
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Attention and eye movements during contour mapping

Khayat, P.S.

Publication date
2004

Link to publication

Citation for published version (APA):
Khayat, P. S. (2004). Attention and eye movements during contour mapping. [Thesis, fully
internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/attention-and-eye-movements-during-contour-mapping(b61b6e00-0f7e-40d1-ac97-3f92020b6219).html


2 2 

Visuall Information Transfer Across Eye Movements in the 
Monkey y 

Khayatt PS., Spekreijse H. & Roelfsema P.R. (2004). Vision Research, 44(25), 2867-2980. 



366 Chapter 2 

ABSTRACT T 

Duringg normal viewing, the eyes move from one location to another in order to sample the 
visuall  environment. Information acquired before the eye movement facilitates post-saccadic 
processing.. This "preview effect" indicates that some information is maintained in 
transsaccadicc memory and combined with information acquired at the next fixation. However, 
thee nature of transsaccadic memory remains a subject of debate. Here, we investigate preview 
effectss in monkeys that carry out a contour-grouping (curve-tracing) task, by manipulating the 
consistencyy between pre- and post-saccadic information. The results show that consistent 
informationn causes a preview benefit, whereas inconsistent information causes a preview cost. 
Thesee preview effects are relatively independent of the pre-saccadic viewing duration, and 
theyy occur even when the stimulus is exposed for only -10 ms. The results further demonstrate 
thatt an entire relevant cun'e is stored in transsaccadic memory, instead of just the items at the 
saccadee goal. They suggest that preview effects are caused by a mechanism that stores 
attendedd sensory information to make it available at the next fixation. The results are 
discussedd within a theoretical framework that establishes an intimate relationship between 
attention,, short-term memory and transsaccadic memory. 

1.. INTRODUCTION 

Whenn we explore the visual environment, we constantly make saccadic eye movements that 
bringg the centre of gaze from one object of interest to another (Yarbus, 1967). Visual 
informationn is acquired during the intervening fixation periods that typically last 200-300 ms 
(Pollatsekk & Rayner, 1982; Henderson & Hollingworth, 1998). In this period, the fixated 
objectt is identified and the next object is selected for a saccade. No useful information can be 
extractedd during saccades (Matin, 1974). and the perceptual system is therefore confronted 
withh discrete snapshots of the scene interspersed by brief periods of relative "blindness". 
Nonetheless,, the visual scene does not appear to jump or to fade when the eyes move, but 
appearss stable, unified, and continuous. There is a long lasting debate concerning the nature of 
perceptuall  stability. The traditional view proposed that the entire sensory image acquired 
duringg a fixation is maintained across saccades in a detailed, high-capacity memory buffer and 
fusedd with the image from the following fixation (McConkie & Rayner, 1976; Rayner, 1978; 
Jonides,, Irwin, & Yantis, 1982; Breitmeyer, 1984). A conflicting theory, at the other extreme, 
arguedd that there is no need for such a transsaccadic memory buffer, because the scene itself 
actss as an external memory that can be accessed at each fixation (O'Regan, 1992). This theory 
suggestedd that no visual information needs to be carried over from one fixation to the next, 
sincee the image can be processed anew on every fixation (O'Regan, 1992; Bridgeman, Van der 
Heijden.. & Velichkovsky, 1994). Most of the contemporary theories take a less extreme view, 
however,, and argue that while a complete, veridical representation of the scene is not 
transferredd across saccades, some specific information does survive a saccade and can be used 
onn the following fixation. 
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Indeed,, there is now converging evidence for transsaccadic integration from a variety of 
experimentall  procedures. First, processing of information at the locus of the saccade goal 
facilitatess post-saccadic identification, in picture perception as well as in reading (Pollatsek, 
Rayner,, & Collins, 1984; Henderson, Pollatsek, & Rayner, 1987; Pollatsek, Rayner, & 
Henderson,, 1990; Henderson, 1992). This so-called peripheral preview effect demonstrated 
thatt information from an extrafoveal object can be maintained in transsaccadic memory and 
combinedd with the information acquired at the subsequent fixation when the same object is 
seenn foveally. Second, a number of studies showed that people are usually unaware of changes 
occurringg in the visual scene during a saccade, unless the location of the change is at the 
saccadee goal (McConkie & Currie, 1996; Henderson & Hollingworth, 1999, 2003; Currie, 
McConkie,, Carlson-Radvansky, & Irwin, 2000). Since attention shifts to the saccade goal just 
beforee the saccade (Hoffman & Subramaniam, 1995; Kowler, Anderson, Dosher, & Blaser, 
1995;; Deubel & Schneider, 1996; Irwin & Gordon, 1998; McPeek, Maljkovic, & Nakayama, 
1999;; Godijn & Pratt, 2002), this attentional shift can explain the superior ability to detect 
transsaccadicc changes, as well as preview benefits. It was therefore suggested that the 
attentionall  shift to the saccade target causes this target to be stored in transsaccadic memory 
(Irwin,, 1992; Irwin & Andrews, 1996; McConkie & Currie, 1996; Irwin & Gordon, 1998; 
Hendersonn & Hollingworth, 1999, 2003; Currie et al., 2000; Deubel, Schneider & Bridgeman, 
2002).. Moreover, Irwin and Zelinsky (2002) extended this notion by showing that recently 
attendedd objects are also remembered quite well, and argued that transsaccadic memory 
containss the position and identity of the last three objects that were fixated (and therefore 
previouslyy attended), in addition to information about the object to be fixated next (see also 
Hollingworthh & Henderson, 2001). Third, some tasks cannot be carried out without 
transsaccadicc integration. The so-called double step task is one example. In this task, two 
itemss are sequentially and briefly flashed during a fixation, and the subject carries out a 
sequencee of two saccades, one to each item. The saccade to the first item changes the 
retinotopicc location of the memory trace of the second item. Nevertheless, the accuracy of the 
secondd saccade is high in human subjects (Becker & Jiirgens, 1979; McPeek, Skavenski, & 
Nakayama,, 2000), as well as in monkeys (Mazzoni, Bracewell, Barash, & Andersen, 1996; 
Tian,, Schlag, & Schlag-Rey, 2000). This implies that the retinotopic location of the second 
itemm is updated during the first saccade. Direct neurophysiological evidence for this 
transsaccadicc updating of locations has been obtained in the parietal and frontal cortex of 
monkeyss (Duhamel, Colby, & Goldberg, 1992; Tian et al., 2000). Fourth, some tasks require 
moree time than the average fixation duration. One example is serial visual search, where a 
completee transsaccadic loss of information would be detrimental, since search would have to 
startt again after each saccade. 

Thee present study investigates transsaccadic integration in monkeys performing a curve-
tracingg task. Previous studies showed that variants of this task also require more time than the 
typicall  inter-saccadic interval (Jolicoeur, Ullman, & McKay, 1991; Roelfsema, Scholte, & 
Spekreijse,, 1999), and we therefore predict that some information is carried from one fixation 
too the next. The present task requires the monkeys to make two eye movements along a 
continuouss curve {target curve), while ignoring another curve (distracfor curve). The first 
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saccadee is made to a circle halfway on the target curve (FP2), and the second saccade to a 
circlee at the end of this curve (Fig. 1). On some of the trials, the entire target curve is shown to 
thee monkey when the stimulus appears, but on other trials (no-plan trials) the continuation of 
thiss curve after FP2 is only revealed while the first saccade is made (Fig. 2). Here we report 
thatt reaction times of the second saccade are shortest in the former condition, which provides 
directt evidence for a preview benefit in monkeys. We also include a third type of trial (catch 
trials)) where we introduce a conflict between the information from before and after the first 
saccade.. We show that transsaccadic integration on these catch trials actually deteriorates 
performancee and prolongs reaction times. 

