS in Experiment 1A (Fig. 8B). Conversely, if
the errors were fixed in visual coordinates (Fig. 8C), reversing
vision would reverse the errors left to right. As predicted in
Fig. 8B, the actual leftward shift in mean horizontal pointing
error during right TMS after prism adaptation (Fig. 8D) re-
mained fixed with respect to the actual movement and reversed
with respect to the proximal retinal stimulus.

To quantify these findings across subjects, we plotted in Fig.
9 the average difference in pointing direction of the left and
right peripheral targets between the no stimulation condition
and P4 stimulation condition after the reversing prism adapta-
tion session in Experiment 2 (with prism) as a function of the
average difference before that adaptation session in Experiment
1A (with no prism) for each subject. According to the visual

coordinate model (Fig. 8C), these differences should have an
opposite sign. Accordingly, data from both the left (E) and
right (■ ) targets should be represented in the bottom half of
Fig. 9 (gray zone). In contrast, in the motor coordinate model
(Fig. 8B) these data should have the same sign and should be
represented in the opposite white zone (Fig. 9, top). As Fig. 9
clearly shows, the data of all six subjects followed the predic-
tions of the motor coordinate model (P � 0.05; t-test). Thus the
shift in pointing direction induced by TMS over right dorsal
PPC appears to be fixed in motor coordinates.

D I S C U S S I O N

It has long been argued that the parietal cortex plays a
critical role in spatial processing and visually guided action
(Andersen et al. 1997; Colby and Goldberg 1999; Goodale and
Milner 1992; Jeannerod et al. 1995). Although recent studies
showed that TMS over parietal regions disrupted on-line cor-
rection during limb movements (Della-Maggiore et al. 2004;
Desmurget et al. 1999; Glover et al. 2005; Tunik et al. 2005)
and other aspects of limb movement control concerning their
integration with eye movements (van Donkelaar and Adams
2005; van Donkelaar et al. 2000), only one study to our
knowledge used TMS to investigate the functional role of the
PPC for spatial representation during a memory-guided point-
ing movement (Smyrnis et al. 2003).

As in the latter study, we delivered the TMS pulse during the
memory interval only after viewing the stimulus, well before
the pointing movement, so it is unlikely that this affected the
on-line guidance of the movement (Desmurget et al. 1999).
Likewise, we did not replicate the findings of van Donkelaar
and Adams (2005) that TMS over PPC can deviate reach
toward gaze, likely because the subjects were required to point
immediately when the peripheral target appeared and the TMS
was delivered at a more posterior parietal site.

The purpose of our first experiment was to investigate the
functional relevance of the left and right dorsal PPC for spatial
representation using a single-pulse TMS protocol during a
memory-guided pointing movement. To summarize our main

FIG. 7. Mean elliptical areas and horizontal error
with nondominant left hand in the parietal and no
stimulation conditions for right hemispheric TMS
with no prism. Figure follows the conventions of Fig. 3.
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findings in Experiment 1: 1) there was a stochastically greater
scatter of pointing endpoints in both visual fields during stim-
ulation of left PPC, although no apparent systematic shift was
observed in the pointing direction when compared with base-
line and control conditions, and 2) in contrast, right PPC
stimulation tended to systematically bias pointing leftward in
the horizontal axis, independent of visual field, but did not
significantly increase pointing scatter. The latter was not ob-
served in the previous study by Smyrnis et al. (2003), presum-
ably because they used a mouse-pointing task, whereas we

used an actual reach movement, or possibly because our
figure-of-eight coil delivered a more focal pulse to the right
PPC.

This finding confirms a causal role for left PPC in the
generation of memory-guided reach movements (Smyrnis et al.
2003). In addition, our novel finding for right parietal stimu-
lation agrees with the topography of right PPC (Medendorp et
al. 2003) and may have been missed in previous TMS studies
(Smyrnis et al. 2003) as the result of differences in methodol-
ogy. In fact, such a pattern of hemispheric asymmetry was also
observed in previous TMS studies that emphasized generally
the importance of the right PPC in visuospatial and visual
attentional tasks (Muri et al. 2002; Rushworth et al. 2001;
Walsh et al. 1999), whereas left PPC played a dominant role in
limb movements (Rushworth et al. 2001; Smyrnis et al. 2003).

