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Transfer of adaptation from visually guided saccades to averaging saccades elicited by double visual targets Nadia Alahyane, Ansgar Koene and Denis Pe´lisson ‘Espace et Action’, Unite´ 534, INSERM ⁄ Universite´ Claude Bernard, IFR19 Institut Fe´de´ratif des Neurosciences de Lyon, 16 avenue du doyen Le´pine, 69676 Bron Cedex, Lyon, France Keywords: double visual stimulation, eye movement, human, saccade averaging, saccadic plasticity



Abstract The adaptive mechanisms that control the amplitude of visually guided saccades (VGS) are only partially elucidated. In this study, we investigated, in six human subjects, the transfer of VGS adaptation to averaging saccades elicited by the simultaneous presentation of two visual targets. The generation of averaging saccades requires the transformation of two representations encoding the desired eye displacement toward each of the two targets into a single representation encoding the averaging saccade (averaging programming site). We aimed to evaluate whether VGS adaptation acts upstream (hypothesis 1) or at ⁄ below (hypothesis 2) the level of averaging saccades programming. Using the double-step target paradigm, we simultaneously induced a backward adaptation of 17.5 horizontal VGS and a forward adaptation of 17.5 oblique VGS performed along the ± 40 directions relative to the azimuth. We measured the effects of this dual adaptation protocol on averaging saccades triggered by two simultaneous targets located at 17.5 along the ± 40 directions. To increase the yield of averaging saccades, we instructed the subjects to move their eyes as fast as possible to an intermediate position between the two targets. We found that the amplitude of averaging saccades was smaller after VGS adaptation than before and differed significantly from that predicted by hypothesis 1, but not by hypothesis 2, with an adaptation transfer of 50%. These findings indicate that VGS adaptation largely occurs at ⁄ below the averaging saccade programming site. Based on current knowledge of the neural substrate of averaging saccades, we suggest that VGS adaptation mainly acts at the level of the superior colliculus or downstream.



Introduction Saccadic eye movements allow us to quickly and accurately shift the visual axis from one point to another. Saccades are constantly calibrated by adaptive mechanisms that compensate for systematic errors arising from physiological or pathological changes in the biomechanical and neuronal components of the saccadic system. In the laboratory, saccadic adaptation in humans and animals has mainly been studied by using the double-step target paradigm pioneered by McLaughlin (1967). This protocol consists of ﬁrst displacing a visual target to elicit a visually triggered saccade and then displacing the target a second time during this primary saccade to yield a postsaccadic error. Repeated iterations of these double-step trials lead adaptive mechanisms to progressively adjust the saccade amplitude to decrease the post-saccadic error. Three main properties of adaptation of visually guided saccades (VGS) directed toward a sudden visual target have been revealed in prior studies. (i) The VGS adaptation is vector speciﬁc. Indeed, the training of one saccade affects all VGS of the same amplitude and direction, irrespective of their starting orbital position (e.g. Deubel, 1987; Frens & Van Opstal, 1994; Noto et al., 1999). In fact, saccadic adaptation also transfers to other saccades with moderately different amplitudes and ⁄ or directions, provided that the saccade vector
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terminates in a restricted region called the ‘adaptation ﬁeld’ (Frens & Van Opstal, 1994). Inside the adaptation ﬁeld, the amount of transfer monotonically decreases as the deviation between the nontrained saccadic vector and the adapted vector increases. (ii) The VGS adaptation, in addition to eye displacement, can also depend on eye position as a context cue (Shelhamer & Clendaniel, 2002; Alahyane & Pe´lisson, 2004). (iii) The VGS adaptation shows no, or very little, transfer to volitional saccades such as scanning saccades directed toward permanent targets or saccades directed to a memorized target position. This suggests that the neurophysiological mechanisms underlying the adaptation of these two types of saccades are separated (Erkelens & Hulleman, 1993; Deubel, 1995; Fujita et al., 2002). Despite this knowledge, the neuroanatomical substrate of saccadic adaptation is not yet fully understood. It is, however, well established that the cerebellum is involved. Indeed, imaging studies in man (Desmurget et al., 1998), lesion studies in monkey (Optican & Robinson, 1980; Goldberg et al., 1993; Barash et al., 1999) and clinical studies (Straube et al., 2001) showed that VGS adaptation requires the medio-posterior part of the cerebellum, i.e. the vermis and the fastigial nuclei. However, the level(s) along the visuo-saccadic pathways where oculomotor commands are modiﬁed during adaptation are still debated. Neurophysiological studies in monkey (Melis & Van Gisbergen, 1996; Frens & Van Opstal, 1997; Edelman & Goldberg, 2002) assumed that adaptation might occur at the level of the superior colliculus (SC) or downstream from there. In human, however, to our knowledge only one study has tested which



