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Eachh of us has often looked at a road map like the one on the front cover, while searching 
forr a specific route, or destination. If one wants to go, say, to Paris, one would determine the 
shortestt or desired route to get there from where one is located, say, Amsterdam. During this 
task,, one has first to search on the map for the location of the relevant cities, and then to trace 
thee best route between these locations. These search and tracing behaviours are active 
processes,, consisting of a sequential sampling of the scene with saccadic eye movements. 
Readingg a road map is not always an easy task and requires considerable processing time, yet 
wee have no sense of the various and enigmatic computations carried out by the brain. In this 
thesis,, 1 will provide some insights in the processes that lead to such complex visuomotor 
behaviours.. I will discuss how such a task is implemented in the brain and how eye 
movementss influence the retinotopic representation of objects. The thesis primarily deals with 
thee involvement of the primary visual cortex in transsaccadic integration and attention. 
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V i s i o nn is the main way in which we gather information about the world. Most of our idea 
aboutt the world, and our memory of it, is based on sight. Vision is an extended process that 
naturallyy occurs in the context of complex behaviours in dynamic, object-rich environments 
withh literally thousands of potential relevant targets. Vision is an active process during which 
thee eyes continually sample the environment by means of rapid saccadic eye movements. 
Saccadess tend to bring new and conspicuous information from peripheral retinal locations, 
wheree visual acuity is relatively low, to the foveal region, where the highest quality visual 
informationn is extracted (Buswell, 1935; Yarbus, 1967; Henderson & Hollingworth, 1998; 
Landd et al., 1999). A typical scanning pattern of a visual scene consists of a sequence of 
saccadess each interspersed by fixation periods during which the eyes are relatively still (Fig. 
1). . 

 maam 
Figuree 1. Eye movements are 
madee to informative regions of 
thiss picture (the unexpected 
visitor).visitor). Three records of eye 
movementss by the same 
subjectt viewing the picture. 
Eachh record lasted 3 minutes 
1)) Free examination. Before 
subsequentt recordings, the 
subjectt was asked to: 2) 
estimatee the material 
circumstancess of the family; 
3)) give the ages of the people, 
(fromm Yarbus" 1967). 

Duringg a saccade, the visual scene sweeps rapidly across the retina, and processing of the 
visuall  image is suppressed (but not entirely inhibited), a phenomenon called saccadic 
suppressionn (Matin, 1974; Volkmann, 1986). Thus, visual information processing takes place 
mainlyy between the saccades, during periods of fixations that typically last for 200-600 ms 
(Pollatsekk & Rayner, 1982; Henderson & Hollingworth, 1998). Interestingly, despite the fact 
thatt the eyes saccade about three times each second and vision is suppressed during saccades, 
wee do not experience the blank periods during saccades, nor do we experience the world as a 
seriess of discrete snapshots from each fixation. Instead, when we explore the visual 
environment,, we have the experience of a unified, full colour, highly detailed, and stable 
visuall  world. 
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Thee perception of a complex scene therefore involves a complicated pattern of fixations 
duringg which the visual input is processed, interspersed with brief interludes of blurred visual 
inputt brought about by saccades, where the eye moves to foveate a new part of the scene. How 
doess the visual system bridge the gap between successive images and provide us with the 
perceptt of a stable and coherent world? What are the mechanisms that integrate the visual 
informationn across eye movements and that lead to the representation of a unified scene? 
Beforee presenting an overview of the solution to visual stability, and on how information is 
integratedd across saccades, 1 will first introduce some aspects of the visual system and visual 
perception,, with an emphasis on the role of attention. 

1.. THE VISUAL BRAIN 

T h ee i m p o r t a n ce of v i s i on in every day life activities is reflected by the dominance of 
brainn regions devoted to the visual modality. Areas of the cortex that are implicated in visual 
perceptionn or visual-guided behaviour comprise much of the posterior half of the cortex, parts 
classifiedd as occipital, parietal and temporal, but also parts of the frontal cortex. Over 30 
distinctt areas are devoted to vision. The now well-know diagram of Felleman and Van Essen 
(1991)) illustrates the layout of these cortical areas (and their interconnectivity pattern), which 
aree organised into two functionally dedicated processing pathways that originate from the 
primaryy visual cortex (area VI ) (Ungerleider & Mishkin, 1982; Merigan & Maunsell, 1993) 
(see,, Fig.2). 

Figuree 2. A, Anatomical organisation of the monkey visual system (adapted from Felleman & Van 
Essen.. 1991). B. Visual processing pathways that originate from area VI . The ventral pathway leads 
too the interior temporal cortex, while the dorsal pathway leads to the posterior parietal cortex Both 
pathwayss then converge into the prefrontal cortex. 
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Thee ventral pathway is directed to the inferior temporal cortex and underlies visual object 
recognitionn and identification, while the dorsal pathway is directed to the posterior parietal 
cortexx and is important in motion perception, spatial representations and action. Support for 
thiss view comes from a wide range of experimental evidence, including anatomical, 
physiologicall  and behavioural studies. Lesions of the temporal cortex, for example, impair the 
abilityy to discriminate between different objects, whereas lesions of the parietal cortex 
seriouslyy impair the ability to perform visuomotor tasks (see Ungerleider & Mishkin, 1982). 
Electrophysiologicall  studies showed that neurons in areas of the ventral pathways, such as 
areass V4, TEO and IT, respond selectively to colour, complex shapes, and specific objects 
(Desimonee & Ungerleider, 1989). On the other hand, neurons in areas of the dorsal pathway, 
suchh as areas MT and LIP, do not analyse objects per se, but are rather involved in the 
analysess of motion, spatial relations and in visuomotor behaviour (Newsome & Salzman, 
1990;; Andersen et al., 1997; Colby & Goldberg, 1999). It is traditionally believed that object 
perceptionn is achieved through processing of the information in a bottom-up, feedforward 
modee along the hierarchy of visual areas. Neurons in each area of the ventral pathway possess 
distinctt response properties, which are determined to a large extent by the tuning properties of 
theirr classical receptive field (RF). When a stimulus is presented to the visual system, activity 
relatedd to that stimulus first enters the cortex through area VI , from which it is then rapidly 
distributedd to various higher areas. This hierarchical description of visual processing is 
reflectedd by an increase in the complexity of the tuning properties, and by an increase in RF 
size,, of neurons along this hierarchy (Fig. 3A) (Maunsell & Newsome, 1987). For example, 
neuronss in area VI have small RFs (-1°) and respond to elementary features such as oriented 
liness (Hubel & Wiesel, 1968, 1977). Neurons in V4 have larger RFs (4-6°) and are tuned to 
simplee oriented shapes as well as to colour (Zeki, 1980; Desimone & Schein, 1987; Gattass et 
al.,, 1988; Gallant et al., 1996). Even higher in the hierarchy, neurons in the temporal cortex, 
whichh have very large RFs that can cover the entire visual field, are selectively responsive to 
evenn more complex stimuli such as objects and faces (Desimone & Ungerleider, 1989; Oram 
&&  Perrett, 1992; Tovée, 1994; Tanaka, 1996). This increase in the complexity of response 
propertiess is assumed to be implemented by feedforward connections (see Lamme & 
Roelfsema,, 2000). 

