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ABSTRACT:  

Saccades allow us to visually explore our environment. Like other goal-directed movements, 

their accuracy is permanently controlled by adaptation mechanisms which, in the laboratory 

can be induced by systematic displacement of the ‘real’ visual target during the saccade. But 

in an anti-saccade (AS) task, the target is “virtual” since gaze has to be shifted away from the 

“real” visual target toward its mentally defined mirror position. Here, we investigated whether 

the brain can adapt movements aimed at a virtual target by trying, for the first time, to adapt 

AS. Healthy human volunteers produced leftward AS during three different exposure phases 

where a visual target provided feedback after the AS. In the Adaptation condition, the 

feedback target appeared upon completion of the AS response at a location shifted outward 

from final eye position (immediate non-veridical feedback). In the two control conditions, 

adaptation was prevented by delaying (800 msec) the shifted feedback target (Delayed-shift) 

or by providing an immediate but veridical feedback at the mirror position of the visual target 

(No-shift). Results revealed a significant increase of AS gain only in the Adaptation 

condition. Moreover, testing pro-saccades before and after exposure revealed a significant 

increase of leftward pro-saccades gain in the Adaptation condition. This transfer of adaptation 

supports the hypotheses of a motor level of AS adaptation and of a visual level of AS vector 

inversion. Together with data from the literature, these results also provide new insights into 

adaptation and planning mechanisms for anti-saccades and for other sub-types of voluntary 

saccades. 

Keywords: anti-saccade, vector inversion, transfer of adaptation, eye movements 
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INTRODUCTION  

Saccadic adaptation is a sensorimotor plasticity mechanism which permanently maintains 

saccade accuracy despite lasting physiological or pathological changes of the saccadic system. 

Adaptation of visually-guided saccades is thus conceived as part of the foveation mechanism.  

Therefore it might appear impossible to adapt anti-saccades (AS) since in this task, the 

foveating pro-saccade is inhibited and replaced by a voluntary saccade aimed at a “virtual” 

target located opposite to the “real” target (Hallett, 1978). Demonstrating plastic modification 

of AS would reveal that accuracy-keeping mechanisms of saccades are active even when they 

aim at a virtual target. If so, a transfer of AS adaptation to pro-saccades would further reveal 

whether common sensorimotor mechanisms between AS and foveating saccades take place at 

the visual or motor level.  

When we produce a saccadic eye movement toward an object of interest, target eccentricity 

and movement extent match, defining similar vectors. In the AS task, these visual and motor 

vectors are dissociated, as they point in opposite directions. While neurophysiological studies 

could not conclude regarding the visual or motor level of vector inversion during AS 

programming (Sato and Schall, 2003; Schall, 2004; Zhang and Barash, 2004; Schlag-Rey et 

al., 1997), Collins et al. (2008) demonstrated that vector inversion occurred upstream of the 

site of pro-saccade adaptation and concluded that it is the visual vector which is inverted. 

However, the level of pro-saccade adaptation is also debated as it may occur at the level of the 

interpretation of visual eccentricity or at the level of transforming the resulting visual vector 

into a motor vector. Different adaptation levels have been proposed depending on the 

category of pro-saccade and on the direction of the target step used in the McLaughlin 

(1967)’s adaptation protocol. Investigating the transfer of adaptation to other categories of 

saccades (including AS), hand movements or perceptual localization judgments, several 

studies led to the general conclusion that reactive saccades (triggered by external stimuli) may 
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adapt at a motor level whereas voluntary saccades (triggered based on internal goals) may 

adapt at visual level (Zimmermann et al., 2011, 2013), or both visual and motor levels (Cotti 

et al., 2007, 2009; Zimmermann and Lappe 2009; review in Pélisson et al., 2010). In parallel, 

it has been proposed that outward adaptation (increased amplitude) relies on earlier visual 

levels compared to inward adaptation (decreased amplitude) (Panouillères et al., 2009; 

Zimmermann and Lappe, 2010; Schnier, Zimmermann and Lappe, 2010; Zimmermann et al., 

2011, 2013). Here, we applied an outward adaptation protocol to voluntary leftward saccades 

elicited by right-sided visual targets (AS) and therefore expected adaptation of AS, if present, 

to occur at a visual level. According to this visual adaptation hypothesis (Figure 1A), leftward 

AS adaptation should transfer to the rightward pro-saccades (with the same visual 

processing). In contrast, if we consider the motor adaptation hypothesis (Figure 1B), we 

expect adaptation of leftward AS to transfer to the leftward pro-saccades (with the same 

motor vector), as far as it is the visual vector which is inverted (Collins et al., 2008).  