828 N. Alahyane et al. cerebellar-recipient structures are involved in VGS adaptation (Gaymard et al., 2001). The reduced adaptive capability reported in two patients with a thalamic lesion led Gaymard et al. (2001) to suggest, contrary to the studies in monkey (see above), that saccadic adaptation in humans relies on a neuronal network involving both the cerebellum and cortical areas. The present study was designed to provide some behavioural arguments concerning the locus of VGS adaptation. We investigated, in six human subjects, the existence of a transfer of VGS adaptation to averaging saccades that are directed toward an intermediate position between two visual targets presented simultaneously (Findlay, 1982; Ottes et al., 1984). The rationale for testing averaging saccades is that their neural substrate has been investigated by neurophysiological recordings in the monkey SC (Van Opstal & Van Gisbergen, 1990; Glimcher & Sparks, 1993) and these saccades can thus be used as a landmark for studying the site of saccadic adaptation. It is generally assumed that the neural events leading to the production of averaging saccades can be decomposed into two parts (Fig. 1A). Initially, at the level of the sensorimotor maps, the simultaneous presentation of the



two targets (A and B) generates activity in two neural populations, each of which encodes the desired eye displacement to one of the two targets. Then, at the level of saccade programming, these two oblique vector representations are integrated into a single motor command encoding the averaging saccade vector. There are two possible levels where the modiﬁcations related to saccadic adaptation could take place relative to the level where averaging saccades are programmed. The VGS adaptation can occur either (i) upstream of the averaging saccade programming level (hypothesis 1, ‘upstream’) or (ii) at the level of averaging saccade programming or downstream (hypothesis 2, ‘downstream’). The aim of the present study was to differentiate between these two hypotheses. Preliminary results have been described in a short report (Alahyane & Pe´lisson, 2003).



Materials and methods Subjects Six volunteers (two authors and four laboratory members who were naive with respect to the goal of the study) participated in the study (age 23–44 years) after giving informed consent. One subject used her corrective lenses during the experiment. The study was conducted in conformity with the declaration of Helsinki.



Apparatus The subjects sat in a dimly illuminated room facing a concave spherical target board. The centre of the board was aligned with the subject’s naso-occipital axis at 110 cm (sphere radius) from the cyclopean eye. Head movements were restricted by a chin rest. Sixteen red light-emitting diodes (LEDs) mounted on the spherical board were used as visual targets: one LED was located at the centre of the board, nine LEDs were located at the intersection points between a circle centred on the spherical board (17.5 radius) and nine radial axes (directions, 0, ± 10, ± 20, ± 30, ± 40), two LEDs were at the intersection points between the 20 radius circle and the two ± 40 axes and four LEDs were located on the horizontal axis at an eccentricity of 10, 12.5, 13.3 and 21.6 to the right of the sphere centre.



Experimental protocol of main experiment This ﬁrst experiment consisted of three consecutive sessions: a pre-test session (168 trials), an adaptation session (512 trials) and a post-test session (168 trials). Fig. 1. (A) The upstream and downstream hypotheses on the site of visually guided saccade (VGS) adaptation relative to averaging saccade programming. Averaging saccades are triggered by the simultaneous presentation of targets A and B. The two middle rectangles illustrate schematically the neural events which supposedly lead to the production of averaging saccades. The groups of circles represent the active neural populations at locations A and B in the left rectangle and at an intermediate location in the right rectangle. (B) Dual adaptation protocol. Targets A, B and H (directions of +40, )40 and 0, respectively) were presented to the right of the ﬁxation point (FP) to trigger VGS. They were then displaced a second time either forward to induce an increase of the A- and B-VGS amplitude or backward to induce a decrease of the H-VGS amplitude. (C) Predicted endpoints of VGS directed to the singly presented targets A, B or H (circles) and of averaging saccades elicited by the simultaneous presentation of targets A and B (triangles) in the pre-test (closed symbols) and in the post-test (open or grey symbols) sessions. The arrows indicate the direction of the amplitude change affecting averaging saccades predicted by the two hypotheses, namely an amplitude increase according to hypothesis 1 or an amplitude decrease according to hypothesis 2.



Adaptation session To induce VGS adaptation, the double-step target protocol illustrated in Fig. 1B was used. At the start of a trial, the target located at the centre of the board [ﬁxation point (FP)] was presented for a random period of 1200 or 1600 ms. The FP was then switched off and simultaneously a target appeared at an eccentricity of 17.5 in the right visual ﬁeld (step 1) at one of three possible locations (H, A or B). Target H was located on the 0 axis to elicit horizontal saccades (H-VGS) whereas targets A and B were located on the +40 and )40 axes to elicit oblique saccades (A-VGS and B-VGS, respectively). During the saccadic response (30 ms after saccade onset was detected on the basis of a velocity threshold of about 50 ⁄ s), the target was displaced again (step 2). Target H was stepped backward by 24 and 28% relative to step 1 in the ﬁrst two and the last two blocks of trials, respectively. This
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Visual saccade adaptation and averaging saccades 829 increase in the backward (step 2) amplitude was done in order to minimize the probability that the subject could perceive the intrasaccadic step and to improve the efﬁcacy of adaptation. Targets A and B were, in the same session, stepped forward by 14% relative to step 1. The rationale for choosing bi-directional (backward and forward) adaptations in the same session was to induce different amplitude modiﬁcations of H-VGS relative to A-VGS and B-VGS and thus to be able to contrast the predictions of hypotheses 1 and 2. Indeed, in pilot experiments, we unexpectedly observed that a single backward adaptation of H-VGS largely generalized to A-VGS and B-VGS carried out along the ± 40 directions. Thus, an entire adaptation session contained 256 backward trials along the 0 axis, 128 forward trials along the 40 axis and 128 forward trials along the )40 axis. This adaptation session was divided into four blocks during which the three types of trials were randomly interleaved. A short rest period was provided to the subjects after each block.



training of H-VGS is not expected to maximally affect averaging saccades (i.e. averaging saccades do not terminate in the centre of the adaptation ﬁeld). In order to correct for this, we performed a complementary experiment which allowed us to quantify the structure of the adaptation ﬁeld by computing the transfer of adaptation of H-VGS to horizontal saccades of different amplitudes. This complementary experiment was run in three of the six subjects of the main experiment and on a different day. Subjects were submitted successively to a pre-test, an adaptation and a post-test session. The adaptation session was identical to that described previously in the main experiment. In the test sessions (both preand post-test), only single-target trials were presented and no averaging saccades were elicited. The peripheral target was presented randomly at one of six possible locations: three positions already used in the main experiment (H, A and B) and three other positions at an eccentricity of 13.3, 10 and 21.6 relative to the FP along the horizontal meridian (C, D and E, respectively). These six types of trials were presented in a random order 16 times each.