Complementaryy stimuli 

Figuree 1. Design of the curve-tracing stimuli. Monkeys had to make a sequence of two eye 
movementss along a (target) curve connected to the first fixation point (FPI). The difference between 
thesee two complementary stimuli was confined to the critical zone (rectangle, not shown to the 
monkeys).. FPI. first fixation point. FP2. second fixation point. The arrows illustrate the trajectory of 
thee saccades. 

2.. GENERAL METHOD 

2.1.. Subjects 

Fourr adult male macaque monkeys participated in the experiments. Before the experiments, 
ann operation was carried out in which a head holder was implanted to allow painless 
immobilizationn of the animal's head during the experimental sessions. The head holder was 
imbeddedd in dental cement and securely attached to the monkey's skull using titanium 
orthopaedicc bone screws. Moreover, to allow eye movements recordings, a gold ring was 
insertedd under the conjunctiva of one eye (Bour, van Gisbergen, Bruijns, & Ottes, 1984). The 
operationn was performed under aseptic conditions and general anaesthesia, which was induced 
withh ketamine (15 mg/kg i.m.) and maintained after intubation by ventilating with a mixture of 
70%% N20 and 30% Oz, supplemented with 0.8% isoflurane, fentanyl (0.005 mg/kg i.v.), and 
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midazolamm (0.5 mg/kg x h i.v.). The animals recovered for at least 21 days before training was 
resumed,, and during that recovery period antibiotics and analgesics were administered as 
needed.. All procedures complied with the National Institute of Health Guide for Care and Use 
off  Laboratory Animals (National Institute of Health, Bethesda, Maryland), and were approved 
byy the institutional animal care and use committee of the Royal Netherlands Academy of Arts 
andd Sciences. 

2.2.. Stimuli and Behavioural task 

Thee stimuli were displayed at a viewing distance of 78 cm on a 21-inch CRT monitor 
(resolutionn 1024 x 768) in combination with a TIGA graphics board running at a frame rate of 
722 Hz. The phosphor persistence was less than 3 ms. The stimuli consisted of a first fixation 
pointt (FP1) presented in the centre of the screen, a second fixation point (FP2), two circles and 
twoo curves (Fig. 1). On of the curves connected FP1 and FP2 to a target circle, and will be 
referredd to as the target curve. The second curve was connected to the other circle, but not to 
thee fixation points, and will be referred to as a distractor curve. The monkeys had to make two 
saccadicc eye movements along the target curve, while they could ignore the other, distractor 
curve.. They first made a saccade from FPI to FP2, followed by a second saccade to the circle 
att the end of the target curve. The only difference between stimuli was a small curve segment 
att a specific location that will be called critical zone (Fig. 1). There were three types of trials, 
(i)) On normal trials (75%), the entire target curve was revealed while fixation was at FPI (Fig. 
2,, upper panels). Thus, the monkey could preview the course of the target curve beyond FP2. 
(ii )) On no-plan trials (12.5%), both curves were connected to FP2 while fixation was at FPI 
(Fig.. 2, middle panels). Only during the first saccade to FP2, one of the segments in the 
criticall  zone disappeared, thereby disconnecting one curve and indicating the location of the 
secondd saccade target. Thus, on no-plan trials we do not expect a preview effect, (iii ) Catch 
trialss (12.5%) began as normal trials (Fig. 2, lower panels), but during the first saccade to FP2 
thee connections in the critical zone were switched. The second saccade had to be made to the 
endd of the curve that was now connected to FP2. Thus, any information carried across the first 
saccadee should interfere with performance, since it did not match with the new stimulus 
configuration.. The stimulus sequences shown in figure 2, together with their mirror-images 
(complementaryy stimuli, see Fig. 1) were all shown in a pseudorandom sequence. 

Thee animals were rewarded with apple juice for making a correct sequence of two saccades 
intoo 1.5° square windows around FP2, and around the target circle. The curves were white 
(luminancee 24 cd/m2) on a uniform black background (luminance 0.5 cd/m2), and the fixation 
pointss and targets were red. FPI subtended 0.2° of visual angle, whereas the FP2 and the 
circless subtended 0.4°. In all experiments, FP2 was located at 3.4° from FPI, and the critical 
zonee was at 4° or 4.4° from FPI. In Experiments 4 and 5, there were also two additional 
criticall  zones that were located at 6.5° or 7° from FPI. In the experiments 1 -3, the circles were 
locatedd at 6.5° from FPI and at 4° form FP2. In Experiments 4, they were located at 7.5° from 
FPII  and 4.7° from FP2, whereas in Experiment 5 they were at 8.5° from FPI and 5° from FP2. 
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Figuree 2. Stimuli and 
behaviourall  task used in 
Experimentt 1. (A) Sequence 
off  events in the normal, no-
plann and catch condition. Note 
thatt on no-plan and catch 
trials,, a change occurs during 
saccadee 1. The visual events 
forr the complementary 
stimuluss are not shown. (B) 
Timingg of the events. RT1, 
reactionn time of first saccade 
(Sacl).. RT2, reaction time of 
secondd saccade (Sac2). 

BB FP̂  

2.3.. Data analysis 

Thee eye position was measured using a double magnetic induction technique (Bour et al., 
1984),, sampled at 1 kHz and stored to disc. The analysis of the eye movement data was 
performedd off-line. We used a velocity criterion to detect the beginning and end of each 
saccade,, defined as the moment at which eye velocity exceeded or dropped below 30°/s. In 
somee trials, the stimulus changed during the first saccade to FP2. In these trials ("no-plan" and 
"catch""  trials), it was essential that the change in the stimulus occurred during the saccade, 
whenn no useful visual information is extracted. Trials on which the change happened after eye 
velocityy dropped below 307s were therefore removed from analysis (the exact timing of this 
changee depended on the relation between saccadic onset and monitor's refresh rate). On 
average,, 6.8% of the trials were removed in Experiment 1, 3.3% in Experiment 2, 2% in 
Experimentt 3, 6% in Experiment 4 and 3% in Experiment 5. In some experiments, the analysis 
off  reaction times required more trials than could be obtained in a single recording session. We 
thereforee pooled across multiple sessions, which is justified by the relatively constant 
performancee of each of the monkeys, which were highly trained, across sessions (see details 
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below).. Trials where the monkey prematurely broke fixation at FPI, or where the first or 
secondd saccade did not target any of the red circles were removed from analysis. Only correct 
trialss were used to determine mean saccadic reaction times. To test for statistical significance 
off  differences between reaction times, we performed a two-way analysis of variance 
(ANOVA) ,, with stimulus condition and monkey as factors, followed by a tukey HSD post-hoc 
test. . 

3.. EXPERIMENT 1: Curve-tracing task with two eye movements 

Inn this experiment, we investigated whether visual information available during one fixation 
influencess the processing of information at the next fixation. To this aim, we manipulated the 
congruencee between visual information before and after the first saccade during a curve-
tracingg task. If there is an effect of congruence on subsequent performance, this provides 
directt evidence for some form of transsaccadic integration. The general procedure has been 
describedd above. In short, there were three trial types that only differed while fixation was at 
FPI.. On normal trials, the entire target curve was shown, while fixation was at FPI. On no-
plann trials, the course of this curve distal to FP2 was only revealed after the first saccade. On 
catchh trials, target and distractor curves were switched during the first saccade, and the 
monkeyy had to make the second saccade to the end of the new target curve. We will use the 
reactionn time of the second saccade (hence, the fixation duration at FP2) to measure the 
magnitudemagnitude of the preview effect. On normal trials, the animal may have obtained information 
relevantt for the second saccade during the previous fixation at FPI. This should shorten the 
fixationn duration at FP2 compared to no-plan trials. Transsaccadic integration on catch trials 
shouldd be costly, and is expected to prolong fixation duration at FP2. In this first experiment, 
wee wanted to maximize the probability of observing a preview benefit on normal trials and a 
previeww cost on catch trials. We therefore required the monkeys to fixate for at least 400 ms at 
FPI.. This should allow the monkey to mentally trace the entire target curve, including 
segmentss distal to FP2, while fixation was at FPI. 