 

MATERIALS AND METHODS 

Participants: 

Eight volunteers (6 females, 2 males, age range: 23 – 35 years), without any neurological or 

ophthalmological history and with normal or corrected-to-normal vision, participated in the 

study. Each subject performed the three conditions described below, in three sessions 

separated by at least one week. All procedures were approved by the local ethical committee 

on human experimentation (CPP Sud-Est III), in agreement with French law (March 4, 2002) 

and the Declaration of Helsinki (number 2008-057B). Written informed consent was obtained 

from all subjects. 
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Experimental set-up:  

Subjects were seated 57 cm from a computer screen (140 Hz vertical refresh rate), their head 

maintained in a chin-rest. They were presented visual targets (0.6 cm black disks) on a grey 

background. The screen was controlled by a Visual Stimuli Generation system (Cambridge 

Research Systems, Cambridge, UK). Horizontal and vertical positions of the right eye were 

continuously recorded using an infrared Eye-Tracker system (Cambridge Research System, 

Cambridge, UK). An infrared camera was mounted above the chin-rest, allowing high 

frequency (250 Hz) acquisition of the eye images which were reflected by a 45° tilted mirror 

located in front of the subject; the half-reflecting mirror allowed unrestricted, binocular 

vision. Before each session, eye tracker signal was calibrated by asking the subject to 

successively fixate nine positions on the screen, providing right eye position with a resolution 

of 0.05° and an accuracy of 0.125° – 0.25°. 

Adaptation and control exposure phases: 

In the Adaptation condition and the control conditions (Delayed-shift and No-shift), subjects 

were submitted to an exposure phase during which they performed leftward anti-saccades and 

were provided with a movement-contingent feedback target. 

Tasks common to all three exposure phases: 

Each subject looked at the central Fixation Point (FP). After a random time (range: 1100 to 

1500 msec), a peripheral target was presented on the horizontal meridian, randomly at 6°, 9° 

or 12° to the right of the central FP (overlap paradigm). The subject was instructed to 

maintain his/her eyes on the fixation point until the appearance of the peripheral target and 

then to execute a saccade of the same amplitude in the opposite direction (leftward) in a self-

paced manner, as accurately as possible. The subject was required to execute this anti-saccade 

(AS) within 1 sec after target presentation. As soon as the AS was detected (eyes reaching a 
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velocity threshold of 80°/s), the FP and peripheral target were extinguished. Upon completion 

of the AS (eye velocity below 30°/sec) a feedback target was presented for 500 msec at a 

location and a timing which depended on the condition (see below). Then, the feedback target 

disappeared and the subject had to shift his/her gaze back to the center of the screen in 

preparation of the next trial. A total of 240 trials (80 for each target position) were performed 

during the exposure phase of each condition, lasting approximately 20 minutes. 

Spatio-temporal criterion used for feedback target presentation (Figure 2) 

In all exposure trials, the feedback target was presented only if the eye displacement met the 

following spatio-temporal criterion: the feedback target was presented as soon as the eye 

displacement reached a minimum of 90% of the target distance (spatial threshold), if this 

occurred in a time range of 500 msec after the initiation of ocular displacement (temporal 

window). This temporal window was used to include the execution of secondary saccades 

which are frequently observed in the AS task (22% of the trials across all conditions). An 

example is illustrated in Figure 2 for a target presented at 9° to the right: in this case, the 

threshold eye position was situated at 8.1° to the left (90% of the desired saccade size). If the 

spatio-temporal criterion was fulfilled, after completion of either the primary AS (panel A) or 

additional corrective saccades (panel B), the feedback target was presented at a time and 

position described below, together with a short and high-pitch “success” sound (450 Hz, 110 

msec). In about 6% of the trials (across all three conditions), this spatial threshold was not 

reached by eye position within the allocated 500 msec time range (Figure 2C); in this case, a 

longer and lower-pitch “error” sound (35 Hz, 931 msec) occurred and the feedback target was 

not presented.   

Adaptation condition (Figure 3B1) 
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To first establish whether it is possible to adapt anti-saccades, this condition was 

systematically performed first for each subject. To induce adaptation, the feedback target was 

systematically presented with a leftward shift (outward adaptation) representing 10% of the 

actual eye displacement with respect to the endpoint of eye movement detected on-line. The 

feedback target was turned on as soon as the spatio-temporal criterion was fulfilled, without 

any delay (0 msec). 