Althoughh some aspects of vision can be achieved through this feedforward scheme (Oram & 
Perrett.. 1992; Tovée, 1994), they do not completely determine visual perception. Processing is 
alsoo carried out by horizontal cortical connections (within an area) as well as by feedback 
connectionss (from higher to lower areas) (Fig. 3B). The involvement of these recurrent 
connectionss in perception has gained much support over the past decade or so through a 
varietyy of experimental observations. For example, a number of studies have shown that 
neuronall  responses in area VI can be modulated by stimuli presented outside the neuron's 
classicalclassical RF. These contextual influences can either enhance or suppress a neuron's response 
(forr a review, see Allman et al., 1985a), and were shown to reflect perceptual processes such 
ass pop out (Knierim & Van Essen, 1992), colour constancy (Wachtler et al., 1999), contour 
integrationn (Kapadia et al., 1995), and figure-ground segregation (Lamme, 1995). This 
indicatess that neurons in area VI , as well as in areas beyond (Allman et al., 1985a,b; 
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Desimonee et al., 1993) are not only responsive to a stimulus within their RF, but are also 
involvedd in the integration of information from a wide portion of the visual field. The 
contextuall  effects thus appear to be related to perceptual organisation of a visual scene, and 
aree believed to be mediated by recurrent connections (Gilbert, 1993; Hupé et al., 1998; 
Lammee & Roelfsema, 2000; Roelfsema et al., 2002). 
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Figuree 3 Illustration of feedforward and recurrent (feedback and horizontal) connections. A. 
Feedforwardd connections shape the classical RF. As one moves up the cortical hierarchy, RFs 
becomee increasingly larger, and tuning properties become more complex. B. Recurrent connections 
providee neurons with information from outside their RF (surround). 

Otherr indications for the involvement of recurrent processing in perception come from 
visuall  cognitive tasks that require some time. One example is visual search. During visual 
search,, a specific target item has to be located in the presence of distractor items. Searching 
forr the odd item in figure 4, for example, is by no means instantaneous. This task is time-
consumingg and reaction time depends on the number of distractors, as one has to search 
throughh a number of items until the target is found (e.g. Treisman. 1996). 
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Visuall  search Curve tracing 
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Figuree 4 Left, Example of a search task, in which the odd item has to be located Right, Example of 
aa curve tracing task, in which observers are required to locate the letter at the end of each curve. 

Anotherr example is the curve tracing task. Here, the observer is required to trace a curve in 
thee visual field in order to find an item located at the end of this curve. This task also requires 
considerablee processing, mainly when many curves come in close proximity to one another 
andd overlap (see, Fig. 4). During visual search and curve tracing, neurons in many distinct 
areass modulate their responses based on the behavioural relevance of the stimulus in their RF. 
Thee response modulation occurs after some delay relative to the initial stimulus-evoked 
response,, which suggests that it is mediated by recurrent processing. Importantly, this delayed 
responsee modulation reflects high-level cognitive processes, such as visual attention 
(Desimonee & Duncan, 1995; Maunsell, 1995; Treue, 2001), short-term memory (Fuster & 
Jervey,, 1981; Super et al., 2001) and perceptual decisions (Leon & Shadlen, 1998; Schall & 
Bichot,, 1998; Shadlen & Newsome, 2001). Later in this chapter, the physiological aspects of 
attentionn will be described in more detail. 
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2.. PERCEPTION AND THE ROLE OF ATTENTION 

AA  natura l V isual e n v i r o n m e nt is crowded with many different objects that cannot 
bee processed all at once, within a single glance. Indeed, except for some general aspects of a 
scene,, we tend to be aware at any one time of only a limited part of the information. The brain 
needss longer processing time in order to locate and identify relevant objects in the scene. 
Whenn the eye is fixating, perceptual processes analyse the object at the fovea to establish its 
identity,, and the image in the periphery to locate the target for the next saccade. Visual 
attentionn is a fundamental factor in these perceptual processes. As William James noted, the 
objectt that we are paying attention to appears to receive more processing and is more richly 
representedd in perception (James, 1890). 

Traditionally,, studies on visual attention examined the ability to pay attention to part of the 
visuall  world without moving the eyes. This "covert attention'" ability leads to processing 
advantagess for localized parts of the visual scene without any overt movement of the eyes. 
Attentionn can be regarded as a mechanism that selects some stimuli in the scene for further 
high-levell  cognitive processing and action (Allport, 1993; Desimone & Duncan, 1995). This 
selectionn involves in-depth processing of only a restricted part of the visual input. That is, 
attentionn has a limited capacity such that only a few items, or a small region of space, can be 
processedd at one time. Attention operates as a filter, by enhancing the perception of some 
stimulii  at the expense of others present in the scene (Posner et al., 1980; Egeth & Yantis 1997; 
Cepedaa et al., 1998; Pashter, 1998; Bahcall & Kowler, 1999; Cave & Bichot, 1999). Attention 
alsoo controls the ability to recognise and identify objects in the visual scene, and to keep them 
inn memory. 