3A.3A. Method 

AA trial started once the monkey's eye position was within a 1° square window centred on 
FPII  (Fig. 2). After 300 ms, the entire stimulus appeared but the monkey had to keep steady 
fixation.. FP! disappeared 400 ms later, which cued the monkey to make an eye movement to 
FP22 (Fig. 2B). At the end of this saccade, FP2 was turned off and the monkey made a second 
saccadee to the circle at the end of the target curve. The monkey was not required to maintain 
fixationn at FP2, and could, in principle, initiate this second saccade immediately. The only 
differencee between the stimuli of the three types of trials was confined to the critical zone 
whilee the monkey fixated FPI. Stimuli became identical when the monkey fixated FP2, and 
thuss required the same sequence of two saccades. In this experiment, we pooled the data 
collectedd across two recording sessions for monkey B, because our analysis required more 
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trialss than could be obtained in a single session (678 correct trials in session 1 and 612 correct 
trialss in session 2). The effect of condition on RT2 was similar in both sessions, as indicated 
byy the absence of a significant interaction between session and condition (two-way ANOVA; 
F2,i285=2.6;; P>0.05). The other two monkeys performed around 1500 trials each, in one 
session.. We analysed the reaction time of the second saccade (RT2) pooled across the two 
complementaryy stimuli, i.e. for the second saccade to the left and right target circles of the 
samee condition. RT2 was defined as the time interval between the offset of FP2 and the start 
off  saccade 2. Thus, RT2 also corresponds to the second fixation duration. 

3.2.. Results 

Thee performance on normal trials in the curve-tracing task was 96% correct for monkey B, 
93%% for monkey G and 99% for monkey R. On no-plan trials, performance slightly decreased 
too 93% and 90% for monkey B and G, respectively, but not for monkey R (100%). This 
decreasee in performance was not significant (P>0.1, A^-test, for all monkeys). On catch trials, 
performancee drastically dropped to 78% and 72% for monkey B and G, respectively, and it 
decreasedd to 95% for monkey R. The difference in performance between no-plan and catch 
trialss was significant (monkey B, X2- 15.2, P<10"4; monkey G, X2- 20.6, P<10 3; monkey R, 
XX = 4, PO.05; df=l), as was the difference between normal and catch trials (monkey B, X2= 
76.4,, P<10"6; monkey G, X2= 90.6, P<1(T6; monkey R,X2=  10.1, PO.005; df=l). 

Theree was also a pronounced difference in the second saccadic reaction time (RT2) between 
conditions.. Figure 3 shows mean RT2s as a function of stimulus condition, for each monkey. 
Reactionn time for the second saccade, averaged across monkeys, was 195 ms on normal trials. 
Onn no-plan trials, average RT2 increased to 218 ms, whereas on catch trials, RT2 increased to 
2466 ms. A comparison of normal and no-plan trials indicates that there was an average 
previeww benefit of 23 ms. Catch trials, on the other hand, were associated with a preview cost 
off  28 ms. A two-way ANOVA on RT2, with stimulus condition and monkeys as factors, 
confirmedd this main effect (F2.4=40; P<0.005). A post-hoc comparison indicated that RT2 
differedd significantly between conditions (P<I0~\ all 3 pairwise comparisons; Tukey HSD). 
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3.3.. Discussion of Experiment 1 

Withoutt transsaccadic integration, reaction times and accuracy of the second saccade should 
bee independent of the pre-saccadic stimulus. However, our results show that a match between 
pre-- and post-saccadic visual information results in better performance and a shorter RT2. 
Consistentt pre-saccadic information causes a preview benefit, which shortens RT2 by 23 ms. 
Inn contrast, a change in the stimulus during the first saccade deteriorates the performance and 
yieldss a significant increase in reaction times. Such catch trials yield a preview cost of 28 ms. 
Ourr results thus indicate that monkeys process information relevant for the second saccade 
beforee the first saccade is executed, and that information acquired during one fixation is 
integratedd with information acquired at the next fixation. One possibility is that the monkeys 
"mentally""  trace the entire target curve before the first saccade. Human subjects direct their 
attentionn to all segments of a curve that is traced "mentally" (i.e. without eye movements) 
(Scholte,, Spekreijse, & Roelfsema, 2001; Houtkamp, Spekreijse, & Roelfsema, 2003). A 
numberr of previous studies have suggested that information about attended objects is 
maintainedd across saccades (e.g. Irwin, 1992; Irwin & Andrews, 1996; McConkie & Currie, 
1996;; Henderson & Hollingworth, 1999, 2003; Currie et al., 2000; Irwin & Zelinsky, 2002). 
Maintenancee of the target curve in transsaccadic memory could also explain the preview effect 
off  the present experiment. We have, however, to exclude a number of alternative explanations. 
First,, the preview benefit could be related to the duration of fixation at FP1. This may have 
causedd simultaneous planning of both saccades during the initial fixation, as has been shown 
too occur in a variety of different tasks (Becker & Jürgens, 1979; Theeuwes, Kramer, Hahn, & 
Irwin,, 1998; Mokler & Fischer, 1999; Theeuwes, Kramer, Hahn, Irwin, & Zelinsky, 1999; 
McPeekk et al., 2000; McPeek & Keller, 2001). This would also account for the preview cost 
onn catch trials, since on these trials the plan of the second saccade would have to be modified. 
Inn Experiment 2 we will therefore reduce the fixation time at FP1 (hence, the preview 
duration)) and investigate how this influences the magnitude of the preview effect. Second, a 
contourr segment was abruptly removed or switched during the first saccade on no-plan and on 
catchh trials, but not on normal trials. In Experiment 3 we will control for the effects of these 
visuall  transients. 

4.. EXPERIMENT 2: Curve-tracing with a gap procedure 

Inn the previous experiment, we hypothesised that the preview effect is caused by the 
maintenancee of attended information in transsaccadic memory. An alternative explanation is 
thatt it is due to parallel programming of two saccades. In Experiment I, monkeys had enough 
timee to view the entire target curve and to plan both saccades while fixation was at FP1. 
Parallell  programming can only occur when the information relevant for planning the second 
saccadee is available well before the execution of the first saccade, since saccade planning 
requiress at least 150 ms (Becker, 1991; Findlay, 1997). Thus, if the preview effect is due to 
advancee planning of the second saccade, we expect that the magnitude of the effect decreases 
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forr preview durations that are shorter. In the following experiment, we will therefore reduce 
thee preview duration, which equals the time between stimulus onset and the first saccade. To 
helpp monkeys initiate their first saccade as quickly as possible, and hence reduce the preview 
duration,, we introduced a gap between FP1 offset and stimulus onset. 