Our finding that stimulation of left PPC results in misreach-
ing with the right hand in both ipsi- and contralateral visual
fields corroborates characteristic reaching disorders of patients
with optic ataxia (Perenin and Vighetto 1988). Optic ataxia is
a disorder associated with posterior parietal lobe lesions, in
which visually guided reaching errors typically occur to pe-
ripheral targets (for reviews, see Battaglia-Mayer and Caminiti
2002; Rossetti et al. 2003). However, lesions confined to the
right PPC in these patients typically result in misreaching with
one or both hands only in the contralateral visual field (field
effect) (Perenin and Vighetto 1988).

Recent reports described the rare phenomenon of magnetic
misreaching, in which optic ataxia patients with parietal dam-

FIG. 9. Comparison of mean pointing error before and after prism adapta-
tion. x-axis indicates the difference (�SE) in the mean pointing error between
the no stimulation/baseline condition (No TMS) and right PPC stimulation (P4
TMS) before prism adaptation (with no prism) in Experiment 1A; y-axis is
same but after prism adaptation (with prism) in Experiment 2. Encoding of
visuospatial information in visual coordinates for memory-guided pointing
requires movement endpoint data in the bottom panel (gray zone), whereas
encoding in motor coordinates are represented with these data in the top panel
(white zone) for both left- (E) and right-pointing targets (■ ).

FIG. 8. Predicted vs. actual mean endpoint confidence ellipses for all
subjects during right PPC TMS. A: mean endpoint confidence ellipses for all
subjects during the delayed-pointing task for the baseline condition (no TMS
with no prism) in Experiment 1A and the baseline condition (no TMS with
prism) in Experiment 2. Figure follows the conventions of Fig. 2, D and H.
Thin gray solid ellipses represent baseline with no prism, whereas thick gray
ellipses represent baseline with prism. Subject quickly learned the prism task
and showed a pattern of accurate and systematic pointing similar to original
baseline errors with no prism. B and C: depiction of predicted outcome for
mean horizontal pointing errors (black ellipses) in motor (B) and visual (C)
coordinates using the data set from the no prism condition in Experiment 1A
during right parietal stimulation (P4). D: illustration of elliptical fits of the
actual mean horizontal pointing error after prism adaptation with prism during
right parietal stimulation (black ellipses).
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age are unable to decouple reach from gaze (Carey et al. 1997;
Jackson et al. 2005). At first glance, our findings for right TMS
over PPC might seem to contradict this patient work if one
begins from the assumption that these low-intensity TMS
pulses had an inhibitory effect in the parietal stimulation site.
On the other hand, it is conceivable that right PPC stimulation
orthodromically activated the dorsal PPC, transiently modulat-
ing elements of the neuronal network involved in our memory-
guided pointing task. That is, this TMS-induced effect may
have resulted in a globally leftward bias in our task. In fact, the
leftward bias in pointing observed here during right PPC
magnetic stimulation agrees with a recent report that showed
an overall shift in reaching toward the left by an unilateral optic
ataxia patient, suggesting an overall bias in pointing in the
direction opposite to the lesion (Khan et al. 2006).

Taking our right PPC stimulation findings in Experiment 1A
a step further, we probed whether this systematic leftward
pointing shift remained fixed in visual or motor coordinates. In
other words, is this transiently induced pointing error encoded
upstream from the vision-to-motor transformation (Gottlieb
and Goldberg 1999) or downstream from this transformation
(Eskandar and Assad 1999; Kalaska 1996; Zhang and Barash
2000)? We tested this by dissociating the retinal coordinates of
the goal from the corresponding motor command using an
optical-reversing prism. Our results suggest that a brief TMS
pulse modifies the output of the right PPC downstream from
the adapted visuomotor reversal in motor coordinates, rather
than modifying the visual coordinates of the memory repre-
sentation.

A recent fMRI investigation (Fernadez-Ruiz et al. 2004)
suggests that specific PPC regions encode neither vision nor
movement per se, but rather something more intermediate and
abstract, such as the spatial goal of the movement in retinal
coordinates. Using fMRI, the authors used a delayed-pointing
task to identify a cluster of PPC regions whose activity was
topographically (contralaterally) related to the direction of the
planned movement. All of these regions, including the putative
human PRR (Connolly et al. 2003), showed a reversed topog-
raphy when retested after training on an optical left–right
reversing prism.