2.1.. Space-Based and Object-Based Attention 

Theree is much debate on whether attention selects a location or an object. The selection is 
determinedd in part by events that occur in the scene, such as a sudden onset or a moving 
stimuluss that catches our attention, and in part by the goals and expectations of the observer, 
suchh as the desire to find one's friend in a crowd or knowing where to find him (Egeth & 
Yantiss 1997). Traditional models described attention in spatial terms, as a spotlight (or a 
"zoomm lens"), which could move about the visual field in a stimulus-driven or goal-directed 
mannerr (Posner, 1980; Posner et al., 1980; Eriksen & St. James, 1986). Items that are within 
thatt spatial region receive more processing resources than others. This view was largely 
motivatedd by the results of spatial cueing experiments (Posner, 1980; Posner et al., 1980; 
Posnerr & Cohen, 1984). They showed that allocating attention to a location in the visual field 
improvess detection and discrimination, and shortens reaction times to that location relative to 
otherr locations (see also. Downing, 1988; for a review see Cave & Bichot. 1999). Other results 
indicatedd that selection could be based on visual objects, not on location (Duncan, 1984; 
Kanwisherr & Driver. 1992; Baylis & Driver, 1993; Vecera & Farah, 1994). The representative 
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findingg is that the discrimination of two different attributes is improved when they belong to a 
singlee object rather than to different objects, even if these objects spatially overlap (Duncan, 
1984).. Object-based selection depends to a large extent on perceptual organisation: attention is 
directedd to objects or perceptual groups of the visual scene that are segmented on the basis of 
gestaltt principles, such as similarity, connectedness, collinearity, common colour, etc 
(Kahnemann & Henik, 1981; Driver & Bay lis, 1998). This view is also supported by visual 
searchh paradigms, in which grouping has been found to mediate the direction of attention in 
conjunctionn search (Duncan & Humphreys, 1989, 1992). Another task that associates 
groupingg and object-based attention is the curve tracing task. This task examines the ability of 
observerss to discriminate between two (or more) elongated curves in the visual field (Jolicoeur 
etal.,, 1986, 1991; Pringle & Egeth, 1988; McCormick & Jolicoeur, 1991; Scholte et a!., 2001; 
Houtkampp et al; 2003). During this task, perceptual grouping criteria such as connectedness 
andd collinearity need to be evaluated in order to identify all contour segments that belong to a 
singlee curve. Recent findings have shown that during this task, subjects trace a curve by 
graduallyy spreading attention along the path of this curve. 

Thee involvement of attention in curve tracing was directly demonstrated using a dual task 
paradigmm (Scholte et al., 2001; Houtkamp et al., 2003). Figure 5 illustrates the general 
proceduree of such a task as well as the main finding. The primary task of the subjects was to 
tracee the (target) curve connected to the fixation point and to indicate the location (left or 
right)) of the circle located at the end of that curve. During the course of the trial, some 
segmentss of the target and distractor curves were coloured for a brief period, and the 
secondaryy task was to report one of the colours as indicated by a cue (Fig. 5 A). Colours of the 
tracedd curve were reported more reliably than colours of the other curve (Fig. 5C). This effect, 
however,, depended on the delay between the appearance of the stimulus and the appearance of 
thee colours. When this delay was short, performance was superior only when the colour-to-be-
reportedd was located on the first segment of the traced curve. Performance improved at more 
distall  locations on this curve, at longer delays. Importantly, at these longer delays, subjects 
weree still able to report the colours that appeared on the first segments of the traced curve. 
Thesee results indicate that tracing a curve in the visual field is implemented by a gradual 
spreadd of attention along collinear and connected contours segments. The end result of tracing 
iss that the entire attended curve is represented as determined by object-based selection 
mechanisms. . 
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Figuree 5. Object-based attention in curve tracing. A. Sequence of' events during a trial. Some 
randomm delay after the appearance of the stimulus, colours were briefly presented at two of six 
possiblee locations, and masked thereafter. After the subject indicated which circle was connected to 
thee fixation point, one of the two colour locations was cued, and the secondary task was to report the 
colourr that had appeared at that location. During the entire course of a trial, the subject had to 
maintainn steady fixation. B. Different stimulus configurations were used in this task In some trials, 
thee curves overlapped at two locations (pair 1). but on other trials they overlapped at one location 
(pairr II and 111) or were separated (pair IV). C, Average percentages of correctly reported colours at 
threee time-intervals, pooled across the different stimulus configurations. Performance was 
significantlyy better for colours located on the target curve compared to the distractor curve (black; *, 
p<< 0.05; ** , p< 0.01). (adapted from Houtkamp et al.. 2003). 
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Inn summary, the occurrence of space-based or object-based attentional selection appears to 
bee dependent on the type of task and the level of visual representation demanded by the task 
(seee Allport, 1993; Vecera & Farah, 1994). Thus, attention may well be object-based in some 
contexts,, space-based in others, or both at the same time. 

