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Abstract In order to investigate the role of mental rotation in the directional control of eye movements, we instructed subjects to make saccades in directions different from that of a visual stimulus (rotated saccades). Saccadic latency increased linearly with the amount of directional transformation imposed between the stimulus and the response. This supports the hypothesis that reorienting a saccade is accomplished through a mental rotation process. No differences were found in amplitude, duration, velocity, and curvature between rotated and visually guided saccades. Analogous to mental rotation tasks involving reaching arm movements, it is surmised that frontal/prefrontal cortical structures participate in rotated saccades by reorienting the intended saccadic direction. A linear increase in response time with the imposed directional transformation was also found in an analogous mental task not requiring a directed motor response, namely, mentally localizing a point in space at a certain angle from a stimulus direction. However, the speed of mental rotation was systematically lower than in the rotated saccade task. These findings indicate that mental rotation is a rather general mechanism through which directional transformations are achieved. Key words Mental rotation · Saccades · Anti-saccades · Direction coding · Visuo-motor transformation



Introduction Several commonly employed experimental paradigms developed to study visuo-motor transformations require simple movements to be performed towards a visual stimulus. This is the case, for example, in pointing or reaching arm movements or in visually guided saccades. It may be, however, that the visual stimulus is a cue, but C. de’Sperati Laboratory of Action, Perception, Cognition, Università S. Raffaele, via Olgettina 58, I-20132 Milano, Italy e-mail: [email protected] Tel.: 39-2-2643 4859, Fax: +39-2-2643 4892



not the target of the movement; that is, the movement is performed towards a location different from that of the stimulus. Our knowledge of how the brain transforms visual information into the proper motor command may benefit by experiments in which a dissociation between the direction of the stimulus and the direction of the upcoming movement is deliberately introduced. By asking subjects to make an arm movement at a certain angle with a stimulus direction, i.e., by imposing an angular transformation between the stimulus and the response, one has the opportunity to observe how direction coding changes along the stages of sensorimotor transformations (Georgopoulos and Massey 1987; Georgopoulos et al. 1989; Alexander and Crutcher 1990b). One basic finding derived from studies on manual reaching involving different stimulus and response directions (visuomotor mental rotation task) is that these angular transformations are gradual, time-consuming processes, so that a linear relationship exists between the latency of the movement and the amount of angular transformation required. This phenomenon is reminiscent of what happens in classic mental rotation tasks, in which the time to recognize the sameness of two objects presented at different orientations increases proportionally with the angle between the two orientations, as if an analogue of the object is internally rotated (see Shepard and Cooper 1986). These apparently very different tasks share some common constraints, to the extent that the visuo-motor mental rotation task is regarded as a motor variant of the classic mental rotation paradigm (Tagaris et al. 1997). In fact, subjects who are faster in a mental rotation task are also faster in a visuo-motor mental rotation task (Pellizzer and Georgopoulos 1993). Moreover, it has recently been shown that, in both tasks, the angular transformation operations are associated with the activation of the motor cortex (Georgopoulos et al. 1989; Tagaris et al. 1997). At the neurophysiological level, during the stimulus-response time lapse, a gradual reorientation of the neural population vector, which codes for the intended movement direction, has been observed in the primary motor cortex of a monkey performing a
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visuo-motor mental rotation task (Georgopoulos et al. 1989). If indeed mental rotation is a widespread process acting in various perceptual and motor systems, it is to be expected that it also applies to oculomotor behavior. In the present research, we asked whether, in making a saccadic eye movement at a certain angle with the direction of a stimulus, the response time increases as a function of the amount of the angular transformation. To evaluate to what extent these angular transformation processes intrude into the saccadic “low-level” motor properties, a parametric analysis was performed to compare the dynamic characteristics of visually guided saccades with those of saccades resulting from stimulus-response directional transformations. In addition, we compared the behavior in this oculomotor task with the behavior in a visuo-spatial task designed to retain the visual aspects of the oculomotor task, but that did not require any directed motor response. To this end, we assessed whether an increase in response time in parallel with the amount of an imposed angular transformation is present in mentally localizing a point in space at a certain angle from a stimulus direction.