4.1.. Method 

Wee used the same apparatus, stimuli and conditions as in Experiment 1. The task was also 
similar,, except for a slight modification of the procedure. Because we wanted the monkeys to 
initiatee the first saccade as fast as possible, we introduced a gap between FP1 offset and 
stimuluss onset. The procedure is schematically described in figure 4A, and was as follows: a 
triall  started once fixation position was within a 1° square window centred on FP1. After 300 
ms.. FP1 disappeared but the monkey had to keep steady fixation for an additional 200 ms. 
Followingg this gap period, the entire stimulus appeared, and the monkey had to make a first 
saccadee to FP2. At the end of this saccade, FP2 was immediately turned off and the monkey 
madee a second saccade to the circle at the end of the target curve. The data for each monkey 
wass collected in one recording session. Monkey B and G performed approximately 2100 
correctt trials each, whereas monkey R performed 760 trials. We analysed the reaction time for 
thee first and second saccade (RT1 and RT2, respectively) pooled across complementary 
stimuli.. RT1 was defined as the time interval between the onset of the stimulus and the start of 
saccadee 1. RT2 was defined as the time interval between the offset of FP2 and the start of 
saccadee 2. Note that in this gap procedure, RT1 equals the viewing duration of the pre-
saccadicc stimulus, whereas RT2 corresponds to the second fixation duration. We also analysed 
RT22 as a function of RT1 for each condition. To this aim, the distribution of the first saccadic 
reactionn times was divided into 8 categories each having the same number of trials. 

4.2.. Results 

4.2.1.. Performance and reaction time of the first and second saccade 
Thee three monkeys required additional training between Experiments 1 and 2, since it took a 

numberr of sessions before they learned to make the first saccade soon after stimulus 
appearance.. During these additional training sessions their performance on catch trials 
increased.. The effect of condition on performance was therefore less pronounced than in 
Experimentt 1. For only one of the monkeys performance on catch trials was significantly 
worsee than on normal trials (monkey G, 98% vs 91%,X2= 40, P<10"6, df=l) 

Figuree 4B shows mean RT1 and RT2 as a function of stimulus condition for each monkey 
individually.. The first saccade was initiated with an average RT1 across monkeys of 199, 196 
andd 198 ms in the normal, no-plan and catch conditions, respectively. As expected, there was 
noo effect of condition on RTI (ANOVA; F24=0.9; P>0.4). 

Averagee RT2 across monkeys equalled 191 ms on normal trials. On no-plan trials, RT2 
increasedd by 19 ms (RT2 = 210 ms) and on catch trials RT2 increased by 31 ms (RT2 = 222 
ms).. The ANOVA confirmed this main effect (F24=44.3; P<0.002), and the differences 
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betweenn conditions were highly significant (Tukey post-hoc test, P<10°, for all pairwise 
comparisons).. Interestingly, the three monkeys had different first reaction times (hence, 
differentt viewing times of the pre-saccadic stimulus configuration), but switching the 
connectionn between curves during the first saccade in the catch condition yielded a relatively 
similarr increase in average RT2 compared to the normal condition (+28, +39 and +28 ms for 
monkeyy B, G and R, respectively). 
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Figuree 4. Curve-tracing task with a gap procedure. (A) Timing of events. (B) Mean reaction time of 
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saccadee as a function of the reaction time of the first saccade for the three conditions. Error bars 
indicatee S.E.M. 
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4.2.2.. Relation between RTI andRT2 
Inn this experiment, RTI corresponds to the preview duration of the stimulus. To investigate 

thee relationship between the preview duration and the magnitude of the preview effect, we 
dividedd the RTI distributions in each of the monkeys into 8 equally large categories, and 
determinedd the average RT2 in each of them. The result of this analysis is shown in Fig. 4C. 
Thee differences between RT2s on normal, no-plan, and catch trials occurred at each of the 
previeww durations. RTI was shortest in monkey B, with an average of 10 ms in the fastest 
category.. The monkey could make these very early, anticipatory saccades because the first 
saccadee always had to be made to the same location. These fast RTls correspond to an equally 
shortt viewing duration of the stimulus before the first saccade. Remarkably, the preview 
benefitt on normal trials was even observed at these very short preview durations. 

4.3.. Discussion of Experiment 2 

Experimentt 2 replicated the main findings of Experiment I. Advance information about the 
stimuluss configuration during fixation at FP1 yields a preview benefit if the configuration does 
nott change, but a preview cost if it does. Moreover, the preview effect is always present 
regardlesss of the amount of pre-saccadic viewing time. The fast RTls of monkey B and G 
indicatee that the programming of the first saccade started during the gap period, because the 
monkeyy could anticipate the onset of the stimulus. This reduced the exposure duration of the 
stimulus,, especially in monkey B who was able to initiate his first saccade within 10-20 ms 
afterr stimulus presentation, on a fraction of the trials. These very brief exposure durations 
neverthelesss were associated with a clear preview effect, and thus indicate that information 
wass acquired just prior to saccade execution. Many, if not all theories on saccade generation 
holdd that 10 ms does not suffice for the generation of a saccade plan; instead, programming of 
ann eye movement typically takes 150-200 ms (e.g. Becker, 1991; Findlay, 1997). The 
occurrencee of a preview benefit at very short exposures therefore implies that they are not 
causedd by premature saccade plans that have to be changed when they become inappropriate. 
Itt is still possible, however, that planning of two saccades in advance might have contributed 
too the preview benefit observed at longer exposure durations of the pre-saccadic stimulus. In 
thee last experiment (Experiment 5), we wil l investigate whether the preview effects obtained 
att longer exposures can be explained by an oculomotor account. 

Thee preview effects observed at short exposure durations are remarkable since the 
informationn relevant for guiding the second saccade appears briefly at a retinotopically 
eccentricc location, and the eye starts to move immediately afterwards. The information (either 
congruentt or incongruent) is then presented at another retinotopic location when gaze 
approachess FP2. If this information is incongruent, RT2 is prolonged. This indicates that a 
brieff  presentation of a stimulus at one retinotopic location interferes with the processing of 
another,, conflicting stimulus that appears immediately afterwards at another retinotopic 
location.. Therefore, the data of monkey B suggest that the preview effect is caused by a 
sensoryy process that integrates visual stimuli across saccades, but that is hampered by 
mismatchess between the pre- and post-saccadic stimuli. 
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Wee note that the other two monkeys did not generate very fast saccadic reaction times, as 
didd monkey B, and thus had longer stimulus previews. We conducted another experiment to 
testt whether a brief viewing duration of the pre-saccadic stimulus configuration results in 
consistentt preview effects in all the animals. In this experiment, we will reduce the preview 
durationn by presenting the segment in the critical zone for the duration of one single video-
framee (<14 ms). We will also test whether we can interfere with the information held in 
transsaccadicc memory by presenting on some trials a visual mask in the critical zone just after 
thee one-frame preview of the segment. This experiment will at the same time determine 
whetherr the results of the previous experiments can be explained by visual transients that were 
introducedd during the first saccade on no-plan and catch trials, but not on normal trials. 

5.. EXPERIMENT 3: One-frame preview of the segment in the critical zone 
andd masking 

Inn this experiment, we used a gap procedure and the same stimuli as in Experiment 2. The 
mainn novelty in this experiment was that the preview of the segment in the critical zone was 
restrictedd to one single video-frame (<14 ms). Then the curves distal to FP2 remained both 
unconnectedd {cue trials), or a mask was presented immediately after the cue {mask trials). The 
firstt saccade triggered the reappearance of the segment in the critical zone on both cue-normal 
(Fig.. 5A) and mask-normal trials (Fig. 5B), whereas the other segment appeared on cue-catch 
andd mask-catch trials. This procedure ensured that the viewing duration of the pre-saccadic 
stimuluss configuration was equally short for both monkeys. Moreover, the visual transients 
duringg the first saccade were similar in each condition. 

