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Abstract Saccades are very fast, ballistic movements, which move the eyes from one target to another. Here, we show that the latency, precision and kinematics of saccades directed toward a target presented on a dark homogeneous background do not diﬀer from the parameters of saccades directed toward a target presented on a structured background. However, if the visual background changed either its luminance or orientation simultaneously with the presentation of the saccade target, a signiﬁcant increase in saccade latency was observed. The saccade kinematics as well as saccade precision, however, was not aﬀected. Likewise, additional auditory stimulation applied simultaneously with the presentation of the target did not increase saccade latency. The increase in saccade latency and the maintenance of saccade kinematics indicate a sensory channel overload caused by the change in background. As a consequence, execution of the saccade was delayed until the computational resources to program the eye movement were available again. Keywords Eye movements Æ Visual system Æ Attention Æ Audio–visual interaction



Introduction Our sense organs are constantly generating a copious stream of data, which are transmitted toward the central U. J. Ilg (&) Æ S. Schumann Cognitive Neurology, Hertie-Institute for Clinical Brain Research, Otfried-Mu¨ller-Str 27, 72076 Tu¨bingen, Germany E-mail: [email protected] Y. Jin Cognitive Neuroscience, Faculty of Biology, University of Tu¨bingen, Auf der Morgenstelle 28, 72076 Tu¨bingen, Germany U. Schwarz Department of Neurology, University Hospital, 8091 Zu¨rich, Switzerland



nervous system. It is fascinating that despite this ﬂood of information, we are able to process sensory information appropriately, i.e., to either generate a goal-directed behavior upon crucial sensory stimulation at rather short latencies or to consciously perceive a stimulus. One explanation as to why we are not lost in this enormous ﬂow of information lies in the concept of attention (Desimone and Duncan 1995), which is believed to work by ﬁltering out irrelevant information (James 1890). In other words: mechanisms of attention help to prevent our sensory channels to be overloaded. But what is relevant, what is irrelevant? A long time ago, William James (1890) described that there are two distinct ways to selectively direct attention. Firstly, attention can be directed reﬂexively. Abrupt changes in our environment capture attention automatically, expressed by an increase in reaction time in a search task (Yantis and Jonides 1984, 1990; Jonides and Yantis 1988; Remington et al. 1992; Theeuwes 1994; Yantis and Hillstrom 1994), by a modiﬁcation of the eye movements during visual search (Theeuwes et al. 1999), or by a concomitant increase in the manual reaction times of the reporting key presses as well as the saccade latencies (Irwin et al. 2000). Even if the subjects attended actively to a particular location, the eﬀect of the distractor could not be abolished (Theeuwes et al. 2001). This capture of attention can be understood as an exogenously-driven occupation of computational resources which cannot be used for other purposes such as generating a speciﬁc motor program. Secondly, attention also can be directed based on endogenously driven mechanisms. In this case, the direction of attention reﬂects a top-down process originating from higher to lower stages in the hierarchy of signal processing (Posner 1980). Being an overt handle for the direction of attention, saccades are classically characterized by their ballistic nature. Once a saccade is initiated, there is no way to change its execution [for review, see Fuchs et al. (1985)]. There are clearly separated epochs in time for data sampling, i.e., detection and
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localization of the target, and execution of the saccade. If a single or multiple distractors were presented in addition to the saccade target, the trajectory of the saccades displayed a curvature toward the distractors (Walker et al. 1997; Doyle and Walker 2002; Ludwig and Gilchrist 2003; McSorley et al. 2004). Distractors not only aﬀected the curvature of saccade trajectory, but also produced an increase in saccade latency [human: (Walker et al. 1997); monkey: (McPeek and Keller 2001; Arai et al. 2004)]. If the distance between the target and distractor was small, spatial averaging occurred in saccades with short latencies, i.e., saccades were directed toward the center of gravity of distractors and target. Saccades with long latencies were not aﬀected by the distractor (Eggert et al. 2002). Other studies reported speed versus accuracy trade-oﬀs in saccade execution (Coeﬀe and O’Regan 1987; Chou et al. 1999). Very precise saccades require more time to be programmed compared to less precise saccades. In addition, it was shown that changes in the visual surroundings presented simultaneously with the saccade target increased saccade latencies in humans (Baccino et al. 2001; Reingold and Stampe 2002, 2004) as well as monkeys (McPeek and Schiller 1994; Schiller et al. 2004). Saccades are ideally suited for investigations of attention since they are aﬀected by exogenous as well as by endogenous processes. Here, we address the question whether endogenous control is able to ﬁlter out relevant information related to the location of the saccade target. Control trials with no manipulation of the background are exclusively exogenously driven. In doing so, we replicated ﬁndings related to the latency of saccades in a similar experimental design and further investigated whether changes in latency are accompanied by changes in saccade kinematics.



