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Abstract

Updating of visual space takes place in the posterior parietal cortex to guarantee spatial constancy across eye movements. However, t
timing of updating with respect to saccadic eye movements remains a matter of debate. In the present study, event-related potentials (ERF
were recorded in 15 volunteers during a saccadic double-step task to elucidate the time course of the updating process. In the experimen
condition updating of visual space was required, because both saccade targets had already disappeared before the first saccade was execl
A similar task without updating requirements served as control condition. ERP analysis revealed a significantly larger slow positive wave in
the retino-spatial dissonance condition compared to the control condition, starting between 150 and 200 ms after first saccade onset. Sour
analysis showed an asymmetry with respect to the direction of the first saccade. Whereas the source was restricted to the right PPC in tria
with leftward first saccades, left and right PPC were involved in rightward trials.

The results of the present study suggest that updating of visual space in a saccadic double-step task occurs not earlier than 150 ms af
the onset of the first saccade. We conclude that extraretinal information about the first saccade is integrated with motor information about th
second saccade in the inter-saccade interval.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction perform this task15,28] The oculomotor system therefore
needs to have access to extraretinal information about the
Whenever we perform a saccadic eye movement, the reti-metrics of a saccade, probably by using efference copy or
nal locations of objects in our environment change. To main- corollary discharge information of the saccadic movement
tain perceptual stability the visual system needs to take into command4,42,45,50]
account amplitude and direction of the eye movements just The posterior parietal cortex (PPC) is an ideal candi-
made. Earlier work in humans and in monkeys has shown thatdate for the so-called updating of visual space in conjunc-
the oculomotor system does not only use retinal error signalstion with eye movements, because it is located between
to guide saccadds5,28] In a saccadic double-step task two sensory and motor areas of the brain. Lesion and imaging
successive saccades have to be performed to flashed targetstudies in humans as well as single cell recordings in mon-
As both targets are presented within the latency of the first keys have shown that PPC regions are recruited in tasks
saccade, the retinal vector of the second target differs from thewhich require the integration of visual and motor information
movement vector necessary to reach the target with the sec{9,14,16-18,25]
ond saccadg 5]. Monkeys and humans are able to accurately ~ The time course of updating with respect to saccade onset
is still a matter of debate. In the lateral intraparietal area
* Corresponding author. Tel.: +49 234 32 24631; fax: +49 234 32 14622. (LIP) of monkeys, neurons have been found, which show pre-
E-mail addresschristian.bellebaum@rub.de (C. Bellebaum). dictive remapping. They respond to visual stimuli appearing
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in their post-saccadic receptive field, before a typical visual
response, as measured in a fixation task, would be expected T2
[9,24]. Some neurons respond to visual stimuli in their future o o
receptive field even before the saccade starts.

In other behavioural paradigms the time course of the (A)
updating process seems to be different. Evidence from single-
cellrecordings during adouble-step task shows that activity in
many LIP neurons codes for the direction of the next saccade \ F \ T \TZ\
and not for the location of visual stimuli. Thus the updating
process seemstotake place inthe inter-saccade interval, wher  control condition
activity shifts to the neurons which code for the direction of ] F ] T1 \ [E\
the second saccad29]. S1 s2

In humans, data concerning the time course of updating
of visual space in the PPC are spdiks23,38] A lateralized
component over the occipito-parietal cortex about 70 ms after (B) time
saccade onset was found, when subjects performed singIeF_ L (A Locati ot ) § i A s (B
norizontalsaccades incomplete dariasandwhenmov- (.1 () ocsens et ponans s agien das 0
ing stimuli with different velocities were presented during condition both targets are flashed in succession, so that they have already
a saccad@23]. This component is dependent upon saccade disappeared before the first saccade is executed. In the control condition
direction and is discussed in terms of an efference copy signalthere is a delay between the presentations of targets 1 and 2, in which the
of the just executed eye movement reaching the parieto-ﬁrSt saccade can be executed (F: fixation point; T: target; S: saccade).
occipital cortex. By contrast, a centrally positive component
over parieto-occipital cortex at about 120 ms after the onset
of horizontal saccades with and without visual stimulation
was described in another study, possibly reflecting incoming

saccade-related eﬁerence copy |nfo_rmafﬂ)]r] . the first saccade target came on. It was located eithérvisal