5.1.. Method 

Monkeyy B and G took part in this experiment. A trial started once the monkey fixated FP1. 
Afterr 300 ms, FP1 disappeared but the monkey had to keep steady fixation for a period of 200 
ms.. Following this gap period, the entire stimulus appeared but the segment in the critical zone 
wass extinguished one frame later. On cue trials, as soon as the monkey initiated his first 
saccade,, either the same segment reappeared (cue-normal trials, as in Fig. 5A) or the opposite 
segmentt was displayed (cue-catch trials). On mask trials, a mask appeared at the time that the 
segmentt in the critical zone was extinguished. It consisted of small line segments in the 
criticall  zone. The mask disappeared after 30 ms and both curves were therefore disconnected 
thereafter.. Again, the first saccade triggered the reappearance of same segment (mask-normal 
trials,, as in Fig. 5B) or the appearance of the opposite segment (mask-catch trials). Therefore, 
inn each condition, the pre-saccadic stimulus configuration was presented in its entirety for 
onlyy one frame (phosphor persistence after the offset of the segment in the critical zone was 
lesss than 3 ms). Moreover, these conditions provided a similar transsaccadic visual event. At 
thee end of the first saccade, FP2 was immediately turned off and the monkey made a second 
saccadee to the circle at the end of the target curve. It is important to note that on some trials. 
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thee first saccade might be initiated with a brief delay (<14 ms) after the appearance of the 
stimulus,, because the monkey can anticipate the location of FP2. In this situation, depending 
onn RT1, the saccade will either occur before the segment in the critical zone is removed (and 
beforee the mask is displayed), or will occur before the mask disappeared. 

Fourr conditions were used. The conditions in which the mask was not displayed will be 
referredd to as the cue conditions (cue-normal and cue-catch). The other two conditions wil l be 
referredd to as the mask conditions (mask-normal and mask-catch). The normal conditions 
(cue-normall  and mask-normal) occurred on 37.5% of the trials each and the catch conditions 
(cue-catchh and mask-catch) each occurred on 12.5% of the trials. Each monkey performed 
approximatelyy 1860 correct trials, in one recording session. 

5.2.. Results 

Performancee was above 90% in both monkeys and in all conditions. Moreover, there were 
noo consistent performance differences between conditions. 

Acrosss monkeys, the first saccade was initiated with an average RT1 of 133, 134, 143 and 
1400 ms in the cue-normal, cue-catch, mask-normal and mask-catch conditions, respectively 
(Fig.. 5C). In monkey G the appearance of the mask increased RT1. This did not occur in 
monkeyy B, which explains why an ANOVA did not reveal an effect of condition on RT1 
(F33 3=1.6; P>0.25). Average RT2 across monkeys equalled 196 ms on cue-normal trials, 227 
mss on cue-catch trials, 206 ms on mask-normal trials and 210 ms on mask-catch trials. There 
wass a significant main effect of condition on the reaction time of the second saccade 
(ANOVA ;; F33=53.7; P<0.005). Moreover, RT2 in the cue-catch condition was significantly 
longerr than RT2 in the cue-normal condition, as well as RT2 in the two mask-conditions 
(P<10°;; Tukey HSD). RT2 in both mask-conditions was also significantly longer than RT2 in 
thee cue-normal condition (P<10"\ Tukey HSD). Interestingly, however, RT2 did not differ 
betweenn the two mask-conditions (P>0.1; Tukey HSD). 

Thee preview effect was apparent across the entire distribution of RTls in the cue-conditions, 
evenn though the segment in the critical zone was only displayed briefly (one video-frame) 
(Fig.. 5C, right panels). As in the previous experiment, Monkey B initiated the first saccade 
withh very short latencies relative to stimulus onset, on a fraction of the trials. Figure 5C (right 
panel)) shows that when the saccade was initiated within 10 ms (i.e. during the presentation of 
thee cue), and the mask did not appear, RT2s on mask-catch trials were longer than on mask-
normall  trials. However, when the saccade was initiated during the presentation of the mask, as 
welll  as after its disappearance, RT2s in these two conditions became similar, intermediate 
betweenn the cue-normal and cue-catch conditions. 

5.3.. Discussion of Experiment 3 

Inn the previous experiment we observed a clear preview effect at very short preview 
durationss (<20 ms) in one of the monkeys. These results are confirmed by the present 
experiment,, since a one-frame exposure of the segment in the critical zone induced a reliable 
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previeww effect in both monkeys. This experiment also allows us to exclude visual transients as 
thee primary cause of the preview effects. In Experiments I and 2 there were transients in the 
criticall  zone during the first saccade in the no-plan and catch conditions, but not in the normal 
condition.. Such a difference in transients between conditions cannot explain the preview 
effectss of the present experiment. We obtained a clear and significant preview effect by 
comparingg cue-normal and cue-catch trials, which were matched in the number of visual 
transientss and in their timing. 

Remarkably,, in the cue conditions, the magnitude of the preview effect is relatively 
independentt of RTI and it does not decrease at longer reaction times. It even occurs if the 
intervall  between the cue and the first saccade is longer than 150 ms. On these trials, the 
segmentt in the critical zone is only present for one video-frame and it then disappears for 150 
ms.. The duration of single video frame is determined by the monitor's phosphor decay rate, 
whichh was less then 3 ms. Apparently, the one-frame cue leaves a trace that is maintained 
duringg the interval preceding the first saccade, and that is also stored in transsaccadic memory'. 
Thesee results can be explained on the basis of visual persistence, which causes the neural 
representationn of the one frame cue to persist longer (Coltheart, 1980), and facilitates its 
storagee into transsaccadic memory. Masking of the cue segment blocks visual persistence and 
itt thereby eliminates the preview effects. Indeed, when the cue segment is followed by a mask, 
RT2ss are intermediate between those in cue-normal and cue-catch trials, just as in the no-plan 
conditionn of the previous experiments. In monkey B, the preview effects are again observed at 
veryy short (<20 ms) preview durations. Previous studies demonstrated that visual persistence 
alsoo occurs during saccades, and that the trace of the pre-saccadic stimulus moves with the 
eyes,, i.e. it is largely coded in retinotopic coordinates (Irwin, Brown & Sun, 1988). It is 
thereforee likely that on the short preview trials in monkey B a trace of the pre-saccadic 
stimuluss persisted at one retinal location across the saccade. and influenced processing of the 
post-saccadicc stimulus at another retinal location (but the same spatial location). 

Experimentss 1-3, taken together, indicate that saccade-contingent changes in the stimulus 
duringg curve-tracing provide a new and useful method for the study of transsaccadic 
integrationn in monkeys. We will now use this method to investigate exactly what is stored in 
transsaccadicc memory. We will consider three alternative hypotheses that assume different 
capacitiess of the transsaccadic memory buffer. The first hypothesis is that only information at 
thee target of the saccade is stored. This possibility can account for our results, sine in 
Experimentss 1-3, the critical zone was adjacent to FP2, and it was therefore close (within 1 
deg)) to the target of the first saccade (Fig. 1). A number of studies have shown that attention is 
drawnn to the target of a saccade, just before its execution (e.g. Hoffman & Subramaniam, 
1995;; Kowler et al., 1995; Deubel & Schneider, 1996; Irwin & Gordon. 1998; McPeek et al., 
1999;; Godijn & Pratt, 2002), and that attended items have a prioritised access into 
transsaccadicc memory (e.g. Irwin, 1992; Irwin & Andrews, 1996; Currie et al., 2000; Deubel, 
Schneiderr & Bridgeman, 2002; Irwin & Zelinsky, 2002). The preview effects reported so far 
mightt have therefore resulted from the ability to efficiently extract information about the 
contourss in the critical zone, which fell within the focus of attention, before saccade execution. 
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Thee second hypothesis assumes that transsaccadic memory has a somewhat larger capacity, 
namelyy the information that is attended just before saccade initiation. Recent studies in 
humanss showed that attention is directed to the entire target curve during curve-tracing 
(Scholtee et al., 2001; Houtkamp et al., 2003). Storage of the target curve in transsaccadic 
memoryy during the first saccade would also explain the preview benefit on normal trials, if 
thiss curve would still be attended after the saccade. It would also explain the preview cost on 
catchh trials, since on these trials attention has to shift from the old target curve to the new 
targett curve. The third hypothesis is that the capacity of transsaccadic memory is large enough 
too also include unattended information, or even to retain the entire stimulus (McConkie & 
Rayner,, 1976; Rayner, 1978; Jonides et al., 1982; Breitmeyer, 1984). In the next experiment, 
wee will address these hypotheses and identify the nature of the information that is maintained 
acrosss the saccade. 