Test sessions The adaptation session was preceded and followed by a test session. These pre- and post-test sessions comprised rightward target displacements from FP to the peripheral locations H, A or B. In addition to these three single-target trials, targets A and B were sometimes presented simultaneously (double-target trials). To increase the probability of eliciting averaging saccades, a gap of 200 ms was introduced between the peripheral target presentation and FP extinction (see Chou et al., 1999). Moreover, to increase the uncertainty in target location and to decrease the probability of double-target trials (14%), single targets were also presented along intermediate axes (± 30, ± 20 and ± 10) at a 17.5 eccentricity relative to the FP. Thus, each pre- and each post-test session consisted of nine types of singletarget trials repeated 16 times each and of 24 repetitions of the doubletarget (A + B) trial. For all trials, the target was turned off at the start of the saccade in order to avoid de-adaptation during the post-test session. Each session was divided into two blocks during which the 10 types of trials were randomly interleaved. A short rest period was allowed to the subjects between the two blocks. For the averaging saccades we chose a large angular separation (± 40) between targets A and B in order to clearly differentiate the predictions of our two alternative hypotheses. Two training sessions were initially performed to evaluate the ability of subjects to make averaging saccades. In the ﬁrst training session, in which the subjects were simply required to make a saccade toward the peripheral target, very few averaging saccades were made, as expected from prior studies (Ottes et al., 1984; Chou et al., 1999). Indeed, our subjects generally alternated between directing their eyes to the upper or to the lower target across successive trials. Thus, in a second training session, we asked them to move their eyes as fast as possible toward the middle position between targets A and B. This instruction led to an increase in the number of averaging saccades without a signiﬁcant increase in overall saccade latency (see Results). The data from these two training sessions were not further analysed. At least 2 days after this second training session, each subject completed the whole experiment. No feedback was given about their performance.



Experimental protocol of complementary experiment The data averaging horizontal amplitude



of the pre-test session indicate that the amplitude of saccades corresponds to the mean amplitude of the components of A-VGS and B-VGS (see Results). As this is smaller than the eccentricity of target H, the backward



Eye movement recordings and on-line processing Eye movements were recorded in two dimensions by an infra-red EyeLink system (SMI, Berlin, Germany). Immediately before the start of the experiments, a calibration was performed by asking each subject to sequentially ﬁxate nine targets arranged on a rectangular array containing the zone of the oculomotor ﬁeld explored during the experiment. Target presentation and data acquisition were controlled by a computer program (Data Wave, Berthoud, USA). Eye movements were sampled at 500 Hz and stored on hard disk for off-line analysis. In order to detect on-line the onset of saccades, a signal of angular position of the left eye was processed by an electronic circuit (lowpass ﬁltering, differentiation and comparison with an adjustable threshold of about 50 ⁄ s); 30 ms after this circuit had ﬁred (when eye velocity was close to peak velocity), the computer triggered the intrasaccadic target displacement during the adaptation session or turned the target off in the pre- and post-test sessions.



Off-line data analysis The horizontal and vertical components of left eye movements were analysed off-line. After ﬁltering (Finite Impulse Response ﬁlter with a 70 Hz cut-off frequency, residual noise level < 0.5), saccade starting and ﬁnal positions were calculated using a velocity criterion of 40 ⁄ s. The detection markings were checked for each saccade by the experimenter and could be manually corrected. Only the primary saccade of each trial, namely the saccade in response to step 1, was analysed. Saccades were excluded from analysis if a blink occurred simultaneously or if they had not been correctly detected on-line. Saccades with latency less than 100 ms were also excluded from the analysis. Oblique A-VGS and B-VGS which were performed in the wrong direction, i.e. in the opposite hemiﬁeld, were eliminated. Overall, in the two test sessions, eliminated trials represented a proportion of 6.3 ± 4.4%. To test predictions of hypotheses 1 and 2, averaging saccades triggered in double-target trials were further selected according to their direction which should be within a sector of ± 5 around the horizontal meridian (see Fig. 2C). This sector was extended to ± 6 for three subjects in order to include at least ﬁve averaging saccades in each test session. Overall, 50% of averaging saccades in the pre-test session and 32% in the post-test session were selected. The horizontal and vertical amplitude of each primary



ª 2004 Federation of European Neuroscience Societies, European Journal of Neuroscience, 20, 827–836



830 N. Alahyane et al.



Fig. 2. Spatial distribution of endpoints of single-target visually guided saccades (VGS) (circles and ellipses) and double-target (A + B) saccades (triangles) in the pre-test session. (A and B) Saccadic endpoints for subjects C and D, respectively. (C) Endpoints pooled across the six subjects. The endpoints of VGS are represented by ellipses. The two dashed lines correspond to the limits of the sector relative to the horizontal axis used to deﬁne a double-target saccade as a valid averaging saccade for further analysis (see text). Ellipses in A–C represent the 95% conﬁdence area of VGS endpoints in the single-target condition. +, position of the nine targets. The ﬁxation point was located at position (0, 0). (D) Frequency of double-target saccades as a function of their direction. Data are pooled across the six subjects.



saccade were calculated as the difference between initial and ﬁnal eye positions. The radial amplitude was calculated as: [(horizontal amplitude)2 + (vertical amplitude)2]. The percentage amplitude change of the primary saccade between the post- and pre-test sessions was calculated as: [(post-test mean amplitude ) pre-test mean amplitude) ⁄ pre-test mean amplitude] · 100.