2.2.. The Neurophysiology of Attention 

AA number of neurophysiological studies on attention have revealed the neuronal basis of both 
space-basedd and object-based selection. In a typical experiment, a subject (or monkey) is 
requiredd to attend to a specific location in the visual field in which a behaviourally relevant 
stimuluss might appear, or to attend to a specific stimulus, regardless of location. Directing 
attentionn to a location or an object is reflected by a modulation of neuronal responses in 
humanss (e.g. Corbetta et al., 1991; Hillyard & Anllo-Vento, 1998; Mangun et al., 1998; 
Kastnerr & Ungerleider, 2000; Yantis & Serences, 2003), as well as in the behaving monkey 
(seee Desimone & Duncan, 1995; Maunsell, 1995; Treue, 2001). In the monkey's visual 
system,, the common observation is that neuronal activity evoked by a stimulus in the RF is 
enhancedd when this stimulus is covertly attended and suppressed when it is unattended. This 
neuronall  correlate of attentional selection is a general phenomenon that occurs in most, if not 
all,, areas along the two processing pathways of the visual system up to the frontal cortex. It 
hass been found during a variety of behavioural tasks in areas of the dorsal processing pathway, 
suchh as areas MT, MST, LIP, VIP and area 7A (Bushnell et al., 1981; Colby et al., 1996; 
Treuee & Maunsell, 1996; Gottlieb et al., 1998; Treue & Martinez-Trujillo, 1999; 
Constantinidiss & Steinmetz, 2001; Cook & Maunsell, 2002), in areas of the ventral processing 
pathway,, such as areas IT, V4, V2 as well as area VI (Chelazzi et al., 1993, 1998, 2001; 
Morann & Desimone, 1985; Motter 1993, 1994a,b; Luck et al., 1997; Roelfsema et al., 1998; 
Reynoldss et al., 1999; Roelfsema and Spekreijse, 2002), and also in areas of the frontal cortex, 
suchh as FEF (Thompson et al., 1996; Schall & Thompson, 1999; Schall, 2004). The strength 
off  attentional modulation is, however, different in all these areas. As one moves up the cortical 
processingg hierarchy, the strength of attentional modulation increases. While these effects 
amountt to about 40 percent in early visual cortex, unattended stimuli are almost completely 
suppressedd in prefrontal (Everling et al., 2002) and parietal cortex (Gottlieb et al., 1998). 
Moreover,, the strength of modulation also depends on the task difficulty (Spitzer and 
Richmond,, 1991), as well as on the proximity between the stimulus and the attended location 
(Connorr et al., 1996). It also depends on whether stimuli compete for neural representation at 
thee level of the RF (Duncan et al., 1997). Several studies in extrastiate visual areas have 
shownn that attending to one of two stimuli that are simultaneously located inside the RF yields 
strongerr response modulation compared to when only one stimulus is in the RF (Moran & 
Desimone,, 1985; Treue & Maunsell, 1996; Reynolds et al., 1999). Taken together, these 
findingsfindings indicate that attention operates by enhancing neuronal responses to attended stimuli, 
andd by suppressing responses to unattended stimuli. The neurophysiological aspects of 
attentionn are consistent with psychophysical data indicating improved detection and 
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discriminationn of attended stimuli in the presence of distractors. The selection mechanisms 
wouldd thus favour information processing of stimuli appearing at the attended location, at the 
expensee of other stimuli appearing elsewhere. 

AA number of studies cited above have also examined the time course of attentional 
modulation.. When a novel stimulus is presented to the visual system, attentional modulation 
off  neuronal responses in most cortical areas does not occur in the initial stimulus-evoked 
response.. During this period, neuronal responses do not differentiate between a behaviourally 
relevantt target and a distractor. Instead, the behavioural significance of a stimulus is reflected 
att a delay, during the sustained period of neuronal activity. Attentional effects generally occur 
100-2000 ms after stimulus onset in many distinct areas of both the ventral and dorsal 
processingg streams, including the primary visual cortex and the frontal eye field (e.g. Chelazzi 
ett al., 1993, 2001; Motter. I994a.b; Thompson et al., 1996: Constantinidis & Steinmetz, 2001; 
Satoo et al., 2001; Roelfsema et al., 1998). The delayed attentional effects suggest that these 
effectss are not driven by feedforward processing, but are rather mediated by feedback 
projectionss from higher to lower areas of the visual system (Lamme & Roelfsema, 2000; 
Treue,, 2001). 

2.3.. Attention and Eye Movements 

Ass indicated earlier in this chapter, covert attention leads to processing advantages for 
localizedd parts of the visual scene without any overt movement of the eyes. What is then the 
rolee of covert attention when the eye movements are not prevented? A number of studies have 
proposedd theoretical implications for the link between covert and overt attentional processes in 
visuall  selection. 

AA first view proposed by Rizzolatti and colleagues (Rizzolatti et al., 1987; Rizzolatti et al., 
1994)) argues for a very strong link between covert shifts of attention and saccades. In the 
premotorpremotor theory of attention, the effects of covert attention are a result of activity within the 
motorr systems responsible for the generation of a saccade (or limb movement). In this view, 
thee covert and overt attentional processes arise out of the action of a single motor system. The 
perceptuall  facilitation at the locus of covert attention is therefore achieved by preparing to 
generatee a saccade; whether the eyes actually move depends on a go-signal for triggering the 
saccade.. According to the premotor theory, covert attention is close to being a by-product of 
thee motor system. 

Thee sequential attentional model of Henderson (1992) also argues that the processes of 
covertt and overt attention are closely coupled. The model assumes that at the beginning of 
eachh fixation, attention is allocated to the object at the fovea. Once this object is identified, 
attentionn shifts to a new location. This covert shift provides enhanced processing at the new 
location,, as well as the target for an eye movement. In contrast to the premotor theory, 
however,, this model posits that a shift of attention precedes the programming of an eye 
movement,, with saccades being directed by the location of covert attention. This view is based 
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onn evidence showing that discrimination performance is improved when the locus of attention 
andd the target of a saccade coincide. Shepherd and colleagues (1986), for example, found that 
subjectss were unable to direct attention to one location when they were required to perform a 
saccadee in another direction. Other more recent studies have also provided evidence for spatial 
couplingg of attention and eye movements, by indicating that attention shifts to the intended 
locationn of the saccade just before its execution (Hoffman & Subramaniam, 1995; Kowler et 
al.,, 1995; Deubel & Schneider, 1996; Irwin & Gordon, 1998; McPeek et a!., 1999; Godijn & 
Pratt,, 2002). 

