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Abstract Saccadic reaction times to visual targets tend to be faster when non-visual stimuli are presented in close temporal or spatial proximity even if subjects are instructed to ignore the accessory input. The effect tends to decrease with increasing spatial distance between the stimuli. Multisensory interaction effects measured in neural structures involved in saccade generation have demonstrated a similar spatial dependence. The present study investigated visual-tactile interaction effects on saccadic reaction time using a focused attention paradigm. Compared to unimodal visual targets saccadic reaction time to bimodal stimuli was reduced by up to 30 ms. The effect was larger for ipsi- than for contralateral presentations, and it increased with the eccentricity of the visual target. The results are consistent with attributing part of the facilitation to a multisensory effect of bimodal neurons with overlapping visual and tactile receptive field structures in the deep layers of the superior colliculus. Keywords Multisensory · Saccade · Crossmodal · Visual-tactile



Introduction Adaptive behavior depends on the ability of the perceptual system to rapidly deliver information about ongoing events in the environment. This information typically arrives via different sensory channels and has to be integrated to produce a coherent internal representation of the outside world. Multisensory integration processes rely A. Diederich School of Humanities and Social Sciences, International University Bremen, Bremen, Germany H. Colonius ()) · D. Bockhorst · S. Tabeling Institut fr Kognitionsforschung, Universitt Oldenburg, PO Box 2503, 26111 Oldenburg, Germany e-mail: [email protected] Tel.: +49-441-7985158 Fax: +49-441-7985158



on multiple cues about the temporal and/or spatial coherence of the input. One important system where multisensory integration processes have been studied is the generation of saccadic eye movements. For example, it has been shown that saccadic reaction times to visual targets tend to be faster when auditory stimuli are presented in close temporal or spatial proximity even when subjects are instructed to ignore the auditory input (Colonius and Arndt 2001; Frens et al. 1995; Harrington and Peck 1998; Hughes et al. 1998). Specifically, it was observed that the amount of response facilitation tends to decrease with increasing spatial distance between visual and auditory stimuli. These psychophysical observations are in line with neurophysiological evidence for multisensory integration in the deep layers of the superior colliculus (DLSC), an area clearly involved in saccade generation (Munoz and Wurtz 1995a, 1995b). A large majority of multisensory neurons in cat DLSC show an enhanced response to particular combinations of visual, auditory, and tactile stimuli relative to the best modality-specific responses (Meredith and Stein 1986a). Information about stimulus location is represented topographically within the structure by an orderly arrangement of neurons according to the location of their respective receptive fields (RFs). The spatial register among the different sensory maps is formed by the multisensory neurons whose different RFs are in register with one another (for a review, see Stein and Meredith 1993). In addition, the SC contains a motor map composed of output neurons coding appropriate eye movements (Sparks 1986), i.e., the locus of activity in the motor map encodes a movement command that reorients the eyes (and the head) a given distance in a particular direction. Thus, if the goal is to translate a sensory target into an appropriate motor command, the alignment of the visual, auditory, and tactile maps to each other and to the motor map is critical. The response enhancement observed in multisensory neurons could serve to facilitate orienting responses to a particular spatial location. This suggests that not only visual-auditory but also visualtactile interactions occur in saccade generation. The goal
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of this paper is to extend the study of multisensory integration effects in saccade generation to visual-somatosensory interaction. While many rules governing the influence of accessory, i.e., task-irrelevant, auditory stimuli on saccades toward visual targets have been described in the literature, the effects of somatosensory stimuli on saccades have been examined in much less detail. Groh and Sparks (1996a) compared various properties of saccades to somatosensory and visual targets and found, for visualsomatosensory targets at the same spatial location, a tendency for saccade latency reduction (in monkey). In the first study with human participants Amlt et al. (2003) observed (1) that accessory somatosensory stimuli reduced the latency of saccades, but only when presented before the visual target, and (2) that the facilitation effect was greatest for spatially coincident stimuli. While the alignment of visual, auditory, and tactile topographical maps in DLSC suggests that, in analogy to visual-auditory interaction, visual-tactile interaction in saccade generation should depend on the spatial configuration of the stimuli, no detailed observations exist so far. Here we report results from three experiments examining the effect of a tactile stimulus (vibration applied to the palm) on response time for saccades toward a visual target as a function of the spatial visual-tactile stimulus configuration. Subjects were asked to make a saccade as quickly and as accurately as possible toward a visual stimulus appearing randomly left or right of the fixation point. They were instructed to ignore a tactile accessory stimulus that, in bimodal trials, was applied at different hand positions ipsi- or contralateral to the visual target. In the first experiment, the visual target was presented at a constant distance from fixation (left or right), while in the second experiment the tactile stimulus was presented at a constant distance from fixation (left or right) and the visual target positions varied. In the third experiment both stimuli were presented with a constant minimum distance to each other, while their distance to the fixation point was varied. The main dependent variable of interest was a measure of multisensory response enhancement (defined below) that assesses the facilitation (or inhibition) of bimodal saccadic response time (RT) relative to unimodal responses over different stimulus configurations.