Th_e prese_nt study alm_ed to eIUCI_date _the time Coursg of angle to the left or right of the fixation point. After the presentation
updating of visual space in connection with two successive qf the first target the second target was presented on the screen. It
saccades. In the experimental condition retino-spatial disso-was located 7 Svisual angle upward or downward from the first
nance was induced, i.e. the first saccade started after the seaarget. Thus subjects were required to first perform a horizontal sac-
ond target had already disappeared. Updating of the secondtade and then a vertical saccade. The presentation times of the first
target's location was thus necessary to correctly perform theand the second target were 120 and 50 ms, respectively. On RDC
second saccade. The experimental condition will be referredtrials, the second target was presented immediately after the first

to as retino-spatial dissonance condition (RDC). A similar target. On CC trials, there was a delay of 250 ms between the offset

task which requires two visually guided saccades served asf the first and the onset of the second target (Sige 1 for the

. f events in both conditions). The fixation point and the
control condition (CC). Electroencephalography (EEG) was sequence o .

. - - det t d dots ofBual le d ter.
used to provide the high temporal resolution necessary for the>2Cca¢e 1argets were red do's o v’ ange diameter

) . ; e In addition to these conditions, there was a fixation condition,
fine-graned analysis of brain processes. In addition, SOUTCEi \which the stimulation was exactly the same as on RDC trials.

analysis techniques were applied to further explore the brain gypjects were asked to keep their eyes on the location of the cen-

regions involved in updating. tral fixation point. To ascertain that they were still attending to the
stimuli, subjects were asked to press one of two buttons, when the
location of the second target was above the location of the first target

experimental condition

v

saccades to flashed targets. At the beginning of each trial, a central
fixation point appeared on the computer screen. After an unpre-
dictable delay (1200-1800 ms), the fixation point disappeared and

2. Materials and methods and to press the other button, when it was below the first target. Each
subject performed nine blocks of trials, three per condition. Each
2.1. Subjects block consisted of 60 trials. Trials with different target locations

were presented in random order.
Fifteen healthy subjects took part in the experiment. Mean age
was 28.27 years (S.D.=5.11, range 22-38 years). All were right- 2 3. pata recording
handed and had normal or corrected-to-normal vision. Subjects
signed an informed consent form before the experiment was started. Throughout the experiment, EEG was recorded from 30 scalp
The study was approved by the Ethics Committee of the RUNr- gjies according to the International 10-20 System (F7, F3, Fz, F4, F8,

University of Bochum. FT7,FC3,FCz,FC4,FT8,T7,C3,Cz, C4, T8, TP7,CP3,CPz,CP4,
TP8, P7, P3, Pz, P4, P8, PO7, PO3, POz, PO4, PO8), referenced to
2.2. Stimuli and task linked mastoids. Silver—silver chloride electrodes were used and

they were fixed using an elastic cap.
On RDC and CC trials, subjects were instructed to perform a Subjects were seated 57 cmin front of a computer monitor (LCD-
saccadic double-step task, i.e. they had to perform two successivedisplay), on which the visual stimuli were presented. A chin rest was
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10 2.4. Procedure
& i Subjects were told that the study aimed to assess brain activity
related to eye movements. For the conditions, in which eye move-
ments were required, participants were instructed that they would
see a central fixation point on the screen, followed by a first and
0 e a second target stimulus. They were asked to make two successive
eye movements to the target positions as fast and as accurately as
possible. For the fixation condition, they were asked to look at the

vertical visual angles [degrees]