Control conditions (Figure 3B2; 3B3) 

The two control conditions were performed in random order and designed to induce the same 

AS responses as in the Adaptation condition - but without producing adaptation. The first 

condition (Delayed-shift) was based on the fact that delaying the presentation of the feedback 

target is known to prevent adaptation (Fujita et al., 2002) and the second condition (No-shift) 

used veridical feedback target information (no target shift). Each of the two control tasks 

differed from the Adaptation condition by a single parameter: 

- Delayed-shift condition (Figure 3B2): the feedback target was presented at the same 

spatial location as in the Adaptation condition (10% outward shift) but not 

immediately. Instead, the presentation of the feedback target was delayed by 800 msec 

from the time the spatio-temporal criterion was fulfilled.  

- No-shift condition (Figure 3B3): the feedback target was presented at the same time as 

in the Adaptation condition (0 msec delay) but at the true mirror target position, 

irrespective of the final eye position.  

Pre and post-phases: 

Pro-saccades (PS) and anti-saccades (AS) without feedback were recorded immediately 

before (pre-) and after (post-) the exposure phase for each adaptation or control condition. The 

fixation point location and duration, the saccade detection threshold, and the sound signalling 
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the end of each trial were the same as during the exposure phases. Other parameters differed 

as detailed below. 

Pro-saccade: simultaneously with the extinction of the central fixation point FP, a peripheral 

target was presented randomly at 9° in the right or left visual field, on the horizontal meridian. 

The subject was asked to look toward this peripheral target, which was extinguished as soon 

as saccade onset was detected. There were a total of 24 trials (12 trials for each direction) 

before and after exposure in each condition. 

Anti-saccade (Figure 3A): while the FP was still on the screen, a peripheral target was 

presented randomly at 9° in the right or left visual field, on the horizontal meridian. The 

subject had to produce a saccade in the direction opposite to this peripheral target with an 

amplitude corresponding to the target eccentricity. FP and peripheral target were 

simultaneously switched off as soon as saccade onset was detected. There were a total of 24 

trials (12 for each direction) before and after exposure in each condition.  

In the pre-phase, pro-saccades were tested first, while in the post-phase, anti-saccades were 

tested first. Indeed, classically, the adapted saccades (here anti-saccades) are recorded 

immediately before and after the adaptation procedure (pre- and post-phases, respectively) 

with no-visual feedback to test for adaptation after-effects (retention). Consequently, saccades 

of another category (here pro-saccades) are elicited at the beginning and the end of the pre- 

and post- phases, also with no-visual feedback, to test for adaptation transfer. 

Data analysis: 

Horizontal eye movements were analyzed off-line using a program developed in the 

laboratory under Matlab version 7.8 (Mathworks, MA., U.S.A.). The beginning and end of 

saccades were automatically detected on the basis of 80°/s velocity threshold. They were 
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verified and corrected when necessary by the experimenter. The actual saccade amplitude was 

calculated as the difference between the final and initial eye positions. The desired saccade 

amplitude was calculated as the difference between the peripheral target position and the 

initial eye position. The gain of each primary saccade was calculated as the ratio between the 

actual and desired saccade amplitudes. 

Exposure phase analysis: For each subject, the regression slope of the relationship between 

primary saccade gain and time (trial number) was calculated, separately for the 3 target 

eccentricities and the 3 conditions. Subjects had been encouraged to blink only after the end 

of each trial, when moving their eyes back to the center of the screen, such that only a few 

trials with blinks had to be removed (1.63 ± 0.26% of total trials).  

Pre- and post- phase analysis: For each subject, the mean saccadic gain was calculated 

separately for pro-saccades (PS) and anti-saccades (AS), for left and right targets, and for the 

pre- and post-phase. Trials with blink were removed (1.51 ±0.58% of total trials). To evaluate 

the adaptation after-effect of AS and the transfer of adaptation to PS, we calculated the 

percent gain change between pre- and post-phases as follows:  

pregainmean

pregainmeanpostgainmean
changeGainPercent


 ×100 

We noticed that despite the fact that the target was extinguished at saccade onset in pre- and 

post- phases, secondary saccades were often (30% of the trials) generated after the primary 

saccade execution, either in the same (outward) or the opposite (inward) direction as the 

primary saccade. Thus we performed an additional analysis of percent gain change between 

pre- and post- phases in which the total eye displacement was computed by taking into 

account all secondary saccades which occurred within 500 msec following the offset of 

primary saccade.  
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Statistical analyses: 

Statistical analyses were performed with the STATISTICA 9 software (Statsoft Inc., Tulsa, 

OK, USA). For the exposure phase, the regression slope of the saccade gain versus trial number 

relationship was computed for each subject and each target eccentricity. A factorial ANOVA 

was performed to test the potential effect of condition and eccentricity on the regression slopes. 