On its face, our result appears to contradict that of Fernan-
dez-Ruiz et al. (2004). However, our stimulation site is inferior
and lateral to the regions identified by these previous studies
(Connolly et al. 2003; Fernadez-Ruiz et al. 2004; Medendorp et
al. 2003, 2005; Prado et al. 2005) and, consequently, may
represent different neural mechanisms. Moreover, the discrep-
ancy between our fMRI and TMS results may underline the
important differences between these techniques. In particular,
fMRI correlates local field potentials with dendritic activity
(i.e., input) (Logothetis et al. 2001) and correlates to physiol-
ogy on a slow temporal scale. On the other hand, single-pulse
TMS most probably acts on axons (i.e., output) (Pascual-Leone
2002) and may simulate a causal, short-term activation over a
brief temporal duration.

Furthermore, it is noteworthy that various theoretical studies
(Smith and Crawford 2005; Zipser and Andersen 1988)
showed that a network implementing a reference frame trans-
formation may encode sensory coordinates at the input correl-
ative level and motor coordinates at the output causal level—
even at the level of individual units. Therefore parietal cortex
could encode both sensory coordinates and the prism transfor-

mation. Alternatively, it may be that the learned prism trans-
formation works only on physiological patterns of input. In
other words, TMS may bypass this transformation through
“default,” unadapted pathways. In this scenario, the TMS shift
would result from offsets in downstream motor structures such
as dorsal premotor and motor cortex, which appear to use
limb-centered frames of reference (Kakei et al. 1999; Kalaska
and Crammond 1992; Sergio and Kalaska 2003).

Taken together, these data suggest that induction of a focal
current reveals a hemispheric asymmetry in the early stages of
the putative spatial processing in PPC. These results also
suggest that a brief TMS pulse modifies the output of the right
PPC in motor coordinates downstream from the adapted visuo-
motor reversal, rather than modifying the upstream visual
coordinates of the memory representation.

A C K N O W L E D G M E N T S

The authors thank X. Yan and S. Sun for technical and programming
expertise. We also thank S. L. Prime, J. L. Zettel, and J. G. Esposito for
technical support and comments.

G R A N T S

This research was supported by grants from the Canadian Institutes of
Health Research and the Natural Sciences and Engineering Research Council
of Canada to J. D. Crawford and L. E. Sergio. M. Vesia received an Ontario
Graduate Scholarship, J. D. Crawford holds a Canada Research Chair, and
J. A. Monteon is supported by the Consejo Nacional de Ciencia y Tecnologı́a.

R E F E R E N C E S

Andersen RA and Buneo CA. Intentional maps in posterior parietal cortex.
Annu Rev Neurosci 25: 189–220, 2002.

Andersen RA, Snyder LH, Bradley DC, and Xing J. Multimodal represen-
tation of space in the posterior parietal cortex and its use in planning
movements. Annu Rev Neurosci 20: 303–330, 1997.

Batista AP, Buneo CA, Snyder LH, and Andersen RA. Reach plans in
eye-centered coordinates. Science 285: 257–260, 1999.

Battaglia-Mayer A and Caminiti R. Optic ataxia as a result of the breakdown
of the global tuning fields of parietal neurones. Brain 125: 225–237, 2002.

Beckers G and Zeki S. The consequences of inactivating areas V1 and V5 on
visual motion perception. Brain 118: 49–60, 1995.

Bock O. Contribution of retinal versus extraretinal signals towards visual
localization in goal-directed movements. Exp Brain Res 64: 476–482, 1986.

Boroojerdi B, Meister IG, Foltys H, Sparing R, Cohen LG, and Topper R.
Visual and motor cortex excitability: a transcranial magnetic stimulation
study. Clin Neurophysiol 113: 1501–1504, 2002.

Calton JL, Dickinson AR, and Snyder LH. Non-spatial, motor-specific
activation in posterior parietal cortex. Nat Neurosci 5: 580–588, 2002.

Carey DP, Coleman RJ, and Della Sala S. Magnetic misreaching. Cortex 33:
639–652, 1997.