Materials and methods Subjects Students served as paid voluntary participants in the experiments. All participants had normal vision. They were screened for their ability to follow the experimental instructions (proper fixation, few blinks during trial, saccades towards visual target). They gave their informed consent prior to their inclusion in the study. Local ethical approval was obtained for this study, and all experiments were conducted in accordance with the ethical standards described in the 1964 Declaration of Helsinki. Apparatus and stimulus presentation Red light-emitting diodes (LED, 5 mm, 3.7 mcd) served as visual targets presented against a black background. An additional LED (red, 5 mm, 0.4 mcd) served as fixation point. Tactile stimuli were vibrations (50 Hz, 0.6 V, 1–2 mm amplitude) transmitted through wooden balls applied to the center of the palm, generated by two silenced oscillation devices (Mini-shaker, Type 4810, B & K). The oscillation devices were such that a threaded bolt with the wooden ball (diameter 15 mm) on top of it could be mounted. All stimuli were positioned on top of a table (18013075 cm) with a recess to sit in (referred to as vertex). The fixation LED was 38.5 cm away from the lower edge of the table. Fifty-six LEDs and 56 holes for the vibrators were placed at various positions measured from the vertex. For each experimental condition the two vibrators were moved to the respective positions. Vibrators and LEDs were controlled by a PC multifunction card. Experimental procedure All experiments were carried out in a completely darkened room so that participants were unable to see their hands during the experiment. Every session began with 10 min of dark adaptation during which the measurement system was adjusted and calibrated. During this phase the participants put their hands at the position used during the entire experimental block. Thus, the participants were aware of the hand position and, thus, the position of the tactile stimulus. Participants were sitting at the longitudinal side (at the vertex) using a chin rest facing the calibrating screen and wearing a video camera frame. Each trial began with the appearance of the fixation point. After a variable fixation time (800–1,500 ms), the fixation point disappeared and, simultaneously, both a visual and a tactile stimulus were presented for 500 ms (no gap). In unimodal trials, only a visual stimulus was presented. Subjects were instructed to move their eyes to the visual target as quickly as possible, while the tactile stimulus could be ignored. The interval between stimulus offset and fixation onset for the next trial was 2 s. Each participant was first trained for 1,000 trials not included in the data analysis. Data collection



Experiments The goal of the following three experiments was to probe for the influence of a task-irrelevant tactile stimulus on saccadic RT to a visual target stimulus. In analogy with results from visual-auditory stimulation, we hypothesize that intersensory facilitation of saccadic RT should occur with tactile stimuli in close spatial proximity to the target, and the effect should decrease with increasing distance between visual and tactile stimulus.