-5 —— position of the central fixation point during the whole block of trials.
L., ” They would see two successive stimuli flashed on the screen. They
were instructed to attend to the target stimuli and to press one of two
-10 5 0 5 10 buttons, when the second target stimulus was above the first target
(A horizontal visual angles [degrees] stimulus and to press the other button, when it was below.
Saccade accuracy was assessed in five subjects in a separate test-
2 10 ing session a few days before the EEG-experiment. The instructions
E X were the same as for the saccade tasks in the EEG-experiment.
T 0
% Y 10 2.5. Analysis of EEG- and saccade-data
= 0 . : . .
E 200 400 600 800 Data were analyzed off-line. The first steps of analysis were
= performed using the Brain Vision Analyzer Software Package. Raw
(B) time after firs target onset [ms]

data were filtered with a 0.1 Hz high-pass and a 40 Hz low-pass
filter. Then segments were created, ranging from 600 to 1500 ms
after onset of the first target. After ocular correction was performed,
segments were baseline corrected based on the average signal in the
first 400 ms of the time epoch, i.e. from 600 to 200 ms before the
onset of the first target.

The raw data of all 60 trials per block were then exported and
used to stabilize head position. The experiment was conducted infurther analyzed using MATLAB. For the experimental and control
the dark. A circular frame was put in front of the screen, so that the conditions an algorithm was used to detect saccadic eye movements.
frame of the monitor could not be used as external reference. Saccades were detected, whenever the EOG-signal increased or

EOG was recorded from electrodes at the outer canthi of both decreased in 10 or more consecutive time frames (20 ms) and when
eyes and above and below the left eye to determine the onset ofthe amplitude of the signal changed by more thap¥@luring this
horizontal and vertical eye movements. A Neuroscan Synamps interval. If the signal returned to baseline at a similar rate, it was
System and the appropriate software were used for recording. All considered a blink rather than a saccade.
data were sampled at a rate of 500 Hz. The impedance was kept  Only trials with two successive saccades in the correct directions
below 5 k2. entered the final analysis. In addition, the timing of the saccades was

To explore whether subjects were able to perform correct sac- considered: In the experimental condition, only trials were included
cades on RDC and CC trials, saccade accuracy was tested in fivein which retino-spatial dissonance was involved, i.e. the first saccade
subjects using an EyeLink video system (SMI, Sensorimotor Instru- had to start after the second target had already disappeared. In the
ments, Germany) in a separate experiment. The signal was sample&ontrol condition only those trials entered analysis in which the first
with 250 Hz. Subjects performed four blocks of 40 trials each, two saccade was already executed when the second target was presented,
blocks of RDC trials and two blocks of CC trials. Four of the five  so that there was no retino-spatial dissonance. For both conditions
subjects also took part in the EEG experiment. there had to be a minimum duration of 200 ms between the onsets

Saccades were performed with a similar degree of accuracy in of both saccades. Trials with artefacts were detected automatically:
both conditions and there was no evidence of systematic mislocal- Segments with a maximal difference between the highest and the
isation Fig. 2A). As revealed by paired-samplegest, there were lowest data point exceeding 1p¥ were excluded.
no significant differences between conditions for horizontal or ver- In the next analysis step, every segment fulfilling the criteria
tical deviations of saccade endpoints from target locations. The only mentioned above was realigned with respect to the beginning of the
near-significant between-condition differen€e=(0.069) emerged first saccade, with every new ERP-segment starting 400 ms before
for vertical shifts of first saccade endpoints: On RDC trials, end- and ending 500 ms after saccade start. Then ERPs of all remaining
points of first saccades tended to shift slightly into the direction of trials per subject and condition were averaged, separately for left-
the second target. However, the mean difference between conditionsyard and rightward trials, i.e. trials with leftward and rightward first
on this measure was very small, about'Osisual angle. saccades. Data for trials with upward or downward second saccades