Results Characteristics of saccades elicited by double targets Figure 2 plots the spatial distribution of VGS endpoints in singletarget trials and that of saccade endpoints in double-target trials obtained in the pre-test session. Figure 2A and B depict saccadic endpoints of subjects C and D. For these two subjects, A-VGS,



B-VGS and H-VGS (circles) ended close to the corresponding target position. The ellipses show the 95% conﬁdence area of the endpoints of these saccades made to singly presented targets. In the trials where the two targets, A and B, were simultaneously presented, the majority of saccades made by the two subjects (triangles) were directed to a location in between the two targets and few saccades were directed to either target A or B. In Fig. 2C, the data of the six subjects were pooled. For VGS, only the 95% conﬁdence limits of saccade endpoints are shown for each of the three target positions (A, B and H). For double-target trials, the spatial distribution of saccade endpoints (triangles) was widespread. Indeed, the direction of ‘double-target’ saccades extended from target A to target B, with the direction of most saccades close to the horizontal axis. Figure 2D shows the distribution of saccade direction in these double-target trials. This plot conﬁrms that the majority of saccades was clustered
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Fig. 3. Linear regression of (A) the latency plotted against the direction and (B) the radial amplitude plotted against the latency for the double-target saccades (continuous lines). The dashed regression line in B concerns the averaging saccades selected for further analysis, i.e. saccades landing in the ± 5 (or ± 6) sector relative to the horizontal axis. Data in the pre-test session pooled across the six subjects.



close to the 0 axis in a ± 10 wide sector with the proportion of saccades decreasing rapidly as their vertical direction increased. We then investigated the latency and amplitude of saccades elicited in double-target trials (Fig. 3). Figure 3A shows that the latency of saccades directed at an intermediate position in between the two targets was the largest. Saccade latency then decreased slightly as their direction moved away from the 0 axis. We computed the mean latency of saccades elicited by double-targets and that of VGS (A-, Band H-). We found that B-VGS and H-VGS had a similar latency (310 and 313 ms, respectively) but A-VGS had a smaller latency (279 ms). The latency of ‘double-target’ saccades was 46 ms longer than the A-VGS latency and 15 ms longer than the H-VGS latency. A repeated-measures anova with type of saccade as factor revealed no signiﬁcant effect on saccade latency (P ¼ 0.142). We then tested whether the amplitude of ‘double-target’ saccades was related to their latency (Fig. 3B, continuous line). We found that the latency was independent of amplitude (P ¼ 0.95). Finally, we tested the properties of averaging saccades which were selected for further analysis, i.e. saccades with a direction falling within the sector of ± 5 around the horizontal axis (or ± 6 for three subjects, see Materials and methods). We ﬁrst re-plotted the relationship between latency and amplitude for these averaging saccades in Fig. 3B (broken line). We observed that the latency of averaging saccades increased signiﬁcantly as their amplitude increased (P < 0.05). We then compared the latency of the selected averaging saccades with that of VGS. The averaging saccades showed a latency 62 ms longer than that of A-VGS and 31 ms longer than that of H-VGS. However, the repeated-measures anova with type of saccade as factor revealed no signiﬁcant difference of latency between the four types of saccades (P ¼ 0.075). The contrast analysis indicated that only the difference of latency between averaging saccades and A-VGS was statistically signiﬁcant (P < 0.05).



Adaptation transfer from visually guided saccades to averaging saccades



subjects) and that this adaptation transferred almost completely to the oblique A- and B-VGS (amplitude change, )11.8%) and to averaging saccades ()11.2%). Due to this unexpected generalization of adaptation to the ± 40 directions, in the main experiment we used the dual adaptation protocol described in Materials and methods. The effects of the dual adaptation protocol on the amplitude of averaging saccades, predicted by the two hypotheses, are depicted in Fig. 1C. According to our protocol, the H-VGS amplitude should be smaller in post- than in pre-test, whereas the opposite effect is expected for A-VGS and B-VGS amplitude. Two predictions can be made concerning the averaging saccade amplitude change between post- and pre-test, depending on whether adaptation occurs upstream (hypothesis 1) or at the level or downstream (hypothesis 2) of the averaging saccade programming. Prediction 1. According to hypothesis 1, the change in averaging saccade amplitude after the adaptation session is related to the modiﬁcation of the encoding of its two oblique components (FP-A and FP-B). The forward adaptation induced along the two oblique directions is, therefore, expected to increase both the amplitude of these two components as well as that of the resultant averaging saccade (Fig. 1C, grey triangle). Moreover, hypothesis 1 predicts that this increase of amplitude is equal to the mean amplitude increase of A-VGS and B-VGS. Prediction 2. According to hypothesis 2, the change in averaging saccade amplitude after the adaptation session is related to the modiﬁcation of the single motor command (encoding the horizontal saccade vector and resulting from the integration of the two oblique components). The backward adaptation of H-VGS is, therefore, expected to decrease the amplitude of the averaging saccades (Fig. 1C, open triangle). Moreover, hypothesis 2 predicts this reduction of amplitude to be equal to the reduction of H-VGS amplitude, taking into account the results of the complementary experiment.