AA more neurocognitive model, the visual attention model by Schneider (1995), also 
postulatess that saccade programming follows an attentional shift. Here, however, attentional 
mechanismss are not divided into overt and covert selection. Instead, this model assumes a 
singlee attentional mechanism that fulfil s two functions, namely selection-for-action (Allport, 
1987)) and selection-for-object-recognition (LaBerge & Brown, 1989). These two functions are 
implementedd by different processing pathways. Directing attention to an object leads to object 
recognition,, which is computed within the ventral pathway responsible for object vision. It 
alsoo leads to computations about the spatial parameters of this object. These computations are 
carriedd out by the dorsal pathway, which is responsible for space-based motor actions. 
Therefore,, attention mediates the recognition of an object, to which spatial parameters are 
computedd for eventual motor actions such as saccades. 

Neurophysiologicall  findings provide additional evidence for a strong relationship between 
attentionn and eye movements. A number of brain areas have been identified as being most 
intimatelyy linked to the control of saccades, or involved in specifying the target for a saccade. 
Thesee include the superior colliculus (SC), the frontal eye field (FEF), and the lateral 
intraparietall  area (LIP). Neurons in these areas are active during the execution of a saccadic 
eyee movement (Bruce & Goldberg, 1985; Barash et al., 1991; Hanes & Schall, 1996; 
Andersenn et al., 1997; Snyder et al., 1998), and the ablation or inactivation of these areas 
impairss oculomotor behaviour (Schiller et al., 1987; Li et al., 1999; Li & Andersen, 2001; 
Wardakk et al., 2002). Moreover, saccades can be triggered by electrical stimulation of sites 
withinn these brain regions (Bruce et al., 1985; Schiller & Tehovnik, 2001). Stimulation 
elsewheree in the visual system can also evoke saccades (see Schiller & Tehovnik, 2001). 
However,, it appears that this effect is mediated by the stimulation-induced signal that reaches 
thee SC and other saccade-related areas, by means of cortico-cortical connections. Indeed, 
followingg the ablation of the SC, for example, stimulation of regions in the occipital cortex no 
longerr elicits saccades (Schiller, 1998). The SC, as well as FEF and LIP, contain motor maps, 
suchh that the saccade that is triggered by electrical stimulation is dependent on the exact locus 
off  stimulation; in other words, saccades in these maps are coded in retinotopic space. 

Inn each of these areas, attentional effects have also been reported (e.g. Schall et al.. 1995; 
Colbyy et al., 1996; Thompson et al., 1996, 1997; Kodaka et al„  1997; Gottlieb et al., 1998; 
Powell  & Goldberg, 2000; McPeek & Keller, 2002; Bisley & Goldberg, 2003; Ignashchenkova 
ett al., 2004). Kustov & Robinson (1996) tested directly whether there was a relationship 
betweenn attention and saccades. They trained monkeys on a target detection task in which the 
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animalss had to respond to the appearance of the target by making an eye or a hand movement. 
Thee allocation of attention was manipulated by a spatial cue that preceded the onset of the 
target.. During the task, saccades were artificially evoked by electrical stimulation of sites in 
thee SC. Kustov and Robinson found that these saccades were shifted in the direction of the 
cued,, and hence attended, location, provided that the cue preceded the stimulation-induced 
saccade.. These findings thus indicated that saccades are closely associated with covert 
attentionall  shifts. A recent study in FEF also provided compelling evidence for a close link 
betweenn saccades and spatial attention. Moore and Fallah (2001, 2004) carried out 
subthresholdd microstimulation in FEF. Such stimulation was too weak to evoke a saccade. 
However,, it resulted in improved detection performance on an attentional task. This effect is 
alsoo apparent at the neuronal level, since FEF microstimulation yields an enhancement of 
neuronall  responses in area V4 when the V4 RFs and the FEF representation spatially overlap 
(Mooree & Armstrong, 2003). Finally, a range of imaging studies in humans have shown that a 
commonn neuronal frontoparietal network mediates the covert and overt allocation of attention 
(seee for example Corbetta, 1998). Taken together, these findings suggest a close link between 
attentionn and saccades. 

Thee representation of salient and behaviourally relevant stimuli in areas that are involved in 
oculomotorr behaviour has led to the proposal that these areas may be operating as salience 
mapss (Gottlieb et al., 1998; Findlay & Walker, 1999; Kusunoki et al., 2000; Schall 2002). A 
keyy feature of neurons in a salience map is that their activity codes the location of a stimulus 
inn a topographical fashion, without coding its features. Indeed, neurons in the SC (Wurtz & 
Goldberg,, 1972), the FEF (Schall et al., 1995) and the LIP (Colby & Duhamel, 1996) exhibit 
littl ee visual selectivity, but provide an accurate spatial representation of relevant stimuli for 
saccadicc orienting. The selective processing of stimulus features occurs in the primary visual 
cortex,, as well as in areas of both the ventral and dorsal streams, and converges onto the 
saliencee maps. Here, bottom-up (feedforward) sensory information and top-down (feedback) 
attentionall  influences are integrated such that a representation of the scene based on the most 
salientt and relevant information is built. Salience maps have been postulated to guide a variety 
off  behaviours including visual search with or without eye movements (Koch & Ullman, 1985; 
Wolfe,, 1994), the perception of unified objects (Treisman. 1996), and the phenomenon of 
positionall  constancy (Irwin, 1996). 

3.. VISUAL INTEGRATION ACROSS SACCADES 

H o ww Our a p p r e c i a t i on of a coherent and stable visual world occurs when our eyes are 
continuallyy engaged in a sequential sampling process is one of the classic problems in 
perceptionn that has puzzled psychologist and neuroscientist for over a century. Given that 
visuall  acuity and colour sensitivity vary across the retina (Anstis, 1974; Mullen, 1990), the 
perceptuall  representation of a complete and veridical visual world cannot be based on the 
informationn available in any given fixation. Eye movements are necessary for the 
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identificationn of the many objects present in a scene. Thus, the perceptual experience of a 
stablee visual world would appear to be build up from the information obtained over 
consecutivee fixations. How does the visual brain combine information from one fixation to the 
next?? There is considerable debate over how information is transferred and accumulated 
acrosss different fixations, and over the nature of this information. 