As can be seen iRig. 2B, the timing of first and second saccades  were pooled.
was also very similar in both conditions. Neither for first, nor for To induce retino-spatial dissonance only on RDC trials and not
second saccade latencies there was a significant difference betweegn CC trials, it could not be avoided that the two conditions differed
conditions (bothP>0.19). The conditions did not differ signifi- i the timing of the second target stimulus (see above).
cantly with respect to the delay between first and second saccade ERPs from the fixation condition showed that both target stim-
(P=0.90). uli caused a clear negative visual evoked potential (VEP) at about

Fig. 2. Saccade data of five subjects in the experimental and control con-
dition. (A) Mean saccade directions and amplitudes to all possible target
locations. (B) Mean latencies of first and second saccades for all trials.
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180 ms after stimulus onset, which will be referred to as N180. This A PET/SPECT design with a two-sameest was performed with

component cannot be observed in the traces aligned to first saccad¢he following parameters: Global normalisation with proportional

onset, because the timing of the stimuli with respect to saccade onsescaling to a mean of 50, absolute threshold masking with a threshold

is different from trial to trial, depending on saccade latencies. Addi- of 5 and global calculation of mean voxel value (within per image).

tionally, the average timing of stimuli from saccade onset differs The level of significance was set ©=0.05. The coordi-

between subjects. Nevertheless, it might be possible that the tem-nates of the foci of significant differences between conditions

porally dispersed visual N180 contributes to possible differences in were transformed into Talairach coordinafd8] with the algo-

saccade-locked ERPs between RDC and CC trials. rithm suggested by Breth{tp://www.mrc-cbu.cam.ac.uk/Imaging/
Visual stimulation in the fixation condition matched the visual Common/mnispace.shtjnl

stimulation on RDC trials. On CC trials the second target stimulus

was presented, when subjects already had performed the first sac-

cade. Therefore the retinal location of the second target stimulus in 3. Results

the control condition differed from the retinal location of the sec-

ond target stimulus in the experimental and fixation conditions. In 3.1. Number of trials

four subjects, visual ERPs in response to the second target stimulus™ "

could be obtained on CC trials, because they showed frequent omis- . . . ) . .

sions of second saccades and many trials with large inter-saccade AS We aimed to induce retino-spatial dissonance in the

intervals. In these subjects, the average visual N180 in response€Xperimental condition, but not in the control condition, sac-

to the second target stimulus was very similar for the control and cades had to fulfill different timing criteria in both conditions

fixation conditions, indicating that the retinal location of the sec- (see Sectior2).

ond target stimulus did not have a significant effect on visual ERPs. The number of trials fulfilling the timing criteria and

ERPs from the fixation-condition were therefore used to correct for thys entering ERP-analysis was very similar in both con-

possible effects of visual input on RDC and CC trials. ditions. On leftward trials, i.e. trials with a leftward first
Toremove the VEP from the traces, a repeated sum of the meang,.cade, on average 64.3 (S.D. =58.9) RDC trials and 58.8

VEP from the f_|xat|on con_dmon was form_ed_for every Sgk_)JeCt’ d.'s' (S.D.=27.4) CC trials entered analysis. For rightward tri-

persed according to the histogram of the timing of stimuli in relation Is. th b f trial 60.3 (S.D.=26.8 d

to first saccade onsgt4]. Grand-average ERPs were obtained for as, tné mean numbers o _“as were 1. ( s ) )_an

every condition, separately for rightward and leftward trials. 66.4 (S.D.=26.9), respect!vel-y.. For b_Oth directions of first

saccades there were no significant differences between the

" >0.42).
2.6. Statistical analysis conditions (bottP>0.42)

Initially, grand-average ERP-data were inspected visually. As 3.2. Saccade characteristics
activity in the parietal cortex was most relevant, nine parietal elec-
trodes were chosen for ERP-analysis (CP3, CPZ, CP4, P3, PZ, P4, Fig. 3shows onset latencies of first and second saccades,
PO3, POZ and PO4). A repeated measures ANOVA with the factors both with respect to the onset of the first target, in trials with
condition (RDC and CC), row (anterior, middle, posterior) and line ' |eftward and rightward first saccades for RDC and CC trials.
(right, middle, left) was performed on peaks and areas, in which ANOVA with factors condition and side on first and second

activity on RDC and CC trials potentially differed. To determine 500446 latencies did notyield any main effects or interactions
the onset of areas of significant amplitude differences, a previously (all P>0.15)

described method was Us6] Since ERPs were time-locked to the onset of the first

) saccade, the duration between first and second saccade
2.7. LORETA-analysis onset was of particular interest for those trials finally enter-
ing analysis. The inter-saccade interval was on average