6.. EXPERIMENT 4: what is maintained in transsaccadic memory? 

Thiss experiment was designed to investigate the nature if the information stored in 
transsaccadicc memory. To that aim, we increased the number of locations where the stimulus 
couldd change during a saccade in the curve-tracing task (Fig. 6A). The segment switch could 
occurr at three different locations. It could occur near FP2 (critical zone tl in Fig. 6A), at 
anotherr location on the target curve (critical zone t2), or at a corresponding position on the 
distractorr curve (critical zone d). This will allow us to distinguish between the possible 
hypothesess raised above. First, if the only information stored is at the target of the first 
saccade,, then only switches at tl should result in a preview cost, since it takes place close to 
thee target of the first saccade. Second, if the entire target curve is stored across the saccade, 
thenn switches at t l , as well as switches at t2 (Fig. 6B) should cause a preview cost, but 
switchess in d should not. Third, if segments of the distractor curve, or the entire stimulus, are 
stored,, then switches at d may also influence performance. We note, however, that a switch at 
dd by itself does not influence the sequence of eye movements that has to be made, which 
impliess that it can be ignored. We therefore included a condition where switches at d became 
behaviourallyy relevant by combining them with switches at tl (Fig. 6C). If the entire stimulus 
iss stored in transsaccadic memory', this double switch (tl+d) should result in a larger preview 
costt than a single switch at t l . 

6.1.. Method 

Inn this experiment, a new monkey (P) was used along with monkey G. The task was similar 
too that in Experiment 2 (i.e. we used a gap procedure), but the stimuli were modified. We used 
88 stimuli. Four of them are shown in figure 6A. The other 4 are mirror-image stimuli. There 
weree 3 critical zones, 3 distractor curves and one target curve. Each of these curves was 
connectedd to a circle that was located at 7.5° from FP1 and 4.7° from FP2. The first critical 
zonee (tl) was adjacent to the first saccade target (FP2), whereas the other two were located at 



522 Chapter 2 

3.5°° from FP2. One of these critical zones (t2) comprised a contour segment of the target 
curve,, whereas the other (d) comprised a corresponding segment of the distractor curve. 

Fivee conditions were used. 1- In the normal condition, the stimulus configuration did not 
changee across the first saccade. 2- In the "catchtl" condition, the first saccade triggered a 
switchh in the segment at the first critical zone (tl). 3- In the "catchy" condition, the segment 
switchh occurred in the second critical zone (t2) (see example of a catcht2 trial, Fig. 6B). 4- In 
thee "changed" condition, a segment of the distractor curve (in critical zone d) switched during 
thee first saccade. 5- Finally, in the "catcht)+d" condition, the first saccade triggered a 
simultaneouss segment switch in critical zones tl and d (Fig. 6C). Note that all these catch 
conditionss could occur for the 4 pairs of mirror-image stimuli. 

Al ll  stimuli were presented in a pseudo-random sequence. The normal condition occurred on 
72%% of the trials, whereas each of the other conditions occurred on 7% of the trials. Saccadic 
reactionn times for correct trials were pooled across the 8 stimuli of each condition. A total of 
34133 correct trials were collected for monkey G in three recording sessions (N]= 857 trials; 
N2=12533 trials; N3=1303 trials). We pooled the data across sessions, which is justified by the 
absencee of a significant interaction between session and condition (two-way ANOVA; 
F88 3398=2.2; P>0.05). Monkey P performed 1440 correct trials, in four recording sessions (N[= 
3200 trials; N2=234 trials; N3=503 trials; N4=383 trials). Again, there was no significant 
interactionn between session and condition (two-way ANOVA; F12,i42o=l-2; P>0.25). 

6.2.. Results 

Inn monkey G, performance on normal trials was 97% correct, which was significantly better 
thann that on catch trials (91-94% correct in the various catch conditions) (PO.01, A^-test, 
df=l).. There was no difference in performance between normal and changed trials (96% 
correct)) (X2=  0.73, P>0.25, df=l). The overall performance of monkey P was worse than that 
off  monkey G, and varied between 81 to 90% correct depending on the type of trial. There 
were,, however, no significant performance differences between conditions (P>0.05, X'-test, 
forr all pairwise comparisons). 

Monkeyy G initiated the first saccade with an average RT1 (hence, preview duration) of 157 
mss and monkey P had an average RT1 of 110 ms, across conditions. As expected, there was 
noo effect of condition on RT1 (ANOVA; F44=0.6; P>0.5). Figure 6D shows the mean reaction 
timee of the second saccade (RT2) as a function of stimulus condition for each monkey. The 
ANOVAA revealed a significant main effect of condition on the reaction time of the second 
saccadee (ANOVA; F44=37.5; P<0.005). This main effect of condition was associated with a 
numberr of pairwise differences. RT2 was shortest on normal trials (251 ms, average across 
monkeys).. It increased by an average of 35 ms when the segment near FP2 switched (catcht] 
trials)) (P<10"~\ Tukey HSD). A switch at the distal location of the target curve also yielded a 
significantt preview effect of 23 ms (catcht2 trials) (P<10"J, Tukey HSD). Changed trials, which 
aree associated with a switch of the segment of the distractor curve, did not cause a significant 
previeww effect (P>0.4, Tukey HSD, average RT2= 254 ms). The combined switch of two 
segmentss on catch,i+d trials also resulted in a significant preview effect of 34 ms (P<10"\ 
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Tukeyy HSD). There was no significant difference between preview effects on catch,, and 
catch1]+dd trials, however, which indicates that the additional change at the distractor curve did 
nott increase reaction times further (P>0.4, Tukey HSD). 
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6.3.. Discussion of Experiment 4 

Thee results demonstrate that more information is stored in transsaccadic memory than just 
thee contour segments which are near the first saccade target (FP2). Preview costs occur 
wheneverr the target curve changes its shape, irrespective of the precise location of this change 
(tll  or t2). This suggests that the shape of the entire target curve is stored across the saccade. In 
contrast,, switching a segment of the distractor curve has no effect on RT2, even if this change 
becomess relevant due to an additional change at another location (tl+d). This implies that only 
thee target curve is stored in transsaccadic memory, but not a complete sensory representation 
off  the stimulus configuration. 

Previouss results indicate that attention is directed to the entire target curve during curve-
tracingg (Scholte et al., 2001; Houtkamp et al., 2003). The present results are therefore 
consistentt with theories that suggest that attended information is stored in transsaccadic 
memoryy and integrated with information acquired after the saccade (e.g. Irwin, 1992; Irwin & 
Andrews,, 1996; McConkie & Currie, 1996; Henderson & Hollingworth, 1999, 2003; Currie et 
al.,, 2000; Irwin & Zelinsky, 2002). 