Materials and methods Subjects Ten subjects (three males and seven females, aged 18–35 years) volunteered for the experiments without being paid for their services; informed consent was given before the beginning of the experiments. Subjects had normal or corrected-to-normal vision. Of the ten subjects, eight performed in the rotated saccade task and nine in the mental task (see below); seven subjects (three males and four females) performed in both tasks. Experimental procedure The experiments took place in a dark room. Subjects were seated inside the eye movement recording device, in front of a computer screen at a distance of 114 cm. The head was fixated with the help of a forehead abutment and a bite-board individually moulded with condensation silicone. The dominant eye was selected for viewing, while the other eye was patched. The task consisted of four steps (Fig. 1). A circle (whose radius subtended a visual angle of 3°) appeared at the center of the screen, together with two radii



which formed the so-called instruction angle (Fig. 1A). One radius always appeared at 3 o’clock (defined as 0°), while the other radius appeared in a clockwise direction, forming one of the following instruction angles: 0.0°, 25.7°, 51.4°, 77.1°, 102.9°, 128.6°, 154.3° (positive values refer to clockwise direction). After 4 s, the two radii disappeared and the subjects had to bring the gaze to the center of the circle, signaled by a small spot (Fig. 1B). After 3 s, a second spot appeared on the circle, thus identifying a stimulus direction that was either 0.0°, 51.4°, 102.9°, 154.3°, 205.7°, 257.1°, or 308.6° (Fig. 1C). In one experimental session, subjects had to mentally identify, as soon as possible, the location on the circle corresponding to the stimulus direction augmented, in the clockwise direction, by the instruction angle previously showed, and press a button (mental task, Fig. 1E). The gaze had to remain at the center of the circle. In another experimental session, subjects instead had to bring, as soon as possible, the gaze to that point with a single saccadic eye movement (rotated saccade task, Fig. 1D). The reason of the small amplitude of the target circle is that we attempted to minimize the occurrence of spurious saccades that subjects could have used to inspect the target circle appearing in peripheral vision before giving the “true” response. It should be recalled, however, that almost 50% of the saccades occurring during natural scene viewing have an amplitude of less than 7° (Bahill et al. 1975). Since the central fixation dot remained on at the appearance of the second spot, the saccadic task belongs to the “overlap paradigm” type (Saslow 1967). In each of the two experimental sessions, the seven instruction angles and the seven stimulus directions were administered in a completely randomized order, for a total of 49 trials per subject per task. Although no repetitions were planned, given that the stimulus direction has no effect upon response times (see the second paragraph of the Results section), the seven stimulus directions became in fact seven repetitions for each instruction angle. Each session lasted about 10 min. Among the seven subjects that Fig. 1A–E The experimental task. A The instruction angle was presented on the computer screen as two radii (one radius always at 3 o’clock) together with an arrow indicating that the angular transformation was to be performed in the clockwise direction. B After 4 s, the instruction angle disappeared and the gaze was to be brought to the center of the circle. C After a further 3 s, a small spot (stimulus) appeared somewhere on the circle. At this time, recording of eye movements started for a fixed period of 5 s. In the rotated saccade task (D), subjects made a saccade (represented as a dashed arrow) to the point on the circle corresponding to the stimulus direction augmented, in the clockwise direction, by the instruction angle. In the mental task (E), subjects pressed a button upon mental localization of that same point on the circle (here represented as an open circle, but in fact absent in the display). The response time was computed as the time lapse between the stimulus presentation and either the beginning of the primary saccade (rotated saccade task) or the button press (mental task). The radius of the target circle subtended a visual angle of 3°



565 participated in both experiments, three performed first in the mental task, while the other four first performed in the rotated saccade task, on different days. Eye movements were recorded only during the rotated saccade task. To check that, in the mental task, subjects indeed succeeded in keeping the gaze still in the central fixation position, an additional control experiment was run in three subjects who had already participated in both the rotated saccade and the mental task. Eye movements were recorded while subjects performed in the mental task. Measurement of response times and eye movement recording The response time was measured as the time between the appearance of the stimulus and the response, which was either the button press (mental task) or the beginning of the saccade (rotated saccade task). In the former case, the button press was recorded with a temporal resolution of 2 ms. The beginning of the saccades was measured as the time at which the tangential velocity of the eye exceeded the threshold value of 30°/s. An ANOVA for repeated measures was used for statistical analyses. Horizontal and vertical components of eye position were recorded by means of the scleral search-coil technique (EPM520, Skalar Medical B.V.). Within the normal oculomotor range, the recording device has a nominal accuracy of 
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