If a condition effect was demonstrated, the regression slopes were compared with a t-test to the 

standard value (0) for each condition to decide whether saccade gain evolved significantly over 

the time of exposure. For the pre- and post- phases, three-ways ANOVAs were performed on 

the gain of both the primary saccade and the total eye displacement, separately for each 

condition, with type (Anti-Saccade, Pro-Saccade), direction (Leftward, Rightward) and phase 

(Pre-, Post-) as factors. If a phase effect was demonstrated, the percent gain changes were 

compared with a t-test to the standard value (0), both for the primary saccade and for the total 

eye displacement, to assess any significant gain change between pre- and post- phases. 

Significant level was set at p<0.05 and corrected for multiple comparisons with FDR (False 

Discovery Rate, Benjamini and Hochberg, 1995). 

RESULTS 

To assess the efficiency of adaptation, we analyzed the changes of AS gain that took place 

both during the exposure phase and in the post-phase relative to the pre-phase.  

AS gain changes during exposure phases (Figure 4): 

Example of subject 4: 

In the Adaptation condition, the regression slopes of the relationship between AS gain and 

trial number for the 6°, 9° and 12° target eccentricities were positive, i.e. signaling an increase 
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of AS gain, and significantly different from 0 (target regression slopes=0.0014; p=0.0092; 

=0.0013; p=0.0007; =0.001; p<0.0001, respectively) (Figure 4A). For the control conditions, 

only the No-shift condition revealed a significant gain decrease of AS to the 12° target 

(slope=-0.0005; p=0.0039) (Figure 4C). 

All subjects (Figure 4D): 

A factorial ANOVA was performed on the regression slopes of all subjects to test the effects 

of target eccentricity and of conditions. There was no effect of eccentricity [F(2,42)=1.60, 

p=0.225] and also no interaction between condition and eccentricity [F(4,42)=0.134, p=0.96] 

but a main effect of condition [F(2,4)=4.51, p=0.016]. We observed a significant gain increase 

during the exposure phase in the Adaptation condition [regression slope significantly different 

from 0: t(23)=2.58; p=0.0165] but not in the control conditions [Delayed-shift t(23)=0.46; 

p=0.64; No-shift t(23)=-0.91; p=0.37; FDR-corrected p value for multiple comparisons = 

0.0166]. 

Adaptation after-effects and transfers (Figure 5): 

Latencies of AS (Adaptation: 314 msec; Delayed-shift: 331 msec; No-shift: 314 msec) were 

longer than latencies of PS (Adaptation: 215 msec; Delayed-shift: 226 msec; No-shift: 227 

msec), as classically observed in the literature (Hallett 1978; Munoz and Everling, 2004). 

Repeated measures ANOVA were performed on the primary saccade gain and on the total eye 

displacement gain (including secondary saccades made within 500 msec following the offset 

of primary saccade) with the following four factors: condition (Adaptation, Delayed-shift, No-

shift), type (Anti-saccade, Pro-saccade), direction (Leftward, Rightward) and phase (Pre-, 

Post-). With both gain parameters, we found a main effect of condition [F(2,14)=6.536, 

p=0.009; F(2,14)=5.462, p=0.017] which led us to perform three-way repeated measures 

ANOVAs for each condition separately. 
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Adaptation condition (Figure 5 left column): 

The three-way repeated measures ANOVA revealed a direction × phase interaction which just 

reached significance for the primary saccade gain [F(1,7)=5.486, p=0.05] and which was also 

significant for the total eye displacement gain [F(1,7)=10.89, p=0.013]. There was no 

significant type × phase interaction [F(1,7)=2.34, p=0.169 for primary; F(1,7)=3.30, p=0.11 

for total eye displacement] nor any three-level interaction [F(1,7)=0.145, p=0.71; F(1,7)=2.85, 

p=0.13; for primary and total eye displacement respectively]. These results indicate that pre-

post differences of saccade gain related to AS adaptation depend only on the motor direction 

of saccades and not on their type (AS or PS). Indeed, the percent gain change of rightward AS 

and rightward PS did not differ from 0 for both primary saccade [t(7)=0.63, p=0.54; t(7)=-