Methods Experimental paradigms Our subjects performed a simple, visually guided saccade paradigm. Each trial lasted for 2 s. Subjects were asked to perform, as quickly and precisely as possible, horizontal saccades toward targets presented at either 5 or 10 left or right after a randomized ﬁxation period (500–1,500 ms). White saccade targets (size 5 min of arc, 34.5 cd/m2) were either projected onto a dark screen or embedded within 100 vertical white lines. In the latter case we made sure that the saccade target never touched a background line element. The background was either stationary or changed either its luminance (7.6–34.5 cd/ m2) or its orientation (from vertical to 45) at stimulus onset asynchronies (SOA) of 200, 100, 0, 100 and 200 ms, respectively. In another series of experiments, brief auditory stimuli (200 ms, rectangular wave form, 1 kHz, 64 dB SPL, generated by the system timer con-



nected to the build-in loudspeaker of the stimulation PC) were applied at identical SOAs. It is important to note that the location of the sound source was never changed (approximately 45 to the right of the subject at a distance of approximately 0.5 m). Each experiment with the change in the visual background consisted of 28 conditions, the experiment with auditory stimulation consisted of 24 conditions. Every condition was repeated ten times, which yielded a total experimental duration of approximately 10 min for all 280 trials or 240 trials, respectively. The change in background luminance, orientation or additional auditory stimulation were run in separate blocks, maximally two blocks were run on a single day. Experimental set-up Data acquisition and visual (and auditory) stimulation were performed by two synchronized PCs. The subjects viewed at a distance of 28.5 cm a computer screen with a spatial resolution of 640·480 pixels, covering 55 by 38 of the visual ﬁeld, and a temporal resolution of 60 Hz. Both the subject and the monitor were covered by a thick, black cloth to prevent peripheral vision. Only the stimuli presented on the monitor itself were visible to the subject. The data from seven subjects (two authors and ﬁve students, ranging in age from 24 to 42 years, mean: 28.5±6.8 years) are presented here. Eye position recordings We monitored the horizontal movements of the left eye of our subjects with an IR eye tracker [for detailed description see Lindner and Ilg (2000)] with a spatial resolution of 0.2. The sampling rate of the data acquisition was 1 kHz and sampling depth was 14 bits. Prior to the AD conversion, the analogue eye position signal was low-pass ﬁltered at 300 Hz. Valid calibration of the eye position signal was achieved by ﬁxation of targets at known positions. Data analysis The data analysis was based on an automatic saccade detector. Saccades were detected when eye acceleration exceeded 5.000/s2. Using this threshold, saccades can be reliably detected with amplitudes as small as 1. The latency, duration, amplitude, peak velocity, and the post-saccadic position error were determined automatically. The post-saccadic error was calculated as the difference between target and eye position over an interval of 50 ms. Statistical testing was performed by diﬀerent (from one to four way) analyses of variance (ANOVA), the one-way ANOVA additionally followed by post hoc tests (Scheﬀe´). All analyses were performed in Matlab (release 14, The MathWorks Inc., Natick, MA, USA).
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In the course of the statistical tests, P 
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