Predictions of hypotheses 1 and 2



Efﬁcacy of the visually guided saccade adaptations



In pilot experiments, we found that a single backward adaptation of HVGS led to a decrease of the H-VGS amplitude ()12.5%; n ¼ 2



Before testing the transfer of adaptation from VGS to averaging saccades, we ﬁrst checked whether the induced adaptations of VGS
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832 N. Alahyane et al. were effective. Figure 4A shows the mean radial amplitude of oblique (A-VGS and B-VGS) and horizontal (H-VGS) saccades recorded in the pre- and post-test sessions. Both A-VGS and B-VGS showed an increase in size that was consistent with the forward direction of step 2. In contrast, the H-VGS amplitude decreased, which was consistent with the backward direction of step 2. The percentage changes of horizontal amplitude between the pre- and post-test sessions for these trained VGS are shown for each subject in Table 1. A two-way repeated measures anova, with type of saccade and type of test session as factors, was applied to the data plotted in Fig. 4A. This anova revealed a signiﬁcant difference between the three types of saccades (P < 0.001) but not between the two test sessions (P ¼ 0.46). There was also a signiﬁcant interaction between the two factors (P < 0.001). Post-hoc tests (Fisher LSD) revealed that there was a signiﬁcant difference between the pre- and post-test amplitude for the three types of VGS (P < 0.05). In addition, they revealed that the mean radial amplitude in pre-test was similar for the three types of VGS (P > 0.05, mean amplitude ¼ 15.1 ± 1.53). Nevertheless, there was a signiﬁcant difference between the post-test amplitude for AVGS and the post-test amplitude for the B-VGS (P < 0.05) indicating that the A-VGS adaptation was stronger than the B-VGS adaptation. In conclusion, the dual adaptation protocol successfully led to a signiﬁcant forward adaptation of the two oblique VGS and a signiﬁcant backward adaptation of the horizontal VGS. Finally, Fig. 4B plots, for the different types of VGS, the adaptation-related difference of mean horizontal amplitude (post- minus pre-test). It reveals that, as expected, the adapted VGS (A-, B- and H-) showed the largest amplitude changes and that the transfer to the non-trained VGS carried out along intermediate directions was gradual. Fig. 4. Effects of the dual adaptation protocol on visually guided saccades (VGS). (A) Radial amplitude of the trained VGS in the post- and pre-test sessions, averaged across the six subjects. *Statistically signiﬁcant differences of saccade amplitude between pre- and post-test sessions (paired t-test, P < 0.05). Error bars are SD. (B) The mean changes of horizontal amplitude, computed as the difference between the post- and pre-test amplitude, are plotted for the trained VGS (A-, B- and H-VGS) and for the non-trained intermediate VGS. The values on the vertical axis refer to the direction with respect to the horizontal axis along which the non-trained VGS were carried out. The arrows show the direction of the intrasaccadic target step (step 2) used to induce forward adaptation of the oblique VGS (rightward arrow) and backward adaptation of the horizontal VGS (leftward arrow).



Table 1. Change of horizontal amplitude of trained visually guided saccades (VGS) and averaging saccades Percentage change



Subjects



H-VGS



Oblique VGS



A B C D E F



)14.5 )12.5 )12.7 )22 )12 )0.4



)1.5 +10.9 +16.1 +6.7 +6.7 +13.1



Averaging saccades



Corrected averaging saccades



)17.9 +3.9 +2.3 )11.4 )5.7 +7.5



)20.7 +0.5 )0.1 )14.7 )7.1 +5.3



This percentage amplitude change was computed for each subject as follows: [(post-test mean amplitude ) pre-test mean amplitude) ⁄ pre-test mean amplitude] · 100. Data concerning the two oblique A-VGS and B-VGS were averaged. For averaging saccades, data recorded in the main experiment and data obtained after correction from the complementary experiment (corrected) are shown.