1.10, p=0.30; respectively] and total eye displacement analyses [t(7)=-0.17, p=0.86; t(7)=-

1.12, p=0.29; respectively]. In contrast, the percent gain change of primary saccades for the 

leftward AS (10.8%) and leftward PS (3.2%) differed significantly from 0 [[t(7)=2.49; 

p=0.041; t(7)=3.36; p=0.01; respectively, Figure 5 left column] but remained significant only 

for the leftward PS after correction for multiple comparisons [FDR-corrected p value = 

0.025]. Moreover, when we took into account the corrective saccade in the total eye 

displacement analysis, the gain increase of the leftward AS (12.8%) and of the leftward PS 

(2.9%) still significantly differed from 0 [t(7)=3.43; p=0.0109 and t(7)=3.30; p=0.0129 

respectively FDR-corrected p value for multiple comparisons = 0.025]. In contrast, for 

rightward saccades, the percent gain change remained non significant in the total eye 

displacement analysis [t(7)=-0.17, p=0.86; t(7)=-1.12, p=0.29; respectively for rightward AS 

and rightward PS], confirming the specificity of adaptation transfer to leftward PS. The 

percentage of transfer (percent gain change of leftward PS divided by percent gain change of 

leftward AS) comes up to 18.8% in the primary saccades analysis and to 14.6% in the total 

eye displacement analysis.  
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 Delayed-shift condition (Figure 5 middle column): 

The three-way repeated measures ANOVA in the Delayed-shift condition revealed significant 

effects of the type × direction × phase interaction and of the direction × phase interaction 

[F(1,7)=10.17, p=0.015; F(1,7)=7.36, p=0.03; respectively] for the primary saccade gain, and 

only a non-significant type × direction × phase interaction effect for the total eye 

displacement gain [F(1,7)=3.88, p=0.09]. The percent gain change of leftward AS between 

the pre- and post-phases (-10.3% in the primary analysis and -2.5% in the total eye 

displacement analysis) did not differ from 0 [t(7)=-2.33; p=0.052 and t(7)=-0.55; p=0.59, 

respectively for the two analyses], as well as for the other type and direction of saccades 

[respectively for primary saccades and total eye displacement: rightward AS t(7)=0.85, 

p=0.42; t(7)=0.82, p=0.43; leftward PS t(7)=-1.35, p=0.22; t(7)=-1.02, p=0.34; rightward PS 

t(7)=0.02, p=0.98; t(7)=0.18, p=0.85].  

No-shift condition (Figure 5 right column) 

The three-way repeated measures ANOVA did not reveal any significant effect in the No-shift 

condition both in the primary saccades and the total eye displacement analyses. Accordingly, 

the percent gain change between the pre- and post-phases for leftward AS (-8.02% with 

primary saccade analysis and 1.1% for total eye displacement analysis) was not different from 

0 [t(7)=-1.69; p=0.13 and t(7)=0.27; p=0.79 respectively for the two analyses], as well as for 

the other types and directions of saccades (respectively for primary saccades and total eye 

displacement : rightward AS t(7)=0.23, p=0.82 and t(7)=0.18, p=0.85; leftward PS t(7)=-0.96, 

p=0.37 and t(7)=-1.44, p=0.19; rightward PS t(7)=-0.65, p=0.53 and t(7)=-0.32, p=0.75].  

Number and direction of secondary saccades in pre- and post-phases 

To understand the differences between the primary saccade and the total eye displacement 

analyses observed for leftward anti-saccades (figure 5), we calculated the number of inward 

and outward secondary saccades in pre- and post-phases (Table 1).  
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CHI² tests (χ²) allowed us to test for each condition (Adaptation, Delayed-shift and No-shift) 

whether the relative number of inward and outward secondary saccades significantly differed 

between pre- and post-phase. Results showed that there were many more outward secondary 

saccades in addition to a decrease of inward saccades number in post-phase as compared to 

pre-phase for the Delayed-shift and the No-shift conditions [χ²=10.99, p<0.001; χ²=14.83, 

p<0.001 respectively]. These changes compensated for the gain decrease of leftward primary 

AS observed during the control exposure phases. In the Adaptation condition, no significant 

change was found between the relative number of inward and outward secondary saccades 

[χ²=1.31, p=0.25]. 