Mean amplitudes of the areas, for which significant differences 450 ms (S.D. =125 ms) on rightward RDC trials and 455 ms
between RDC and CC trials emerged, entered LORETA (low res- (S.D.= 15é r‘r.1$) on leftward RDC trials. The correspond-

olution brain electromagnetic tomography) source analfz5s. S . _
Although the spatial distribution of brain activity cannot be derived ing intervals for CC trials were 470 ms (S.D.=161ms) and

from extracranial measurement of electrical activity, multi-channel 485 MS (S.D. =176 ms), respectively. There were neither sig-
EEGs contain sufficient information to determine an approximate hificant main effects of condition or side, nor was there a
distribution. The method is based on computation of the current Significant interaction between the factors @# 0.24).

density at each grey matter voxel of a reference brain as a linear,

Weighted sum of the s_calp elt_actrica_ll pot_entials. The smoothest of §1II 3.3. ERP-effects

possible current density configurations is chosen, the only constraint

being that neighbouring voxels should have maximally similar activ- .
ity. LORETA-images represent electrical activity at each voxel as Figs. 4 and Show grand average ERPs of all electrodes

squared current density. fpr RDC and CC trials, time—locked tq first saccade onset on
For both conditions and for every subject, LORETA-imageswere "ghtward and leftward trials, respectively.

generated for the ERP-components in question. The images were ~ Positive and negative peaks occurring atabout 5 and 25 ms

converted (ttp://www.ihb.spb.rutpetlab/L2S/L2SMain.hthand after first saccade onset were analyzed. They were deter-

further analyzed using SPM9#ttp://www.fil.ion.ucl.ac.uk/spr)/ mined for every subject as the peak positive and negative


http://www.ihb.spb.ru/~pet_lab/l2s/l2smain.htm
http://www.fil.ion.ucl.ac.uk/spm/
http://www.mrc-cbu.cam.ac.uk/imaging/common/mnispace.shtml
http://www.mrc-cbu.cam.ac.uk/imaging/common/mnispace.shtml
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Fig. 3. Mean latencies of first and second saccades in leftward and rightward RDC and CC trials. Error bars indicate standard errors.

amplitudes in the-30 to 30 ms time range with respect to For both leftward and rightward trials, the most obvious
saccade onset. Then the peak-to-peak amplitudes were caldifference between conditions is a more positive mean ampli-
culated. In rightward trials ANOVA with factors condition, tude on RDC compared to CC trials, starting around 150 and
row and line did not yield any significant main effects or 200 ms after first saccade onset. To explore onset latencies of
interactions (alP > 0.20). significant differences between conditiobsests were per-

On leftward trials there was no main effect of condition formed for each time point (every 2 ms) at each electrode site
and no interaction between condition and line (H&th0.43). [13,36] Consistent with the procedure described by Rugg et
There was a significant interaction between the factors con-al. [36], the onset latency for a given electrode was defined
dition and row P=0.049). Further analysis showed that in as the time point from which at least 15 consecutitests
the last row of electrodes the interaction between the fac- were significant at the 0.05 level. Black bars above grand-
tors condition and line approached significance (PO3, POZ, average ERPs iRigs. 4 and Sndicate regions of significant
PO4;P=0.082). However, neither for the whole row of elec- amplitude difference.
trodes nor for any of the single electrode sites was there a  On rightward trials, the mean amplitude on RDC trials is
significant amplitude difference between the conditions (all significantly more positive in many frontal and parietal sites.
P>0.10). For the other rows, there were no significant main In most cases, the area of significant differences is restricted
effects or interactions (aP>0.47). to the time window from 150 to 350 ms after first saccade
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Fig. 4. Grand-average ERPs of RDC (in grey) and CC trials (in black) for rightward trials. ERPs are aligned to first saccade onset. Black barsad®s/e the tr
indicate areas of significant difference between conditions.
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Fig. 5. Grand-average ERPs of RDC (in grey) and CC trials (in black) for leftward trials. ERPs are aligned to first saccade onset. Black bars ai®s/e the tra
indicate areas of significant difference between conditions.