Effects of adaptation on averaging saccades Main experiment. Figure 5A shows the mean endpoints of VGS and of averaging saccades obtained in our six subjects. For VGS, the interpretation of data is the same as that in the paragraph above. Concerning averaging saccades, in pre-test, the eyes reached an intermediate position (Fig. 5A, closed triangle) between the pre-test positions of A-VGS and B-VGS. In post-test, the averaging saccade amplitude was smaller (Fig. 5A, open triangle) than in pre-test. As this amplitude change was in the same direction as the amplitude change of the H-VGS, this ﬁrst observation is in qualitative agreement with the prediction of hypothesis 2. In order to quantitatively test hypotheses 1 and 2, the percentage change of horizontal amplitude has been plotted in Fig. 5B for averaging saccades (black bar) and for VGS (data of the two oblique VGS averaged). The oblique VGS showed a mean increase of 8.67 ± 6.2%, horizontal VGS a mean decrease of )12.3 ± 6.9% and the amplitude change of averaging saccades was )3.57 ± 9.8%. Paired t-test (n ¼ 6) revealed that this amplitude change of averaging saccades was signiﬁcantly different from that of oblique VGS (P < 0.01) and H-VGS (P < 0.05). This result is not compatible with predictions of either of the two hypotheses. However, before reconsidering these two hypotheses, it is worth stressing that, in the pre-test session, the mean horizontal component of averaging saccade amplitude (11.4) was similar to that of the oblique VGS (11.5) whereas it was smaller than that of the H-VGS (14.7). Thus, as indicated in Materials and methods, averaging saccade endpoints did not correspond to the centre of the adaptation ﬁeld of the trained H-VGS, which could have led to underestimation of the transfer of H-VGS adaptation to averaging saccades. In order to compute the actual adaptation transfer, the complementary experiment evaluated the amount of adaptation transfer from H-VGS to saccades directed to other target eccentricities
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Fig. 5. Effects of the dual adaptation protocol on the averaging saccades. (A) Mean pre-test (closed symbols) and post-test (open symbols) endpoints for the trained visually guided saccades (VGS) (circles) directed to the singly presented targets A, B or H and for the averaging saccades (triangles) triggered by the simultaneous presentation of targets A and B. Responses are plotted in the same format as in Fig. 1C. The arrow indicates the direction of the amplitude change of theaveraging saccades between the pre- and post-test sessions, namely a decrease of amplitude. (B) Percent change of horizontal amplitude between the post- and pre-test sessions for the trained VGS and for averaging saccades. Mean combined data concerning the two oblique VGS are shown (see A-VGS + B-VGS). For averaging saccades, data recorded in the main experiment (black bar) and data obtained after correction from the complementary experiment (vertical stripes) are both shown. Error bars are SD.



and thereby allowed us to add a correction value to the amount of adaptation transfer calculated in the main experiment. Complementary experiment. Figure 6A shows the mean radial amplitude of VGS recorded in pre- and post-test sessions. Data of the three subjects were pooled together. For each target position the amplitude of the VGS was compared between the two test sessions with a t-test for independent samples. As illustrated in Fig. 6A, the radial amplitude of oblique A-VGS and B-VGS signiﬁcantly increased (P < 0.001) and that of H-VGS signiﬁcantly decreased (P < 0.001), indicating again that the dual adaptation protocol was effective. Note further that the amplitude changes were )11 ± 3.1% for H-VGS and 16.5 ± 4.1% for oblique VGS, which somewhat illustrates the reproducibility of the effects of the dual adaptation protocol (compared with )12.3 ± 6.9% and 8.67 ± 6.2% in the main experiment, respectively). Concerning the non-trained VGS tested along the 0 axis, a signiﬁcant amplitude decrease was observed for all three targets (P < 0.001). This amplitude reduction was nearly proportional to the eccentricity of the corresponding target: it was maximal for the E-VGS in response to the appearance of the most eccentric target (21.6) whereas it was smallest for D-VGS in response to a target step of 10. These data indicate that the adaptation of H-VGS only partially transferred to smaller saccades and allow us to compute a correction value for the data of the main experiment. To compute this value (see Fig. 6B), we ﬁrst ﬁtted the relationship between the percentage change of horizontal amplitude (absolute values) and the pre-test horizontal amplitude of D-VGS, C-VGS and H-VGS (Fig. 6B, small circles). The data concerning E-VGS were not considered here as we were interested in non-trained saccades of smaller amplitude, the averaging saccades always being smaller than the H-VGS. We found a strong correlation (R2 ¼ 0.941) corroborating the partial adaptation transfer reported above (a complete adaptation



transfer would produce a ﬂat slope). The correction value was then estimated from this regression line. For each of the six subjects of the main experiment, we used the regression line y ¼ 0.78x ) 0.48 to compute two predicted values of percentage amplitude change (y1 and y2) for the pre-test horizontal amplitude of averaging saccades (x1) and of H-VGS (x2); x1 and x1 were both derived from each subject in the main experiment. The y2–y1 difference, called correction value, represented the amount of adaptation-related modiﬁcation of averaging saccade amplitude that could be expected according to the pretest amplitude difference between averaging saccades and H-VGS. The correction value was then added to the percentage amplitude change of averaging saccades. Figure 6B illustrates an example of correction performed in subject D. Using both the pre-test amplitudes of averaging saccades (Fig. 6B, triangle) and of H-VGS (Fig. 6B, large circle) obtained in this subject and the regression line from the complementary experiment, a correction value of )3.3% was obtained. Adding to a change of averaging saccade amplitude of )11.4% led to a corrected value of amplitude change of )14.7%. The same correction was performed in the remaining ﬁve subjects. The amplitude changes of averaging saccades before and after correction for each subject are summarized in Table 1. Figure 5B illustrates the mean change of averaging saccade amplitude across the six subjects after the correction was applied. The correction of the averaging saccade data (Fig. 5B, striped bar) led to a larger amplitude decrease ()6.12 vs. )3.57%). This corrected amplitude change was signiﬁcantly different from the amplitude change of oblique VGS (P < 0.001), which is not compatible with the prediction of hypothesis 1. In contrast, the corrected amplitude change of averaging saccades now failed to differ signiﬁcantly from the amplitude change of H-VGS (paired t-test, P ¼ 0.08), which is compatible with the prediction of hypothesis 2. Note, however, that the transfer of VGS adaptation to averaging saccades is not complete (amount of transfer ¼ 49.9%).
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834 N. Alahyane et al. physiological basis of the averaging saccades recorded in our study. We will then address the issue of determining the site of VGS adaptation relative to the level of averaging saccade programming.