DISCUSSION  

This study is the first demonstration of adaptation of anti-saccades (AS). A significant 

increase of AS gain was observed during the exposure phase, only in the Adaptation 

condition. In addition, this adaptive effect persisted after the adaptation exposure phase, 

resulting in a gain increase in the post-phase as compared to the pre-phase (after-effect), 

reaching significance when secondary saccades were taken into account. Srimal and Curtis 

(2010) have already reported a contribution of secondary saccades to the adaptation of 

memory-guided saccades, a task in which saccades are made to the remembered location of a 

previously flashed target and thus, like in the AS task, to a mental representation of the target 

i.e. a “virtual” target. Despite there was no visual feedback during pre- and post- phases, eye 

displacement sometimes continued after the primary saccade execution, as if the subject felt 

he/she was inaccurate with respect to his mental representation of target position. This 

interpretation of a role of secondary saccades is also highly consistent with the control 

conditions in which the (non-significant) decrease of primary saccades gain between the pre- 

and the post-phases, probably due to fatigue (Golla et al., 2008), was compensated for by an 
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increase of the number of outward secondary saccades, thus leading to a very small residual 

gain change of total eye displacement.  

In our paradigm, we provided different visual and auditory feedbacks according to the correct 

or incorrect execution of AS (i.e, matching or not the spatio-temporal criterion). Delivering 

such types of sensory feedback contingent on saccade performance has been shown to 

produce saccade amplitude changes through reinforcement learning (Madelain et al., 2011). 

However, given that in our study the spatio-temporal criterion to provide these feedbacks was 

exactly the same in all three conditions, we are confident that the AS gain change 

demonstrated specifically in the Adaptation condition results from sensorimotor adaptation 

mechanisms. This conclusion is further supported by the fact that this change matches some 

well-known characteristics of adaptation: 1) the gain of rightward AS was never modified in 

any of the three conditions (directional specificity) and 2) the gain change persisted in the 

post-adaptation phase (after-effect). 

To sum up, this study demonstrates that accuracy-keeping mechanisms known so far for 

saccades aimed at a visual target, are active even when saccades are aimed at a virtual target. 

This similarity suggests common visuo-motor control mechanisms between foveating and 

non-foveating saccades, which visual or motor level will be discussed in the following 

paragraphs. 

We could expect that outward adaptation of AS would involve an early level of the visuo-

motor chain of processing because first, the outward adaptation procedure has been proposed 

to take place at visual level (Schnier et al., 2010; Schnier and Lappe, 2011; Zimmermann and 

Lappe, 2010; Panouillères et al., 2009) and second, the adaptation of scanning saccades, 

another sub-type of voluntary saccades, has been suggested to involve a visual level (Cotti et 

al., 2007; Cotti et al., 2009; Schnier et al., 2010; Zimmermann and Lappe, 2010; 
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Zimmermann et al., 2011, 2013). Accordingly, we predicted that the processing (“visual 

proc.” in Figure 1) leading to the right visual vector (“V right”) would be modified during 

adaptation of leftward anti-saccades which should then transfer to the rightward pro-saccades. 

Contrasting with this prediction, we did not observe any modification of rightward pro-

saccades, but instead a significant increase of the leftward pro-saccades gain, regardless of 

whether secondary saccades were taken into account. This transfer of leftward AS specifically 

to leftward pro-saccades (saccades of same motor direction) suggests that AS adaptation does 

not occur at a visual level, but is rather confined at a motor level (i.e. a modification of the “M 

left” vector in Figure 1B).  

Another main implication of this study is to address directly the level (visual or motor) at 

which both adaptation and vector inversion of AS programming take place. In contrast to 

previous studies investigating AS in relation to saccadic adaptation (Collins et al., 2008; Cotti 

et al., 2009; Panouillères et al., 2009), we could directly address each of these two questions 

without making any assumption on the other. Indeed, the transfer of AS adaptation to pro-

saccades performed in the same (leftward) direction fits exclusively with the prediction that 

combines the motor adaptation hypothesis with the visual vector inversion hypothesis (Figure 

1B), the latter being consistent with the conclusion of Collins et al. (2008). Had we found a 

significant transfer to rightward pro-saccades, no distinction could have been provided 

between the hypothesis illustrated in Figure 1A and those associated with a Motor Vector 

Inversion illustrated in Figure 6A (visual adaptation hypothesis) and in Figure 6B (motor 

adaptation hypothesis).  