Colby CL, Duhamel JR, and Goldberg ME. Oculocentric spatial represen-
tation in parietal cortex. Cereb Cortex 5: 470–481, 1995.

Colby CL and Goldberg ME. Space and attention in parietal cortex. Annu
Rev Neurosci 22: 319–349, 1999.

Connolly JD, Andersen RA, and Goodale MA. FMRI evidence for a
“parietal reach region” in the human brain. Exp Brain Res 153: 140–145,
2003.

Corthout E, Uttl B, Walsh V, Hallett M, and Cowey A. Timing of activity
in early visual cortex as revealed by transcranial magnetic stimulation.
Neuroreport 10: 2631–2634, 1999.

Dambeck N, Sparing R, Meister IG, Wienemann M, Weidemann J,
Topper R, and Boroojerdi B. Interhemispheric imbalance during visuo-
spatial attention investigated by unilateral and bilateral TMS over human
parietal cortices. Brain Res 1072: 194–199, 2006.

Della-Maggiore V, Malfait N, Ostry DJ, and Paus T. Stimulation of the
posterior parietal cortex interferes with arm trajectory adjustments during
the learning of new dynamics. J Neurosci 24: 9971–9976, 2004.

Desmurget M, Epstein CM, Turner RS, Prablanc C, Alexander GE, and
Grafton ST. Role of the posterior parietal cortex in updating reaching
movements to a visual target. Nat Neurosci 2: 563–567, 1999.

3025TMS OVER DORSAL PPC DISRUPTS MEMORY-GUIDED POINTING

J Neurophysiol • VOL 96 • DECEMBER 2006 • www.jn.org

 on N
ovem

ber 16, 2006 
jn.physiology.org

D
ow

nloaded from
 

http://jn.physiology.org


DeSouza JF, Dukelow SP, Gati JS, Menon RS, Andersen RA, and Vilis T.
Eye position signal modulates a human parietal pointing region during
memory-guided movements. J Neurosci 20: 5835–5840, 2000.

Dickinson AR, Calton JL, and Snyder LH. Nonspatial saccade-specific
activation in area LIP of monkey parietal cortex. J Neurophysiol 90:
2460–2464, 2003.

Duhamel JR, Colby CL, and Goldberg ME. The updating of the represen-
tation of visual space in parietal cortex by intended eye movements. Science
255: 90–92, 1992.

Elkington PT, Kerr GK, and Stein JS. The effect of electromagnetic
stimulation of the posterior parietal cortex on eye movements. Eye 6:
510–514, 1992.

Eskandar EN and Assad JA. Dissociation of visual, motor and predictive
signals in parietal cortex during visual guidance. Nat Neurosci 2: 88–93,
1999.

Fernadez-Ruiz J, Goltz HC, Vilis T, and Crawford JD. Visuomotor adap-
tation to reversing prisms (II): human “parietal reach regions” encode visual
stimulus coordinates, not motor direction. Soc Neurosci Abstr 603.4, 2004.

Glover S, Miall RC, and Rushworth MF. Parietal rTMS disrupts the
initiation but not the execution of on-line adjustments to a perturbation of
object size. J Cogn Neurosci 17: 124–136, 2005.

Goodale MA and Milner AD. Separate visual pathways for perception and
action. Trends Neurosci 15: 20–25, 1992.

Gorbet DJ, Staines WR, and Sergio LE. Brain mechanisms for preparing
increasingly complex sensory to motor transformations. Neuroimage 23:
1100–1111, 2004.

Gordon J, Ghilardi MF, and Ghez C. Accuracy of planar reaching move-
ments. I. Independence of direction and extent variability. Exp Brain Res 99:
97–111, 1994.

Gottlieb J and Goldberg ME. Activity of neurons in the lateral intraparietal
area of the monkey during an antisaccade task. Nat Neurosci 2: 906–912,
1999.

Henriques DY, Klier EM, Smith MA, Lowy D, and Crawford JD. Gaze-
centered remapping of remembered visual space in an open-loop pointing
task. J Neurosci 18: 1583–1594, 1998.

Herwig U, Satrapi P, and Schonfeldt-Lecuona C. Using the international
10–20 EEG system for positioning of transcranial magnetic stimulation.
Brain Topogr 16: 95–99, 2003.