Wee will now briefly come back to the issue of concurrent planning of two saccades. We 
notedd in the above that the preview effects observed at relatively long exposure durations of 
thee pre-saccadic stimulus might have resulted from advance planning of the second saccade 
whilee the monkey was still fixating FP1. We used the design of Experiment 4 to directly 
dissociatee changes in the stimulus from changes in the saccade plan. 

7.. EXPERIMENT 5: Saccade planning or sensory integration? 

Inn the previous experiments, the monkeys previewed the stimulus for more than 100 ms on 
mostt of the trials, while they were fixating at FPI. This might have led to the planning of the 
secondd saccade. before the execution of the first saccade. Such parallel planning of two 
saccadess during the initial fixation might have therefore contributed to the preview effects 
reportedd so far. To address this issue, we modified the stimulus-set of the previous 
experimentss with the aim to change the visual information during the first saccade (catch 
trials),, without changing the saccade plan. Specifically, we used a condition in which the pre-
andd post-saccadic stimuli yielded an identical second saccade target in spite of a change in the 
targett curve. 

7.1.. Method 

Inn this control experiment, only monkey G was used. The task and the sequence of events 
weree similar to those in Experiment 4, but the stimuli were slightly modified. As in 
Experimentt 4, there were 3 critical zones (tl , t2 and d) and 4 curves (3 distractor and 1 target 
curve).. However, there were only three targets for the second saccade (one of which was 
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correct),, since two of the curves were connected to the same circle. The circles were located at 
8°° from FP1 and 5° from FP2, and the critical zones were at 3.5° from FP2. Figure 7 A 
illustratess the 8 stimuli that were used. We will pool data across stimuli that are mirror-
images,, and for this reason there are 4 stimulus categories (numbered I-IV in Fig. 7A) We 
notee that the target for the second saccade is the same for stimulus categories I and 11. 

Wee manipulated the consistency of the pre- and post-saccadic information in 3 conditions. 
Inn the normal condition (80% of the trials), the stimulus configuration did not change across 
thee first saccade. In the catchtl+l2 condition (10% of the trials), the segment in the critical zone 
tll  was switched simultaneously with the segment in the critical zone t2. In the catch,i+d 

conditionn (10% of the trials), the segment in the critical zone tl switched together with the 
segmentt in the critical zone d. These catch trials occurred for all stimuli, but here we will 
focuss the analysis on the catch trials that changed the location of the target curve between the 
pre-- and post-saccadic image, without changing the target of the second saccade. This 
occurredd during catch,i+l2 trials for stimulus category I (Fig. 7B), and during catchM+d trials for 
stimuluss category II (Fig. 7C). Note that catch,1+t2 trials changed stimulus category I into 
stimuluss category II, while catcht]+d trials yielded the opposite change. We will pool RT2 on 
thesee two types of catch trials and compare it to RT2 on the normal trials with the same 
stimulii  (stimulus category I and II). A total of 1700 correct trials were collected in a single 
recordingg session. 

7.2.. Results 

Thee critical conditions in this experiment are those in which both the pre-and post-saccadic 
visuall  information indicates that the monkey has to select the middle target for his second 
saccade.. We therefore compared RT2 on normal trials with stimulus category I and II (Fig. 
7A)) with the catch trials that are illustrated in figure 7B and C. The monkey's performance 
wass better than 98% correct in the normal as well as in the catch conditions. The first saccade 
wass initiated with an average RT1 of 138 ms in the normal condition and 140 ms in the catch 
conditionn (range 100-230 ms, P>0.1, U-test). As in previous experiments, RT1 corresponds to 
thee preview duration of the pre-saccadic stimulus. Average RT2 was 261 ms in the normal 
conditionn and it increased to 278 ms in the catch condition (Fig. 7D). This difference is highly 
significantt (PO.005, U-test), which indicates that the preview effect also occurs if the saccade 
plann does not need to be modified. 

7.3.. Discussion of Experiment 5 

Thee present experiment revealed a preview effect of 17 ms, although the target of the 
secondd saccade did not change. This demonstrates that the preview effects cannot be explained 
solelyy on the basis of saccade planning, even if the preview lasts longer than 100 ms. The 
resultss of this and previous experiments, taken together, therefore suggest that the preview 
effectss are due to the storage of the target curve in transsaccadic memory. On normal trials, 
thiss yields a preview benefit since this curve is still represented after the saccade. On catch 
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trials,, however, this causes a preview cost since on these trials attention has to be withdrawn 
fromm the curve that becomes a distractor and allocated to the new target curve. 

Categoryy I Categoryy 1 Categoryy III Categoryy IV 

BB Catch1] i (2 trials 

Categoryy I  Category II 

Pre-saccadicc Posl-saccadic 
stimulus(preview)) stimulus 

c c Catch ( !+dd trials D D 

Categoryy n • Category t 

Pre-saccadicc Posl-saccadic 
sliimi!iis(prcvic\\)) stimulus 

Monkeyy G 

Normall  Catch 
(IJl)) (1 = 11) 

Figuree 7. Saccade planning or sensory integration? (A) Stimuli that yvere shown in a random 
sequence.. The stimuli were grouped in 4 categories, each consisting of two mirror-image stimuli. 
Notee that two of the curves share the same target for the second saccade. (B) Catchu+,; trials for 
stimuluss category I. (C) Catch,̂  trials for stimulus category II. The changes in these stimuli during 
thee first saccade modified the course of the target curve (T). but the target for the second saccade 
remainedd the same. Catchu+u trials thus changed stimulus category I into stimulus category 11. while 
catchu+,11 trials yielded the opposite change. Dotted circles illustrate the fixation position before and 
afterr the first saccade. Small arroyvs illustrate the segment syvitch within a critical zone. (D) Mean 
reactionn time of the second saccade for stimulus category 1 and II in the normal condition (white bar) 
andd the catch conditions that changed stimulus category 1 in stimulus category II. and vice versa. 
Errorr bars indicate S.E.M. 
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8.. GENERAL DISCUSSION 

Inn the present study, we investigated whether visual information acquired during one 
fixationn is integrated with information available at the next fixation, during a curve-tracing 
task.. The results provide an unambiguous demonstration of information transfer across a 
saccade.. In our task, the monkeys process information relevant for planning the second eye 
movementt before they make the first one. If the pre- and post-saccadic stimuli match, this 
resultss in a preview benefit, with superior performance and a shorter reaction time of the next 
saccade.. A conflict between pre- and post-saccadic information, on the other hand, hampers 
processingg of the post-saccadic stimulus, and this results in a preview cost. To our knowledge, 
thiss study thereby provides the first demonstration of a preview effect in monkeys. 
Importantly,, this preview effect is relatively independent of the viewing duration of the pre-
saccadicc stimulus, and even occurs for preview durations shorter than 50 ms. Moreover, we 
showedd that it is not caused by an erroneous saccade plan that has to be updated after the 
changee in the stimulus. Instead, the preview effect presumably results from a mechanism that 
maintainss attended sensory information across saccades. Previous studies that used different 
taskss demonstrated that information at the target for the saccade is stored in transsaccadic 
memory.. Our results add to this by showing that information about the shape of the entire 
targett curve is transferred across saccades. Finally, we have shown that the preview effect also 
occurss if the cue-segment is briefly shown for one video-frame (i.e. cue trials) but that it is 
abolishedd by masking. 

WhatWhat is stored in transsaccadic memory? 