Finally, the percentage of adaptation transfer to pro-saccades allowed us to discuss the status 

of AS with respect to other sub-types of voluntary saccades and to speculate on the neural 

substrate of adaptation of saccadic responses toward virtual targets. The percentage of transfer 
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to leftward pro-saccades (reactive saccades) was only partial (18.8%), suggesting that 

although at a purely motor level (no transfer to rightward pro-saccades: see above), the site of 

AS adaptation cannot be a neural substrate which is common for the execution of all types of 

saccades (like the brainstem, cerebellum or superior colliculus). Instead, this partial transfer 

indicates a partial overlapping between the neural substrates involved in the motor 

programming of AS (non-visually guided voluntary saccades) and those involved in the motor 

programing of pro-saccades (visually-guided reactive saccades). How does this percentage of 

transfer to reactive saccades of the same motor direction compare with the transfer of other 

types of voluntary saccades? Previous studies testing the transfer of voluntary saccades 

adaptation to reactive saccades showed that scanning saccades adaptation does transfer well 

(79%) (Alahyane et al., 2007) whereas memory-guided saccades adaptation transfers much 

less (14.3%) (Fujita et al., 2002). This suggests that the programming of reactive saccades 1) 

shares a common substrate near the final common pathway with scanning saccades but in 

contrast 2) only shares restricted substrate with memory-guided saccades. Since we also 

suggest here a partial overlapping between the neural substrates involved in AS and in 

reactive saccades programming, these transfer studies altogether suggest that anti-saccades 

might share neural substrates with memory-guided saccades. This last assumption is 

consistent with anti-saccades and memory-guided saccades both belonging to the non-visually 

guided category of voluntary saccades (Hopp and Fuchs, 2010). Indeed, in both cases visual 

information about goal location is absent at the time of saccade initiation. A parallel can be 

drawn between the possible neural substrates of these two types of non-visually guided 

saccades, both involving the prefrontal cortex in their generation (Munoz and Everling, 2004). 

As for the site of adaptation of memory-guided saccades, a study showed deficits in 

Parkinson’s disease patients, and the authors of this study suggested an involvement of the 

basal ganglia or of the output of the dorso-lateral prefrontal cortex (DLFPC) to the basal 
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ganglia (MacAskill et al., 2002). Our interpretation regarding the level of AS vector inversion 

might be relevant regarding these possible cortical and sub-cortical substrates for AS 

adaptation. Indeed, our study suggests that AS adaptation is located downstream of the neural 

substrates of AS vector inversion. Neurophysiological studies have repeatedly demonstrated 

that the vector inversion could take place either in the prefrontal cortex (Funahashi et al., 

1993), the Frontal Eye Field (FEF) (Sato and Schall, 2003; Schall, 2004; Moon et al., 2007) 

or Parietal Eye Field (PEF) (Zhang and Barash, 2000; Nyffeler et al., 2007; Van Der Werf et 

al., 2008). Then, assuming that, as discussed above, the AS adaptation site is similar to the 

memory-guided saccade adaptation site, our conclusion supports the hypothesis that anti-

saccades adaptation also involves sub-cortical structures such as the basal ganglia. Testing 

this hypothesis will require further behavioral studies measuring directly the reciprocal 

transfers of adaptation. 

In conclusion, the present study demonstrates that AS can be adapted, thereby proving that the 

brain can adapt movements aimed at virtual targets. In addition, the adaptation transfer to pro-

saccades of the same motor direction allowed us to locate the site of AS adaptation relative to 

the site of AS vector inversion, but also the adaptation site of AS relative to other types of 

voluntary saccades. Finally, in combination with previous studies, we suggest that memory-

guided saccades and anti-saccades share common adaptive substrates. 
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LEGENDS 

Table 1: Number and direction of secondary saccades in pre- and post-phases: number of 

secondary saccades averaged over all subjects for the leftward AS trials, in the pre-phase and 

post-phases of the three conditions. χ² were performed to test the difference between pre- and 

post-phases of the relative number of inward and outward secondary saccades. 
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Figure 1: Predictions of the adaptation level of anti-saccades in case of Visual Vector 

Inversion (VVect Inv). The schematics shown in the upper part indicate the hypothesized 

sites of adaptation (‘Adapt’: bold font and thick arrow) of leftward anti-saccades. Visual proc. 