Jackson SR, Newport R, Mort D, and Husain M. Where the eye looks, the
hand follows; limb-dependent magnetic misreaching in optic ataxia. Curr
Biol 15: 42–46, 2005.

Jahanshahi M and Rothwell J. Transcranial magnetic stimulation studies of
cognition: an emerging field. Exp Brain Res 131: 1–9, 2000.

Jakobson LS, Archibald YM, Carey DP, and Goodale MA. A kinematic
analysis of reaching and grasping movements in a patient recovering from
optic ataxia. Neuropsychologia 29: 803–809, 1991.

Jeannerod M, Arbib MA, Rizzolatti G, and Sakata H. Grasping objects: the
cortical mechanisms of visuomotor transformation. Trends Neurosci 18:
314–320, 1995.

Kakei S, Hoffman DS, and Strick PL. Muscle and movement representations
in the primary motor cortex. Science 285: 2136–2139, 1999.

Kalaska JF. Parietal cortex area 5 and visuomotor behavior. Can J Physiol
Pharmacol 74: 483–498, 1996.

Kalaska JF and Crammond DJ. Cerebral cortical mechanisms of reaching
movements. Science 255: 1517–1523, 1992.

Kapoula Z, Isotalo E, Muri RM, Bucci MP, and Rivaud-Pechoux S. Effects
of transcranial magnetic stimulation of the posterior parietal cortex on
saccades and vergence. Neuroreport 12: 4041–4046, 2001.

Kapoula Z, Yang Q, Coubard O, Daunys G, and Orssaud C. Transcranial
magnetic stimulation of the posterior parietal cortex delays the latency of
both isolated and combined vergence-saccade movements in humans. Neu-
rosci Lett 360: 95–99, 2004.

Kapoula Z, Yang Q, Coubard O, Daunys G, and Orssaud C. Role of the
posterior parietal cortex in the initiation of saccades and vergence: right/left
functional asymmetry. Ann NY Acad Sci 1039: 184–197, 2005.

Karnath HO and Perenin MT. Cortical control of visually guided reaching:
evidence from patients with optic ataxia. Cereb Cortex 15: 1561–1569,
2005.

Khan AZ, Pisella L, Rossetti Y, and Crawford JD. Initial hand position and
movement direction affect reaching in an unilateral optic ataxia patient. Vis
Sci Soc Abstr 1016, 2006.

Khan AZ, Pisella L, Rossetti Y, Vighetto A, and Crawford JD. Impairment
of gaze-centered updating of reach targets in bilateral parietal-occipital
damaged patients. Cereb Cortex 15: 1547–1560, 2005a.

Khan AZ, Pisella L, Vighetto A, Cotton F, Luaute J, Boisson D, Salemme
R, Crawford JD, and Rossetti Y. Optic ataxia errors depend on remapped,
not viewed, target location. Nat Neurosci 8: 418–420, 2005b.

Kohler I. Experiments with goggles. Sci Am 206: 62–72, 1962.
Lewald J, Foltys H, and Topper R. Role of the posterior parietal cortex in

spatial hearing. J Neurosci 22: RC207, 2002.
Logothetis NK, Pauls J, Augath M, Trinath T, and Oeltermann A.

Neurophysiological investigation of the basis of the fMRI signal. Nature
412: 150–157, 2001.

Marotta JJ, Keith GP, and Crawford JD. Task-specific sensorimotor adap-
tation to reversing prisms. J Neurophysiol 93: 1104–1110, 2005.

Medendorp WP and Crawford JD. Visuospatial updating of reaching targets
in near and far space. Neuroreport 13: 633–636, 2002.

Medendorp WP, Goltz HC, Crawford JD, and Vilis T. Integration of target
and effector information in human posterior parietal cortex for the planning
of action. J Neurophysiol 93: 954–962, 2005.

Medendorp WP, Goltz HC, Vilis T, and Crawford JD. Gaze-centered
updating of visual space in human parietal cortex. J Neurosci 23: 6209–
6214, 2003.

Merriam EP, Genovese CR, and Colby CL. Spatial updating in human
parietal cortex. Neuron 39: 361–373, 2003.