Properties of averaging saccades



Fig. 6. Data of the complementary experiment. (A) Radial amplitude of the trained visually guided saccades (VGS) directed toward targets A, B and H, and of the non-trained VGS directed toward targets D, C or E in the post- and pretest sessions. The location of targets A, B and H was identical to that used in the main experiment. Targets D, C and E were positioned on the horizontal axis at 10, 13.3 and 21.6 eccentricities, respectively, to the right of the ﬁxation point. *Statistically signiﬁcant differences of saccade amplitude between preand post-test sessions (t-test for independent samples, P < 0.05). Error bars are SD. Data were averaged across the three subjects. (B) Computation of the correction value in subject D. This value was estimated using both the pre-test amplitudes of averaging saccades (triangle) and of H-VGS (large circle) obtained in this subject in the main experiment and the regression line from the complementary experiment (see text). The regression line was performed on the data averaged across three subjects for the VGS directed to the targets D, C or H (small circles).



Discussion Our study was aimed at providing new information about the properties and neuroanatomical substrate of the adaptation of VGS. For this purpose, we investigated, in humans, if the adaptation of VGS transfers to averaging saccades elicited by the simultaneous and sudden presentation of two visual targets. At the neurophysiological level, averaging saccades are thought to involve the transformation of two separate representations which encode the desired eye displacement toward each of the two targets into a unique representation encoding the averaging saccade (programming site). The goal of our study was to locate the site(s) of VGS adaptation along the visuosaccadic pathways relative to the level where averaging saccades are programmed as a single motor command. In the following, we will ﬁrst discuss the behavioural characteristics and the putative neuro-



Horizontal averaging saccades were triggered by the simultaneous presentation of two targets (A and B) located symmetrically relative to the horizontal meridian with an angular separation of ± 40. We observed that the latency of saccades elicited in these double-target trials increased when their direction was closer to horizontal and when their size was larger, i.e. when the saccade metrics approached that expected for ‘true’ averaging saccades. This result is not consistent with previous studies which showed that the latency was smaller for averaging saccades than for saccades directed to a single visual target (Ottes et al., 1984, 1985; Coe¨ffe´ & O’Regan, 1987; He & Kowler, 1989; Walker et al., 1997; Chou et al., 1999). This difference can be explained by the fact that we had to give explicit instruction to subjects to direct the saccade between the two targets A and B. This instruction was necessary because the separation between targets A and B was too great (separation of ± 40) to allow us to easily obtain averaging saccades (see Materials and methods). As an explicit instruction was required, it seems likely that, in our study, averaging saccades had a volitional character and that an additional processing time was necessary for subjects to avoid going directly to one of the two targets. Thus, the latency increase might be a consequence of a strategic or volitional behaviour to improve the exactitude of averaging saccades. Conversely, visual saccades were triggered by the sudden appearance of a single target without instruction, giving them an automatic character (VGS). Nevertheless, for the reasons detailed in the following, it is likely that the characteristics of averaging saccades recorded in our study are close to those of automatic saccade. Subjects were required to initiate averaging saccades with the same latency as that used to perform VGS. The gap introduced between the extinguishing of the FP and the presentation of the peripheral target(s) also compelled the subjects to respond as quickly as possible upon target presentation. Actually, although the latency of averaging saccades increased as their metrics approached that expected for ‘true’ averaging saccades, the latency of such true averaging saccades was not signiﬁcantly different from that of VGS. The single- and double-target trials were randomized such that the subjects did not know in advance which target would appear and when two targets would be simultaneously presented. The proportion of double-target trials was low (14% for each test session) to prevent the subjects from developing a strategy. Finally, if averaging saccades were purely volitional, a large number of averaging saccades would be expected along the horizontal axis with some erroneous saccades directed to either target A or B. Instead, we observed a widespread dispersion of saccade endpoints in the overall ± 40 sector. The neural substrate of averaging saccades has been investigated in the monkey by recording unit activities in the motor SC layers (Van Opstal & Van Gisbergen, 1990; Glimcher & Sparks, 1993). These two studies indicate that (i) neurones located at a site in the SC map which encodes saccades with a similar vector to that of the averaging saccade show a typical burst of discharge in relation to the production of the averaging saccade and conversely that (ii) neurones located at sites which encode the eye displacement vectors necessary to reach each of the two targets are not or only weakly activated in relation to the production of averaging saccades. Therefore, these two studies converge to the conclusion that the SC codes the metrics of the
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Visual saccade adaptation and averaging saccades 835 averaging saccade by the activity of a single neural population and thus that the SC plays a signiﬁcant role in averaging saccade programming. More recently, Edelman & Keller (1998) also recorded SC activity in relation to the programming of averaging saccades and showed that the neural discharge was related to the two visual targets and not to the averaging saccadic response. It should be noted, however, that this study focused on express averaging saccades and thus does not challenge the conclusion of the two previous studies on the SC locus for the programming of regular latency averaging saccades.