= visual processing. V-Mot transf. = Visuo-motor transformation. The lower part represents 

the predicted transfer to pro-saccades. (A) Visual Adaptation Hypothesis. Adaptation occurs at 

the level of visual processing of the target and leads to a transfer to rightward pro-saccades 

(right-PS). (B) Motor Adaptation Hypothesis. Adaptation occurs at a motor level, downstream 

of the vector inversion. In this case, adaptation of leftward AS should transfer to leftward pro-

saccades (left-PS). 
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Figure 2: Oculomotor behavior during the adaptation exposure phase, exemplified by 

responses of subject 2 to the 9° target. The black line represents the horizontal eye position 

(in deg) according to time (in msec). Negative values represent left eye positions. The grey line 

represents the minimum amplitude required for the feedback target occurrence (spatial 

criterion). The temporal criterion is the 500 ms period initiated at the beginning of the saccade 

(vertical dotted lines). In panels A and B, the eyes crossed the spatial criterion by one (A) or 

two saccades (B) executed in due time relative to the temporal criterion. Light grey rectangle 

illustrates the 500 msec presentation of the feedback target occurring at the completion of the 

first saccade which crossed the spatial criterion (note the corrective saccade elicited by the 

feedback target). In panel C, the primary saccade does not reach the spatial criterion, and no 

other saccade was performed by the subject within the temporal criterion; no feedback target 

was therefore presented. Auditory feedback are also represented immediately after saccade 

crossed the spatial criterion in panel A and B (high-pitch “success” sound) and at the end of the 

temporal criterion in panel C (low-pitch “error” sound).  
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Figure 3: Schematics of the anti-saccade task. In all cases (pre/post and exposure phases), 

the Fixation Point is presented first, followed by a peripheral target presented in the right 

visual field (at 9° in these examples). The anti-saccade (AS, thick black line) is performed in a 

self-paced manner to the left visual field (downward deflection). Both fixation point and 

target are extinguished at AS onset. In the pre-  and post- phases, no feedback target is 

provided whereas in exposure phases, a feedback target is systematically presented (FT, light 

gray rectangle), with different parameters according to the condition. In Adaptation condition, 

the FT is presented at the time of anti-saccade completion (0 msec), at a location shifted 

outward from the anti-saccade response endpoint by a shift representing 10% of the anti-

saccade response amplitude. In the Delayed-shift condition, the FT is also presented at the 

shifted location (same 10% shift) but after a 800 msec delay. In the No-shift condition, the FT 

is presented immediatly after anti-saccade completion (0 msec delay) but at the mirror 

position of the peripheral target (no shift). Note that in the pre- and post-phases, both 

rightward anti-saccades and rightward and leftward pro-saccades were also performed (not 

shown). 
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 Figure 4: Regression slopes of left anti-saccadic gain for one representative subject 

(subject 4) during exposure phases. The gain of leftward anti-saccades (L-AS) performed 

during the exposure phase of the Adaptation condition (A), Delayed-shift condition (B) and 

No-shift condition (C) is represented separately for each target (6°: black triangles; 9°: dark 

gray squares; 12°: light gray plus signs). Dotted lines represent the slopes of the linear 

relationship between AS gain and trial number for each target. Black thick line represents the 

average of the slopes for the 3 different targets. Regression slopes of the relationship between 

AS gain and trial number for the 6°, 9° and 12° target and of the averaged relationship of the 

three target eccentricities pooled together significantly increase for the Adaptation condition 

only. Panel D represents the slopes averaged over all subjects separately for each condition. 

Asterisk indicates significant differences relative to 0 (t-tests). 
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Figure 5: Percent gain change of primary saccade and of total eye displacement during 

pre- and post-phases. Positive (negative) value refers to a gain increase (decrease) in post-

phase as compared to pre-phase. Each subject (1 to 8) is represented for each condition, 

direction, and type of saccades, as well as the average over all subjects (Mean). The first -

darker- bar of each pair represents the gain change of the primary saccade, whereas the second 

-lighter- bar is the gain change of the total eye displacement. Asterisks indicate significant 

differences relative to 0 (t-tests). Error bars represent Standard Error.  
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Figure 6: Predictions of the adaptation level of anti-saccades in case of Motor Vector 

Inversion (Mvect Inv.). As in Figure 1, the upper part indicates the hypothesized sites of 

adaptation (‘Adapt’: bold font and thick arrow) of leftward anti-saccades, and the lower part 

represents the predicted transfer to pro-saccades. Visual proc. = visual processing. V-Mot 

transf. = Visuo-motor transformation. (A) Visual Adaptation Hypothesis. Adaptation occurs at 

the level of visual processing of the target, upstream of the motor vector inversion (Mvect Inv.), 

and thus leads to a transfer to rightward pro-saccades (right-PS). (B) Motor Adaptation 

Hypothesis. Adaptation occurs at a motor level, but still upstream of the motor vector inversion, 

thus again transferring to right-PS. 

 