Messier J and Kalaska JF. Differential effect of task conditions on errors of
direction and extent of reaching movements. Exp Brain Res 115: 469–478,
1997.

Muri RM, Buhler R, Heinemann D, Mosimann UP, Felblinger J, Schla-
epfer TE, and Hess CW. Hemispheric asymmetry in visuospatial attention
assessed with transcranial magnetic stimulation. Exp Brain Res 143: 426–
430, 2002.

Muri RM, Gaymard B, Rivaud S, Vermersch A, Hess CW, and Pierrot-
Deseilligny C. Hemispheric asymmetry in cortical control of memory-
guided saccades. A transcranial magnetic stimulation study. Neuropsycho-
logia 38: 1105–1111, 2000.

Muri RM, Vermersch AI, Rivaud S, Gaymard B, and Pierrot-Deseilligny
C. Effects of single-pulse transcranial magnetic stimulation over the pre-
frontal and posterior parietal cortices during memory-guided saccades in
humans. J Neurophysiol 76: 2102–2106, 1996.

Nyffeler T, Egli A, Pflugshaupt T, von Wartburg R, Wurtz P, Mosimann
U, Hess CW, and Muri RM. The role of the human posterior parietal cortex
in memory-guided saccade execution: a double-pulse transcranial magnetic
stimulation study. Eur J Neurosci 22: 535–538, 2005.

Oldfield RC. The assessment and analysis of handedness: the Edinburgh
inventory. Neuropsychologia 9: 97–113, 1971.

Oyachi H and Ohtsuka K. Transcranial magnetic stimulation of the posterior
parietal cortex degrades accuracy of memory-guided saccades in humans.
Invest Ophthalmol Vis Sci 36: 1441–1449, 1995.

Pascual-Leone A. Handbook of Transcranial Magnetic Stimulation. New
York: Arnold, 2002.

Pascual-Leone A, Bartres-Faz D, and Keenan JP. Transcranial magnetic
stimulation: studying the brain-behaviour relationship by induction of “vir-
tual lesions.” Philos Trans R Soc Lond B Biol Sci 354: 1229–1238, 1999.

Pascual-Leone A, Walsh V, and Rothwell J. Transcranial magnetic stimu-
lation in cognitive neuroscience—virtual lesion, chronometry, and func-
tional connectivity. Curr Opin Neurobiol 10: 232–237, 2000.

Perenin MT and Vighetto A. Optic ataxia: a specific disruption in visuomotor
mechanisms. I. Different aspects of the deficit in reaching for objects. Brain
111: 643–674, 1988.

Poljac E and van den Berg AV. Representation of heading direction in far
and near head space. Exp Brain Res 151: 501–513, 2003.

Pouget A, Ducom JC, Torri J, and Bavelier D. Multisensory spatial
representations in eye-centered coordinates for reaching. Cognition 83:
B1–B11, 2002.

Prado J, Clavagnier S, Otzenberger H, Scheiber C, Kennedy H, and
Perenin MT. Two cortical systems for reaching in central and peripheral
vision. Neuron 48: 849–858, 2005.

Revol P, Rossetti Y, Vighetto A, Rode G, Boisson D, and Pisella L. Pointing
errors in immediate and delayed conditions in unilateral optic ataxia. Spat
Vis 16: 347–364, 2003.

Robertson EM, Theoret H, and Pascual-Leone A. Studies in cognition: the
problems solved and created by transcranial magnetic stimulation. J Cogn
Neurosci 15: 948–960, 2003.

Rossetti Y, Pisella L, and Vighetto A. Optic ataxia revisited: visually guided
action versus immediate visuomotor control. Exp Brain Res 153: 171–179,
2003.

3026 VESIA, MONTEON, SERGIO, AND CRAWFORD

J Neurophysiol • VOL 96 • DECEMBER 2006 • www.jn.org

 on N
ovem

ber 16, 2006 
jn.physiology.org

D
ow

nloaded from
 

http://jn.physiology.org


Rushworth MF, Ellison A, and Walsh V. Complementary localization and
lateralization of orienting and motor attention. Nat Neurosci 4: 656–661,
2001.

Schluppeck D, Glimcher P, and Heeger DJ. Topographic organization for
delayed saccades in human posterior parietal cortex. J Neurophysiol 94:
1372–1384, 2005.