Untill  recently, it was believed that the brain constructs a composite image of the visual 
scenee by combining images from consecutive fixations. This traditional view proposed that a 
completee sensory image is generated during each fixation and stored in a temporary memory 
buffer,, with images from successive fixations spatially aligned and fused in a system that 
mapss a retinal reference frame onto a spatiotopic frame (Davidson et al., 1973; McConkie & 
Rayner,, 1976; Rayner, 1978; Jonides et al., 1982; Breitmeyer, 1984). In this view, the 
informationn from successive fixations are aligned and accumulated by taking into account 
changess in eye position, which are reflected by oculomotor signals. Much research has been 
devotedd to finding evidence for such a process based on spatiotopic fusion. Despite 
considerablee effort, however, this appealing view has received littl e confirmation. Indeed, 
theree are now several lines of experimental evidence arguing against a detailed mental 
representationn of the visual scene that is build up across saccades. 

ObserversObservers cannot fuse visual patterns across saccades 
Inn some experimental paradigms, subjects are required to integrate a pre- and a postsaccadic 

visuall  pattern in order to successfully accomplish the task. The logic of such experiments is 
thatt if precise visual information is integrated across a saccade, then the presentation of two 
patternss that are separated by a saccade should be combined to form a composite image. The 
typicall  finding that has been replicated several times is that subjects are unable to fuse patterns 
acrosss saccades (see, Fig. 6) (Bridgeman & Mayer, 1983; Irwin et al., 1983; 0? Regan & Lévy-
Schoen,, 1983; Rayner & Pollatsek, 1983; Irwin et al., 1988, 1990; Irwin, 1991). Interestingly, 
however,, when two patterns are presented in rapid succession within an eye fixation, that is, at 
thee same retinal and spatial location, then subjects are able to perceive a single fused pattern. 
Thiss indicates that a composite percept is based on retinotopic integration and not spatiotopic 
integration. . 

Figuree 6. Fxperiment on 
transsaccadicc fusion by O'Regan & 
Lévy-Schoenn (1983). On each trial, 
onee of fragments in row A was 
brieflyy (lashed before a saccade, 
followedd by the presentation of the 
fragmentt in row B postsaccadically. 
Transsaccadicc integration would 
havee produced the character strings 
inn row C. but observers failed to 
reportt am of them. However, when 
thee fragments were presented at one 
retinall  location, without the eyes 
moving,, observers could perceive 
thee composite patterns. 
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ObserversObservers do not notice scene changes across saccades 
AA number of studies have shown that observers are often unable to detect changes in an 

imagee across saccades. These intrasaccadic changes are not visible due to saccadic 
suppressionn and visual masking by pre- and postsaccadic perception. Nonetheless, these 
changess should be quite noticeable after a saccade if the visual system constructs a stable and 
continuouss percept of the scene based on the maintenance of a detailed sensory image in a 
transsaccadicc memory buffer. The informational content of transsaccadic memory can be 
revealedd by investigating the relative detectability of different types of intrasaccadic changes 
(explicitt measure), or their influence on postsaccadic fixation times (implicit measure). 
Intrasaccadicc display changes thus provide a technique to examine what type of information is 
criticall  in providing fluent perception across fixations. In a typical intrasaccadic change 
detectionn paradigm, an object present in a scene is modified, deleted or displaced during a 
saccadee (Henderson et al., 1987; Irwin, 1991; McConkie, 1991; Verfaillie et al, 1994; 
McConkiee & Currie, 1996; Henderson, 1997; Currie et al., 2000; Deubel et al., 2002). 
Curiously,, these changes are frequently undetected and have littl e or no disruptive effects on 
performance.. Similar effects are also observed during reading when the visual properties of 
wordss are changed from fixation to fixation (McConkie & Zola, 1979; Rayner et al., 1980). 
Thiss lack of change sensitivity directly demonstrates that a complete, veridical perceptual 
representationn of the visual input is not retained and integrated across a saccade. 

Thesee observations led some investigators to even claim that the visual system need not to 
storee visual information from fixation to fixation since the "world is its own memory" 
(O'Regan,, 1992). That is, the perceptual experience of a complete visual world is nothing but 
ann illusion brought about by the fact that the scene itself acts as an external memory from 
whichh information can be accessed at each fixation when needed (O'Regan, 1992). Therefore, 
noo information survives a saccade and the image is processed anew on every fixation (see 
also,, Bridgeman et al., 1994). This view is challenged, however, by findings that show that 
somee specific information, albeit limited, is transferred across saccades. 

WhatWhat is integrated across eye movements? 
Inn the intrasaccadic change detection paradigms, changes are much more easily detected 