Saccadic eye movements were recorded by an infrared video camera system (EyeLink system, Sensomotoric Instruments) with a temporal resolution of 250 Hz and a horizontal and vertical spatial resolution of 0.01. Saccades were detected on a trial by trial basis using velocity (22/s) and acceleration criteria (8,000/s2). Eye position data from each trial were inspected for proper fixation at the beginning of the trial, for blinks, and for correct detection of start and endpoint of the saccade. Saccadic reaction time (the time between the onset of the visual stimulus and the onset of the saccadic eye movement), start position of the eye, and end position after the saccade (vertical and horizontal positions in degree of visual angle relative to the straight ahead fixation point) were calculated from the controlled data samples.
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Experiment 1 In the first experiment, visual target distance from the fixation point was kept constant, while the tactile stimulus position was varied. Visual stimuli were presented at positions 10 left and right from fixation, 50 cm from the vertex. Tactile stimuli were applied at positions 10, 50, 70, or 110 left and right from fixation, 55 cm from the vertex (Fig. 1). Note that the 110 positions were not within the subject’s visual field. Subjects Six students (five female) served as paid voluntary participants in the experiments. All participants had normal vision. Stimulus arrangement and design In each trial, a visual target was presented either on the left or on the right. With the visual stimulus appearing always at 10 (left or right) and the tactile stimulus appearing at 10, 50, 70, or 110 (left or right), 16 different bimodal configurations (eight ipsi-, eight contralateral) and two unimodal (visual) conditions were possible, and a total of 100 trials per configuration were recorded. Collapsing over left/right hemispheres this results in four ipsi- and four contralateral configurations plus one unimodal (LED only) condition, with a total of 200 trials per condition. Since the participant was required to put the hands at a fixed position, tactile stimulus presentations were blocked for each position (10, 50, 70, or 110), but the order of the positions was randomized over subjects. Moreover, trials were randomized with respect to laterality (ipsi/contra) and modality (uni-/bimodal). One hundred and fifty trials were presented within each block, and a total of 12 blocks were performed by each participant. For data analysis, we define a factor laterality with levels ipsilateral, contralateral, and LED only. The other factor, eccentricity, refers to the position of the tactile stimulus and includes four levels: 10, 50, 70, and 110. This arrangement of stimulus positions generates eight levels of visual-tactile stimulus distance: 0, 20, 40, 60, 60, 80, 100, and 120 (ignoring laterality of bimodal stimulation.1 Results Anticipatory saccades with reaction times shorter than 80 ms (e.g., Fischer and Ramsperger 1984), responses longer than 500 ms, saccades less than 5 and larger than 20 (target at 10), and gaze direction errors (less than 1%) were excluded from the analysis in this and the following experiments. Since there were no systematic 1



Note that a distance of 60 is obtained either by presenting the tactile stimulus at 70 ipsilaterally or at 50 contralaterally.



Fig. 1 Spatial configuration of visual and tactile stimuli on the table top for Experiment 1. Visual stimuli were presented only at 10 left or right from fixation. Within one block of trials tactile stimuli were presented at symmetrical positions left or right from fixation at either 10, 50, 70, or 110; eccentricity varied across blocks. The subject’s head was positioned at the vertex



Fig. 2 Mean saccadic reaction time as a function of the eccentricity of the tactile stimulus for bimodal ipsi- and contralateral and unimodal visual presentations. The visual stimulus was always presented at 10 left or right from fixation



hemispheric differences, mean saccadic RTs were computed regardless of the specific side (left or right) of stimulus presentation. Mean saccadic RTs and standard errors (over all subjects) as a function of eccentricity and laterality are shown in Fig. 2. If tactile stimulation had no effect on saccadic RT to the visual target, the 12 means should be about the same since the target LED was presented at 10 from fixation in all conditions. However, the means differ with respect to both eccentricity and laterality. In particular, the presence of a tactile “distractor” always had a facilitating effect on saccadic RT, whether presented ipsi- or contralateral to the visual target. The effect appears to be larger for ipsi- than for contralateral presentations. These observations were confirmed by the subsequent analysis of variance.



331 Table 1 Accuracy of saccade landing position. The target LED was presented at €10 for all four eccentricity levels of the tactile stimuli. Mean amplitude (Ampl.) and standard deviation (SD) were determined for all conditions. “Accurate” saccades were defined as landing position within 1 SD around the mean. Mean saccadic RTs (RT) for “accurate” saccades were compared to RTs with saccades of shorter () amplitudes, i.e., more than 1 SD below or above the mean amplitude. In 20 out of 24 conditions “accurate” saccades were faster than “inaccurate” ones, giving no evidence for a speedaccuracy tradeoff
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A two-way (34) ANOVA of laterality and eccentricity revealed significant main effects of eccentricity and of laterality (P 
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