onset. An ANOVA with factors condition, row and line for
nine parietal electrodes (CP3, CPZ, CP4,P03, POZ, P04, P3,
Pz, P4) on the mean amplitude in this time window revealed
a significantly more positive amplitude on RDC as compared
to CC trials P<0.01). The two- and three-way interactions
did not reach significance (d#>0.19).

For leftward trials, a similar pattern emerges. However, the
positivity on RDC trials starts later thanin rightward trials and
the differences between grand-average ERPs in both condi-
tions are not as pronounced as for rightward trials. Significant
differences between conditions can only be found in central
parietal electrodes. Although areas of significant differences
begin even later, the larger positivity on RDC trials starts at
about 200 ms for most of the sites. For frontal electrodes, the
area of amplitude differences (not significant) ends at about
350 ms. Thus the time window between 200 and 350 ms was
analyzed for leftward trials. As for rightward trials, the mean
amplitude for nine parietal electrodes was significantly more
positive on RDC relative to CC trial®?E 0.029). None of
the interactions reached significance @i 0.19).

3.4. Source analysis

To determine the sources of activity responsible for dif-
ferences between the conditions, the ERP activity in the time
windows of significant between-condition effects entered
analysis. Data from all electrode sites were considered. In Fig. 6. Results of LORETA source analysis. Uniformly grey areas indicate
F_Ig‘ 6results of RDC_CC_ contrasts _are shown separate!y for source locations (A) RDC—-CC contrast for the mean amplitude in the time
rightward and leftward trialsTable 1lists Talairach coordi-  yindow between 150 and 350 ms after first saccade onset for rightward trials.
nates of source centres. (B) RDC-CC contrast for leftward trials; time window 200-350 ms.
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Table 1
Results of LORETA source analysis
Brodmann area X y z P
RDC vs. CC rightward trials (150-350 ms)
Superior parietal lobule (left) 7 -17 —-62 62 0.011
Postcentral gyrus (right) 7 11 —48 68 0.033
Medial frontal gyrus (left) 6 -3 -21 66 0.027
RDC vs. CC leftward trials (200-350 ms)
Superior parietal lobule (right) 7 18 —62 62 0.027
Precentral gyrus (right) 6 59 -3 27 0.024

The table shows probable Brodman area, Talairach space coordinates and levels of significance for source centres.

For rightward trials, the contrast between RDC and CC the first saccade, with activation for rightward trials extending
was calculated for the time window of 150-350 ms after onset into contralateral frontal cortex and ipsilateral parietal cortex.
of the first saccade. The main source of activity is in the left ~ Saccade characteristics did not differentially affect ERPs
superior parietal lobule (SPL) and in the precuneus in Brod- in the experimental and control conditions: The average inter-
man'’s area 7, contralateral to the direction of the first saccadesaccade interval as well as the saccade-related EOG-signal
in the double-step task. But the source is not limited to this amplitudes were very similar in both conditions.
area. It extends into the right parietal lobe. The source centre It is also unlikely that the clear ERP-differences between
is located in Postcentral Gyrus, but most of the source origi- RDC and CC trials were caused by differences in visual
nates in the SPL in Brodman's area 7. In the left hemisphere, stimulation in both conditions. First, the effects of visual
the source extends into the medial and superior frontal gyri stimulation were removed using a subtraction technjgdg
(Brodman'’s area 6). Second, if the corrected ERPs still reflected differences in