Sereno MI, Pitzalis S, and Martinez A. Mapping of contralateral space in
retinotopic coordinates by a parietal cortical area in humans. Science 294:
1350–1354, 2001.

Sergio LE and Kalaska JF. Systematic changes in motor cortex cell activity
with arm posture during directional isometric force generation. J Neuro-
physiol 89: 212–228, 2003.

Smith MA and Crawford JD. Distributed population mechanism for the 3-D
oculomotor reference frame transformation. J Neurophysiol 93: 1742–1761,
2005.

Smyrnis N, Theleritis C, Evdokimidis I, Muri RM, and Karandreas N.
Single-pulse transcranial magnetic stimulation of parietal and prefrontal
areas in a memory delay arm pointing task. J Neurophysiol 89: 3344–3350,
2003.

Snyder LH, Batista AP, and Andersen RA. Coding of intention in the
posterior parietal cortex. Nature 386: 167–170, 1997.

Sokal RR and Rohlf FJ. Biometry: The Principles and Practice of Statistics
in Biological Research. San Francisco, CA: W.H. Freeman, 1981.

Stewart LM, Walsh V, and Rothwell JC. Motor and phosphene thresholds:
a transcranial magnetic stimulation correlation study. Neuropsychologia 39:
415–419, 2001.

Stricanne B, Andersen RA, and Mazzoni P. Eye-centered, head-centered,
and intermediate coding of remembered sound locations in area LIP.
J Neurophysiol 76: 2071–2076, 1996.

Sugita Y. Global plasticity in adult visual cortex following reversal of visual
input. Nature 380: 523–526, 1996.

Talairach J and Tournoux P. Co-planar Stereotaxic Atlas of the Human
Brain: 3-Dimensional Proportional System: An Approach to Cerebral
Imaging. New York: Thieme Medical Publishers, 1988.

Tunik E, Frey SH, and Grafton ST. Virtual lesions of the anterior intrapa-
rietal area disrupt goal-dependent on-line adjustments of grasp. Nat Neuro-
sci 8: 505–511, 2005.

Tzelepi A, Yang Q, and Kapoula Z. The effect of transcranial magnetic
stimulation on the latencies of vertical saccades. Exp Brain Res 164: 67–77,
2005.

van Donkelaar P and Adams J. Gaze-dependent deviation in pointing
induced by transcranial magnetic stimulation over the human posterior
parietal cortex. J Mot Behav 37: 157–163, 2005.

van Donkelaar P, Lee JH, and Drew AS. Transcranial magnetic stimulation
disrupts eye–hand interactions in the posterior parietal cortex. J Neuro-
physiol 84: 1677–1680, 2000.

Walsh V and Cowey A. Transcranial magnetic stimulation and cognitive
neuroscience. Nat Rev Neurosci 1: 73–79, 2000.

Walsh V, Ellison A, Ashbridge E, and Cowey A. The role of the parietal cortex
in visual attention–hemispheric asymmetries and the effects of learning: a
magnetic stimulation study. Neuropsychologia 37: 245–251, 1999.

Wassermann EM. Risk and safety of repetitive transcranial magnetic stimu-
lation: report and suggested guidelines from the International Workshop on
the Safety of Repetitive Transcranial Magnetic Stimulation, June 5–7, 1996.
Electroencephalogr Clin Neurophysiol 108: 1–16, 1998.

Yang Q and Kapoula Z. TMS over the left posterior parietal cortex prolongs
latency of contralateral saccades and convergence. Invest Ophthalmol Vis
Sci 45: 2231–2239, 2004.

Zhang M and Barash S. Neuronal switching of sensorimotor transformations
for antisaccades. Nature 408: 971–975, 2000.

Zipser D and Andersen RA. A back-propagation programmed network that
simulates response properties of a subset of posterior parietal neurons.
Nature 331: 679–684, 1988.

3027TMS OVER DORSAL PPC DISRUPTS MEMORY-GUIDED POINTING

J Neurophysiol • VOL 96 • DECEMBER 2006 • www.jn.org

 on N
ovem

ber 16, 2006 
jn.physiology.org

D
ow

nloaded from
 

http://jn.physiology.org