whenn they occur during a saccade toward the changing object than during a saccade directed 
elsewheree (e.g. McConkie & Currie, 1996; Henderson & Hollingworth, 1999, 2003; Currie et 
al.,, 2000). Moreover, it has been shown in picture perception as well as in reading studies that 
subjectss are faster and more accurate to identify an object (or word) when a peripheral preview 
off  that object (or word) has been presented before the saccade than when no preview was 
availablee (Pollatsek et al., 1984; Henderson et al., 1987; Pollatsek et al., 1990; Henderson, 
1992;; Henderson, 1997). These transsaccadic preview benefits provide evidence that some 
informationn extracted on one fixation influences the perception of an object on the following 
fixation.. These findings, as well as the detection of changes at the saccade goal, thus indicate 
thatt some information from an extrafoveal object does survive a saccade and is integrated with 
thee information acquired at the subsequent fixation when the same object is seen foveally. 
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Givenn that attention is mandatorily shifted to the saccade target object, prior to the execution 
off  the saccade (Hoffman & Subramaniam, 1995; Kowler et al., 1995; Deubel & Schneider, 
1996;; Irwin & Gordon, 1998; McPeek et al., 1999; Godijn & Pratt, 2002), these effects can be 
explainedd on the basis of an attentional advantage at the saccade target compared to other 
locations.. Indeed, covert shifts of attention enhance the perception of objects at the saccade 
goal,, and suppress information at other locations. Accordingly, a number of studies suggested 
thatt transsaccadic integration consists of local integration of the image (around the attended 
targett object) and not global integration across saccades (Irwin, 1992; Irwin & Andrews, 1996; 
McConkiee & Currie, 1996; Irwin & Gordon, 1998; Henderson & Hollingworth, 1999, 2003; 
Curriee et al., 2000; Deubel et al., 2002). That is, a shift of attention prior to a saccade would 
facilitatee the encoding of the identity and location of the target object and its retention from 
onee fixation to the next. The detection of changes in the scene could thereby involve a 
comparisonn between pre- and postsaccadic location (or identity) of the attended object. The 
stablee representation of a scene, however, appears to rely on more than only the saccade target 
object,, since more information can be stored in transsaccadic memory than just that at the 
saccadee goal. Verfaillie and De Graef (2000), for instance, asked subjects to make a saccade 
fromm one stimulus (biological motion walker) presented at the fovea to another in the 
periphery.. During the saccade, a change could occur in either the pre- or the postsaccadic 
stimulus.. They found that subjects were as accurate to detect transsaccadic changes that 
occurredd at the saccade stimulus as they were at the previously fixated stimulus (presaccadic 
stimulus).. Studies from Irwin and colleagues also indicated that more than one object is 
maintainedd across eye movements. They estimated that the content of transsaccadic memory is 
aboutt four objects (Irwin, 1991, 1992; Irwin & Andrews, 1996; Irwin & Gordon, 1998), a 
capacityy reminiscent of that of visual short-term memory. They showed that during active 
scenee perception the content of transsaccadic memory consists of the object at the saccade 
goal,, as well as the last three objects that were fixated (and therefore previously attended) 
(Irwinn & Zelinsky, 2002; see also, Hollingworth & Henderson, 2001). These findings, taken 
together,, strongly suggest that attention plays a crucial role in the construction and 
maintenancee of a stable scene representation across eye movements, by gating the access of 
objectt information into transsaccadic memory, as it does for short-term or working memory 
(e.g.. Irwin, 1996; Schneider, 1999). 

3.1.. The Neurophysiology of Transsaccadic Integration 

Thee consequences of eye movements on the visual representations in the brain seem, at first 
sight,, dramatic. With each saccade, the sensory image drifts rapidly across the retina, and 
changess its representation in retinotopic areas of the visual system. Does the brain need to 
recomputee the information from scratch after each saccade? As discussed above, some visual 
(attended)) information is somehow integrated across saccades, which presupposes the 
existencee of neuronal mechanisms that maintain and restore information from one fixation to 
thee next. Single unit recordings in a number of areas have provided clues on how the 
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representationn of the world is maintained stable across eye movements. These include areas of 
thee dorsal processing stream that are involved in spatial representations, as well as areas of the 
ventrall  stream that are involved in object representations. 

RemappingRemapping in retinotopic coordinates 
Studiess in LIP showed that many neurons predict the visual consequences of an eye 

movementt (Duhamel et al., 1992; Gottlieb et al., 1998; Kusunoki & Goldberg, 2003). These 
neuronss exhibit predictive responses in that they signal that a saccade will bring a visual object 
intoo their RF shortly before saccade execution. Moreover, these neurons also respond if a 
saccadee brings the RF onto a location of an object that has just been removed from sight. LIP 
neuronss thus maintain a memory trace of the location of objects across saccades. These 
findingss indicate that LIP neurons preserve a dynamic representation of the location of visual 
objectss before, during, and after a saccade has been made. This could provide a mechanism by 
whichh the location of objects is updated, or remapped, in retinotopic coordinates. Importantly, 
thiss remapping is biased in favour of salient and behaviourally relevant objects at the time a 
saccadee is made (Duhamel et al., 1992; Mazzoni et al., 1996; Gottlieb et al., 1998; Kusunoki 
ett al., 2000, 2003). A similar mechanism has also been reported in the FEF (Umeno & 
Goldberg,, 1997; Tian et al., 2000), as well as in the SC (Walker et al., 1995). These structures, 
includingg LIP, are part of a cortical network involved in spatial representations and 
oculomotorr behaviour, as well as in attentional selection, as mentioned earlier. The 
presaccadicc activity of neurons in these areas predicts what reafferent visual input will be after 
thee saccade. This mechanism might help to keep track of the location of objects despite eye 
movements,, and is consistent with behavioural studies indicating that attended objects are 
preferentiallyy stored and transferred across eye movements. 

Interestingly,, neurons that exhibit predictive remapping and that maintain a memory trace of 
aa stimulus across saccades have also been reported in early areas of the occipital cortex 
(Nakamuraa & Colby, 2002). These include areas V3A, V3, and V2. Neurons in these areas, 
whichh are selective to basic features, might be involved in remapping object features across 
saccades,, rather than updating spatial locations. The proportion of neurons with these 
propertiess is, however, small in early visual cortex, and remapping is practically nonexistent in 
thee primary visual cortex (Nakamura & Colby, 2002). 

StableStable representation in non-retinotopic coordinates 
Somee neurons in the parietal cortex (areas LIP and 7A) are influenced by the position of the 

eyee relative to the head, as well as being modulated by saccades and attention (Andersen et al., 
1990;; Bremmer et al., 1997a). The RFs of these neurons are retinotopically organised; that is, 
theyy move with the eye. However, the eye position influences the magnitude of the cell's 
responsee in a systematic way, with the response magnitude for example increasing 
progressivelyy as the eye position changes in the head from one extreme to another. The 
modulationn of firing rate with eye position has been termed gain field, and describes how 
retinall  information and extraretinal eye position information are integrated. This effect is a 
quitee general phenomenon within the visual system, as it has also been observed in areas VIP, 
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MT,, MST, V3A. and VI (Galletti & Battagiini, 1989; Bremmer et al., 1997b, 1999; Trotter & 
Celebrini,, 1999). Neurons that modulate their response with eye position might contribute to 
thee stable representation of object location in a scene despite scanning eye movements, by 
providingg a coordinate transformation from retinotopic to non-retinotopic representations 
(Zipserr & Anderson, 1988). 