For leftward trials, the between-condition contrast visual stimulation, one would expect to find sources in the
involved the time window of 200—350 ms after first saccade visual areas of striate and extrastriate cortex. Instead, source
onset. Here two small sources were found. One is located inlocalisation revealed sources in parietal cortex, indicating that
the parietal lobe. Again the centre of activation is in the SPL the slow positive wave on RDC trials may be related to updat-
contralateral to the direction of the first saccade. For leftward ing of visual space.
trials the source emerges only inthe contralateral hemisphere. Both lesion and neuroimaging studies have provided con-

The other source of activity for leftward trials is located in  vincing evidence for the functional involvement of the PPC
the lateral precentral gyrus of the right hemisphere in Brod- in visual space updating. Patients with PPC lesions were
man'’s area 6. impaired at taking contralateral first saccades into account

when performing a sequence of two saccgd€sl7,18] In

asingle case study, a patient with a bilateral extrastriate lesion
4. Discussion involving the intraparietal sulcus was unable to compensate

for retinal background movement, when a stimulus had to be

In bringing a visual stimulus on the fovea, the oculomo- tracked with a smooth pursuit eye movemégiy]. Studies
tor system accounts for intervening saccades by integratingusing functional magnetic resonance imaging (fMRI) also
information about eye displacement with information about yielded PPC activations, but in subregions different to the
the retinal error of the stimulus. The classical task is the areas emerging in the present LORETA analysis: Activations
double-step task, in which two targets are flashed very briefly were observed in a region in the middle part of the intrapari-
before the execution of the first saccdtig]. As the vectorof  etal sulcus, which is considered the functional homologue of
the movement necessary to reach the second target is differthe monkey LIP, responsible for providing spatial constancy
ent from the visual vector, under which the target is seen, the[16,37,46]
retinal location of the second target needs to be recalculated The localisation results of the present study have to be
after the first saccade. To examine the temporal dynamicsinterpreted with caution, because of the relatively limited spa-
of this updating process, EEG was recorded while subjectstial resolution of the EEG source-localisation technique.
performed a double-step task. A task with similar saccade Interestingly, the asymmetries in parietal activation
requirements, in which both saccades were visually guided, observed in the present study correspond to those found
served as control condition. in imaging studies. Two studies reported pronounced right-

In the experimental condition, which required updating of sided posterior parietal activity related to updating of visual
visual space after the first saccade, a slow positive wave wasspace when trials with leftward and rightward first saccades
observed, starting at about 150 ms after first saccade onset fowere pooled, possibly due to the involvement of the right
rightward trials and at about 200 ms for leftward trials. For PPC in saccades in both directiofi,46] A functional
both leftward and rightward trials activity originated mainly asymmetry in terms of a more pronounced right hemisphere
in the superior parietal lobule contralateral to the direction of contribution to visual space updating was also confirmed by
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our results. The right hemisphere therefore does not only of neurons, the stimulus is in the old receptive field, and for
seem to play a dominant role in visuospatial processing andanother one in the new, post-saccadic receptive field. It is
attentior{5,32], but also in providing spatial constancy across unclear, how the visual system uses these signals for correct
saccadic eye movements. It should also be noted that neglecstimulus localisation.

of extrapersonal space is observed much more frequently fol-  The phenomenon of predictive remapping provides evi-
lowing lesions of the right parietal cortg 48]. Interestingly, dence of updating of visual space around the time of a sac-
deficits in spatial short-term memory caused by failure in cade, with remapped responses in some neurons occurring
updating spatial representations across saccades have beaven before saccade start. Updating is seen as a perceptual

described as one component of the neglect syndfésielt phenomenon, independent of task requirements. Within this
has been shown that a deficit in updating visual space exac-context, the role of area LIP in sensorimotor integration is
erbates the severity of symptoms in neglect patigtitg to encode the location of visual stimuli in a retinal frame of