Somee theories have proposed that no information needs to be transferred from one fixation 
too the next, since all the information is always available upon request in the outside world 
(CTRegan,, 1992; Bridgeman et al., 1994). Our results rule out these theories by demonstrating 
thatt information about the course of the target curve is stored in transsaccadic memory. Many 
otherr theories rather argued for information transfer across saccades, but the estimates of the 
capacityy of the transsaccadic memory buffer vary between theories. Early theories suggested 
thatt most of the visual scene is stored in memory and transferred from one fixation to the next 
(McConkiee & Rayner, 1976; Rayner, 1978; Jonides et al., 1982; Breitmeyer, 1984). Our 
resultss are also incompatible with this view, since a change that occurs on a distractor curve 
duringg the first saccade has no effect on subsequent performance. Other, more recent studies 
havee shown, however, that the capacity of transsaccadic memory is limited. It appears to store 
onlyy a selection of the items; those that receive visual attention (irwin, 1992; Irwin & 
Andrews,, 1996; McConkie & Currie, 1996; Irwin & Gordon, 1998; Henderson & 
Hollingworth,, 1999, 2003; Currie et al., 2000; Deubel et al., 2002; Irwin & Zelinsky, 2002). 

Ourr results support the selective storage of attended items in transsaccadic memory. Human 
subjectss that carry out a curve-tracing task direct their attention to all contours that belong to 
thee target curve (Scholte et al., 2001. Houtkamp et al., 2003). The present results can be 
explainedd by the storage of the entire target curve across saccades. We note, however, that 
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suchh an attentional account critically relies on two assumptions. The first assumption is that 
attentionn is directed to contours of the target curve distal to FP2 while fixation is still at FPL 
evenn though these contours are only relevant for the second saccade. We observed a clear 
previeww effect when we manipulated the identity of the target curve at different positions 
relativee to FP2 (critical zone t2, Experiment 4, Fig. 6). This implies that the monkeys indeed 
processs information distal to FP2 while their fixation is at FP1. We have some 
neurophysiologicall  evidence that supports this assumption. We recorded neuronal activity in 
thee primary visual cortex during a task similar to that of the present study (Khayat, Spekreijse, 
&&  Roelfsema, 2004). Neuronal responses evoked by the contours of the target curve distal to 
FP22 were enhanced relative to responses evoked by contours of the distractor curve. This 
responsee enhancement is a correlate of visual attention (Roelfsema, Lamme, & Spekreijse, 
1998),, and these results therefore indicate that attention is indeed directed to contours of the 
targett curve distal to FP2, even while fixation is still at FP1. 

Thee second assumption is that contours of the target curve distal to FP2 are still attended 
afterr the first saccade, as a result of their storage in transsaccadic memory. This would explain 
thee preview benefit on normal trials. If attention can remain on the target curve during the first 
saccade,, it could speed up the second saccade to the end of this curve. It would also explain 
thee preview cost on catch trials, since now attention is on the wrong curve after the first 
saccade,, and it would have to be redirected to the other curve before the second saccade is 
initiated. . 

TheThe relation between transsaccadic memory; working memory, and attention 

Irwinn (1996) suggested that the mechanisms responsible for visual short-term memory and 
forr transsaccadic memory have substantial overlap (see also Irwin & Andrews, 1996). Many 
neurophysiologicall  studies have revealed correlates of short-term memory in a variety of brain 
structures.. We wil l briefly discuss these correlates and then suggest how they may also 
providee insight into transsaccadic memory. 

Mostt of the studies on the neurophysiology of short-term memory (or working memory) in 
monkeyss present a visual image and require the animals to remember features of the image 
duringg a subsequent memory delay. The visual stimulus activates feature-selective neurons in 
manyy areas of the visual, parietal, and frontal cortex. An important finding is that a percentage 
off  the neurons in many, if not all of these areas maintain some of their activity in the following 
delayy period, when the visual stimulus has been removed from sight. This sustained activity 
providess a memory trace of the stimulus, and has been observed in areas of the frontal cortex 
(Fuster,, 1984; Funahashi, Chafee, & Goldman-Rakic, 1993), inferotemporal cortex (Fuster & 
Jervey,, 1981), parietal cortex (Gnadt & Andersen, 1988), and even in early visual areas 
(Super,, Spekreijse, & Lamme, 2001). 

Thesee results can explain why attended items have a prioritised access into working 
memory.. A consistent finding, replicated in many studies on visual attention, is that neuronal 
responsess evoked by task-relevant objects are enhanced relative to responses evoked by 
irrelevantt objects. Such an enhanced representation of relevant objects has been observed in 
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areass of the frontal cortex (Rainer, Asaad, & Miller, 1998), parietal cortex (Gottlieb, 
Kusunoki,, & Goldberg, 1998), inferotemporal cortex (Moran & Desimone, 1985; Chelazzi, 
Miller ,, Duncan, & Desimone, 1993), and again, also in early visual areas (Motter, 1993; 
Roelfsemaa et al., 1998). Importantly, many of the neurons that enhance their response to 
attendedd items also maintain an enhanced response during the delay of a working memory task 
(e.g.. Rainer et al., 1998). This implies a direct link between attention and working-memory. 
Attendedd items can automatically enter into visual short-term memory if feature-selective 
neurons,, which enhance their response to attended items, maintain this response enhancement 
duringg a memory delay. 

Wee now propose a similar mechanism for transsaccadic memory. If neurons that encode 
featuress of attended items maintain their response across saccades, then this explains why 
thesee features are still represented afterwards. We hypothesize, in addition, that transsaccadic 
memoryy is distributed, since different features are stored in distinct areas. On the one hand, 
neuronss in the inferotemporal cortex may maintain a representation of the shape, colour and 
texturee of attended objects across saccades (Moran & Desimone, 1985; Chelazzi et al., 1993). 
Thiss representation may not have to be updated across the saccade, since these cells have large 
receptivee fields, and their tuning is largely invariant for translations of a stimulus across the 
retina.. On the other hand, neurons in the parietal cortex may maintain a representation of the 
spatiall  location of attended objects. Some of these neurons encode the location of objects 
relativee to the head or body, regardless of eye position (e.g. Duhamel, Bremmer, BenHamed, 
&&  Graf, 1997). Their representation of the stimulus does not have to be updated across 
saccadess either, since saccades have no influence on the location of objects in non-retinotopic 
referencee frames. Other cells in the parietal and frontal cortex code location in retinotopic 
coordinates,, and update the retinotopic location of objects across saccades (Duhamel et al., 
1992;; Umeno & Goldberg, 1997; Gottlieb et al., 1998; Tian et al., 2000), a remapping that 
onlyy occurs for salient and behaviourally relevant information (Gottlieb et al., 1998). 

Thus,, the persistent firing of neurons involved in working memory across saccades can 
explainn storage of the various visual features of an object across saccades. This distributed 
memoryy system also accounts for the prioritised storage of attended items in transsaccadic 
memory,, in the same way as it accounts for their precedence in working memory, as described 
abovee (e.g. Irwin & Andrews, 1996; Henderson & Hollingworth, 1999, 2003; Currie et al., 
2000;; Hollingworth & Henderson, 2001; Irwin & Zelinsky, 2002). Obviously, this system also 
accountss for the preview effects observed in the present study, since it allows storage of the 
attendedd target curve across saccades. 

Inn conclusion, the present results demonstrate a powerful mechanism for the storage of 
attendedd visual information across saccades. Transsaccadic memory is useful for the 
constructionn of a stable visual world, and essential for those tasks that require more time than 
thee typical inter-saccadic interval (e.g. Jolicoeur et al., 1991; Roelfsema et al., 1999; Crowe, 
Averbeck,, Chafee, Anderson, & Georgopoulos, 2000). It is only counterproductive in the 
exceptionall  case where the attended stimulus changes during the saccade, an event that rarely 
happenss in normal vision. 
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