Locus of visually guided saccade adaptation To investigate where VGS adaptation takes place with respect to the averaging saccade programming site we considered, based on the neurophysiological data reviewed above, the simplest model wherein the programming of averaging saccades occurs at a single level. In this model, two hypotheses on the site(s) of saccadic adaptation can be proposed: VGS adaptation occurs either upstream of the averaging saccade programming level (hypothesis 1) or at ⁄ below the level of the averaging saccade programming locus (hypothesis 2). Note that we have not considered a priori a third hypothesis of VGS adaptation occurring in a pathway completely independent from that involved in the generation of averaging saccades. This third hypothesis predicts a complete lack of transfer from VGS adaptation to averaging saccades, a prediction which clearly departs from our results. Indeed, the dual adaptation protocol in the main experiment elicited changes in H-VGS that partially but signiﬁcantly transferred to averaging saccades. In addition, in our pilot experiment performed in two subjects, a full transfer was found when H-VGS were submitted to a backward adaptation protocol. These results suggest that the adaptation of VGS relies on modiﬁcations which are largely conﬁned within the visuomotor pathway involved in the production of averaging saccades, allowing us to interpret our results with respect to hypotheses 1 and 2. We found that the amplitude modiﬁcation of averaging saccades following the dual adaptation protocol is signiﬁcantly different from the prediction of hypothesis 1, allowing us to reject hypothesis 1. Moreover, the results do not signiﬁcantly differ from the prediction of hypothesis 2, suggesting that saccadic adaptation takes place at ⁄ below the level of the averaging saccade programming. To our knowledge, this is the ﬁrst study to demonstrate the hierarchical order between the adaptation of saccadic eye movements and the programming of averaging saccades. A similar study has been devoted to this question for the adaptation of smooth pursuit eye movements in the monkey (Kahlon & Lisberger, 1999). However, contrary to ours, their results indicate that the adaptation of smooth pursuit is located upstream of the site where the smooth pursuit signals elicited by two simultaneously moving targets are averaged into a single oculomotor command. This difference between the results of the two studies may be due either to species differences or to differences in the neural substrate for adaptation and ⁄ or vector averaging between smooth pursuit and saccadic eye movements. Based on the hierarchical order that we found between the sites of saccadic adaptation and of vector averaging, further inferences can be made about the neural substrate of saccadic adaptation in humans. As far as the monkey neurophysiological data reported above (Van Opstal & Van Gisbergen, 1990; Glimcher & Sparks, 1993) can be extrapolated to humans, our results indicate that VGS adaptation involves the SC and ⁄ or neural structures downstream of the SC. Several previous studies in humans indirectly support the proposed collicular and ⁄ or subcollicular level for saccadic adaptation. For example, Hopp & Fuchs (2002) showed a total transfer of adaptation between targeting saccades



(or VGS) and express saccades. This result indicates that the site of saccadic adaptation is common to the pathways generating these two types of saccades and, therefore, suggests a site at the level of the SC or downstream of it. Other studies of the transfer of saccadic adaptation are compatible with a subcortical level of adaptation. It was shown that adaptation of VGS fully transferred to the perceptual localization of a stimulus ﬂashed before a saccade (Bahcall & Kowler, 1999). Conversely, no transfer was reported between saccadic adaptation and (i) saccadic shifts of visual attention (Ditterich et al., 2000) and (ii) head goal-directed movements (Kro¨ller et al., 1996). In addition, only a small transfer of saccadic adaptation was reported to hand pointing movements (De Graaf et al., 1995; Kro¨ller et al., 1999) and to perceptual localization of a peripheral visual target (Moidell & Bedell, 1988). Thus, knowing the involvement of the cerebellum in saccadic adaptation (see Introduction), these previous studies and ours suggest that cerebellarmediated changes in saccadic commands during the development of adaptation occur at the collicular level or at the level of the brainstem reticular formation. This conclusion is compatible with the known anatomical projections of the medio-posterior cerebellum to these two saccadic centres (see Pe´lisson et al., 2003). Although the amplitude modiﬁcation of averaging saccades observed in our study could not be statistically distinguished from the prediction of hypothesis 2, the amount of adaptation transfer was only 50% of the full transfer predicted by this hypothesis. This indicates that part of the VGS adaptation is mediated by a modiﬁcation of neural signals upstream of the level of averaging saccade programming or in a pathway parallel to that involved in the programming of averaging saccades. As the latter possibility has already been evaluated and found to be unlikely, we discuss in the following the consequence of an upstream adaptation component. If, in addition to modiﬁcations occurring at the level where the horizontal averaging saccade is encoded, adaptation also occurs at the level where the two oblique vectors are encoded then, in our study, the dual adaptation protocol would lead both to an increase of the encoding of oblique vector amplitude and to an amplitude decrease of the single averaging saccade vector. Combining these two opposite effects would result in a change of averaging saccade amplitude intermediate between those predicted by hypotheses 1 and 2 (predicted change )3.6%), a value close to that found experimentally ()6.12%). Therefore, it cannot be excluded that some part of the adaptation occurs upstream of the level of averaging saccade programming, for example, by involving cerebral areas projecting onto the SC. Consistent with this proposal is the suggestion made by Gaymard et al. (2001) that cortical areas may be involved in saccadic adaptation. Note also that the hypothesis of forward adaptation occurring upstream and backward adaptation occurring downstream of the averaging saccade programming locus is consistent with the widespread view of a separate neural substrate for backward and forward adaptations (Deubel et al., 1986; Semmlow et al., 1989; Straube et al., 1997; Alahyane & Pe´lisson, 2004). In summary, our results strongly favour a locus of adaptation of VGS at the level of the averaging saccade programming or downstream of it. Based on current knowledge about the neural substrate of averaging saccades, these results are globally consistent with an involvement of the SC and ⁄ or downstream structures for VGS adaptation. However, the complete implications of this study await a better understanding of the neurophysiology of averaging saccades.
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