The main purpose of the present study was to elucidate thereference.
time course of the visual space updating process in connec- Findings from single cell recordings during a double-step
tion with saccades. Previous studies of intrasaccadic visualtask provide evidence for an alternative view of the role of
processing described post-saccadic ERP components, whiclarea LIP: It might be more related to motor plans than to
have been discussed in terms of an incoming efference copyvisual coding. Similarly to the present results of enhanced
signal in the parietal corteil,23,38] However, the exact inter-saccade positivity, activity in many parietal neurons was
timing of the ERP component differed from the present enhanced between the first and the second sa¢2ddd.
study. Parieto-occipital components with latencies from 65  When delays between stimulus presentation and saccade
to 120 ms after saccade onset emerged when saccades weexecution were introduced, most LIP neurons showed sus-
performed in complete darkness or evoked by visual stimuli tained activity, coding for the next saccade, which was unre-
[1]. These results are not directly comparable to the presentlated to sensory memory of stimulus locatif®]. Before
findings, since they involved only a single saccade. However, the first saccade in a double-step task, only neurons with
fMRI evidence has shown that updating in the parietal cortex movement fields relevant to the direction of the first sac-
can occur in connection with such tag§i8]. cade discharge. Between first and second saccade, activity

A recent study applying transcranial magnetic stimula- shifts to the neurons with the movement fields relevant for
tion (TMS) to the parietal cortex, while subjects performed the second saccade. Only few neurons discharge in response
a double-step task, is more directly comparable to our studyto stimuli in the receptive fields which are not targets for
[49]. Subjects were unable to compensate for variability in the next saccade. Neurons with similar properties have also
their first saccade amplitude by adjusting the amplitude of been found in other oculomotor regions. In the FEF, visual,
the second saccade, when TMS-pulses were given at leasvisuomotor and movement-related neurons discharge in the
150 ms after first saccade onset. Earlier pulses had no dis-inter-saccade interval in a double-step task, when the second
ruptive effect. These findings are consistent with the presentsaccade is directed into the receptive or movement field of
results, suggesting that the critical processing for updating the neuron12]. This finding is particularly surprising for
of visual space in a double-step task occurs in the between-the purely visual neurons, which discharge, although none
saccades interval. of the stimuli appear in their receptive field. The so-called

In contrast to the sparse evidence from human studies,quasi-visual neurons in the SC also have similar properties
comprehensive evidence has accumulated from animal work.[27].
In the monkey, activity in many LIP visual neurons reflects Activity in LIP is also observed in connection with plan-
predictive remappingf]. These neurons anticipate the reti- ning the next saccade, irrespective of its actual execution
nal consequences of a planned eye movement by responding3]. LIP neurons have also been found to discharge before
to visual stimuli appearing in their future receptive field. intended arm movements, with saccade- and arm movement-
The response latency is shorter than a typical visual latencyrelated neurons being anatomically segreg§8&d. Given
measured in a fixation task. The mechanism of predictive these findings, it was concluded that LIP generally codes for
remapping seems to provide a continuous retinocentric repre-intended movements.
sentation of space. Predictive remapping was not only found The presentdata do notallow a clear differentiation of pari-
in LIP, but also in the frontal eye field (FEF), the superior etal positivity in terms of perceptual updating of the location
colliculus (SC) and in different extrastriate cortex regions ofthe secondtarget stimulus or updating in motor coordinates
[34,47,51] The receptive field shift is not instantaneous; for the second saccade. However, the timing of the positivity
before saccade onset LIP neurons decrease responding teuggests thatit is more related to the latter. If parietal activity
stimuli in the old, pre-saccadic receptive field and increase in the present study reflected predictive remapping and thus
responding to stimuli in the new, post-saccadic receptive field perceptual updating of the second target stimulus, an earlier
[24]. The authors also discussed possible implications of their correlate of updating would be expec{éil Itis also unlikely
findings for the perception of the second target in a double- that parietal positivity in the present study just reflects sen-
step task. A given target excites two sets of neurons whensory memory of the location of the second target stimulus,
it is presented shortly before a saccade. For one populationalthough it has been shown that the PPC is involved in
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