Non-retinotopicc representations have been observed in the parietal (Duhamel et al., 1997) 
andd premotor cortex (Graziano et a!., 1994). Some neurons in these areas encode the location 
off  objects relative to the body or head, irrespective of eye position. The response of these 
neuronss is unaffected by eye movements, since saccades do not change the object's location 
relativee to the body or head. Therefore, these neurons may maintain an accurate representation 
off  the location of objects in a scene. 

StableStable representation of object shape 
Finally,, the representation of objects, or object features, is also maintained across eye 

movementss in areas of the ventral processing pathway that are involved in object perception. 
Forr example, neurons in IT enhance their response if attention is allocated to a preferred 
stimuluss in their RF (Moran & Desimone, 1985; Chelazzi et al., 1993). This response 
enhancementt also occurs just before a saccade made to that stimulus, which suggests that IT is 
involvedd in selecting the object that will be foveated. Because IT neurons have quite large 
RFs,, their responses are relatively independent of the retinotopic location of the stimulus 
(Tovéee et al., 1994), and the representation of objects is not changed by saccades (DiCarlo & 
Maunsell,, 2000). The activity of IT may thus provide a continuous representation of objects 
presentt in the scene. Similar mechanisms also occur in area V4 regarding the representation of 
featuress across saccades (Moore et al., 1998; Tolias et al., 2001). Neurons in area V4 exhibit a 
presaccadicc enhancement of firing rate when a saccade is made to an attended feature located 
inn their RF. This presaccadic activity is highly selective as it reflects the tuning properties of 
thee neuron. This activity is believed to facilitate the integration of pre- and postsaccadic 
representationss of object features located at the saccade target. 

Inn conclusion, a stable representation of a scene can be achieved through mechanisms that 
maintainn the location and identity of attended objects across eye movements. These 
mechanismss occur in a distributed cortical network that involves areas of the ventral and 
dorsall  processing pathways, as well as areas of the prefrontal cortex. 

4.. THE PRESENT THESIS 

Inn the present thesis, 1 report about studies that examine the role of attention and eye 
movementss in contour grouping. Reading a road map like the one on the front cover is an 
examplee of a task that requires contour grouping. Other examples are finding a route through a 
visuall  maze (Crowe et al., 2000), or tracing a continuous and curved line in the presence of 
other,, intersecting lines (Roelfsema et a!., 1998, 2000; Scholte et al., 2001; Houtkamp et al., 
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2003).. These tasks involve attentional processing and are typically achieved after several 
fixationss and saccades. 

II  wil l first examine how information is integrated across eye movements during a curve 
tracingg task. In this task, subjects have to discriminate between two or more elongated curves 
inn the visual field. Previous studies have focused on mental curve tracing without eye 
movements.. Littl e is known, however, as to how such a task is implemented during more 
naturall  situations, that is, during eye movements. Crowe and colleagues (2000) suggested that 
covertt attention is actively involved during visual scanning of a maze (see, Fig. 7). In this 
study,, as subjects worked out a route through a maze, their eye fixations fell at successive 
pointss on the route. Interestingly, however, instances were observed where a large section of 
thee route was not fixated. These findings suggested that the omitted part of the route was 
actuallyy scanned with covert attention. 

5DVA A 

Figuree 7. Visual maze task. Subjects were asked to find which exit (I, 2 or 3) corresponded with a 
pathh through the maze. The figure shows the eye scan path and the points of fixation (circles). DVA. 
degreess of visual angle, (from Crowe el al.. 2000). 

Chapterss 2 and 3 directly investigate the involvement of attention during a curve tracing 
taskk that requires a sequence of eye movements. These chapters address the issues of 
transsaccadicc integration discussed earlier. Chapter 2 specifically examines, at a behavioural 
level,, if and how information is transferred across eye movements, and thereby integrated 
fromm one fixation to the next. In chapter 3, I investigate how eye movements influence the 
retinotopicc representation of a traced curve in area VI , and as a consequence, the involvement 
off  area VI in transsaccadic integration. 

Duringg tasks that require tracing a path, the observer has first to search for a starting point 
onn a road map, a visual maze, or a curve, from which he can subsequently start to trace a path. 
Littl ee is known on how visual processes evolve in time in the context of such an extended 
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behaviourall  sequence. In chapter 4, experiments are carried out that examine the 
implementationn of a complex task that requires visual search and curve tracing. Moreover, 
duringg these tasks, errors can be made. For instance, one might erroneously trace a wrong 
route,, which in fact often occurs when trying to find the exit in a visual maze, or trying to 
tracee a curve that is intersected by many others. Sometimes this error goes unnoticed as one 
keepss on tracing the wrong path. During these unnoticed errors, attention is allocated to the 
erroneouss curve, as indicated by an enhanced representation of this curve compared to the 
correctt one (Roelfsema and Spekreijse, 2001). Sometimes, however, the observer notices that 
hee is on the wrong path, and starts tracing another one. In this situation, attention has to be 
withdrawnn from the wrong path and allocated to a new path. This implies a dynamic change in 
thee representation of the traced path. In chapter 5, the time course of attention shifts from one 
curvee to another is examined by recording in the primary visual cortex. 

Thee curve tracing task, as well as other similar tasks, surely requires the participation of 
manyy distinct areas of the brain. These include areas at the first stages of cortical processing, 
whichh are involved in fine spatial representations of features and of perceptual contexts, as 
welll  as higher areas that are involved in object perception and in more general spatial 
representations.. At the output stages of cortical processing are areas in the frontal and 
premotorr cortex that are involved in the transformation of visual signals into motor 
commands.. In the context of curve tracing, the FEF is likely to play a crucial role by providing 
aa representation of relevant objects for saccadic targeting. In chapter 6, I investigate whether 
FEFF provides such a visuomotor transformation during curve tracing. 
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