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Abstract 33 

 34 

Recent studies have shown that saccadic inward adaptation, i.e. the shortening of saccade amplitude, and 35 

saccadic outward adaptation, i.e. the lengthening of saccade amplitude, rely on partially different neu-36 

ronal mechanisms. There is increasing evidence that these differences are based on differences at the tar-37 

get registration or planning stages since outward but not inward adaptation transfers to hand-pointing and 38 

perceptual localization of flashed targets. Furthermore, the transfer of reactive saccade adaptation to 39 

long-duration overlap and scanning saccades is stronger after saccadic outward adaptation than after sac-40 

cadic inward adaptation, suggesting that modulated target registration stages during outward adaptation 41 

are increasingly used in the execution of saccades when the saccade target is visually available for a 42 

longer time. The difference in target presentation duration between reactive and scanning saccades is 43 

also linked to a difference in perceptual localization of different targets. Flashed targets are mislocalized 44 

after inward adaptation of reactive and scanning saccades but targets that are presented for a longer time 45 

(stationary targets) are mislocalized stronger after scanning than after reactive saccades. This link be-46 

tween perceptual localization and adaptation specificity suggests that mislocalization of stationary bars 47 

should be higher after outward than after inward adaptation of reactive saccades. In the present study we 48 

test this prediction. We show that the relative amount of mislocalization of stationary versus flashed bars 49 

is higher after outward than after inward adaptation of reactive saccades. Furthermore, during fixation 50 

stationary and flashed bars were mislocalized after outward but not after inward adaptation. Thus, our 51 

results give further evidence for different adaptation mechanisms between inward and outward adapta-52 

tion and harmonize some recent research.  53 

 54 
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Introduction 65 

 66 

Clear vision is based on the ability to make saccades as accurately as possible. The accuracy of the sac-67 

cadic system is maintained by the mechanism of saccadic adaptation. Saccadic inaccuracies may occur as 68 

a consequence of eye muscle weakness (Kommerell et al., 1976; Abel et al., 1978; Optican et al., 1985) 69 

but may also be artificially generated and studied in the laboratory by a systematic intra-saccadic dis-70 

placement of the saccade target (McLaughlin, 1967; Miller et al., 1981). The resulting difference be-71 

tween the eye landing position and the post-saccadic visual location of the target induces the adjustment 72 

of transformation parameters between the visual input and the motor commands. This adjustment reduces 73 

the post-saccadic visual error during subsequent trials and allows the eyes to land closer to the shifted 74 

target. The effectiveness of saccadic adaptation depends on the location, timing, and consistency of the 75 

post-saccadic error (Wallman & Fuchs, 1998; Shafer et al., 2000; Noto & Robinson, 2001; Collins et al., 76 

2009; Havermann & Lappe, 2010; Zimmermann & Lappe, 2010; Panouilleres et al., 2011).  77 

Saccadic adaptation is specific to the direction and amplitude of the saccade (Deubel et al., 1986; Deubel, 78 

1987; Albano & King, 1989; Frens & Van Opstal, 1994; Collins et al., 2007; Schnier et al., 2010), to the 79 

initial eye position (Zimmermann & Lappe, 2011; Havermann et al., 2011), and to the particular saccade 80 

type.  81 

Saccade types can be distinguished by the way the saccade is triggered. Reactive saccades are elicited by 82 

a sudden appearance of a saccade target and simultaneous disappearance of the fixation point (Deubel, 83 

1995; Hopp & Fuchs, 2004). Because there is only limited time to integrate spatio-temporal target infor-84 

mation reactive saccades are thought to receive target localization signals from comparatively early visu-85 

al areas in the oculomotor pathway (Pierrot-Deseilligny, 1991; Gaymard et al., 2003; Müri & Nyffeler, 86 

2008). During overlap saccades, on the other hand, the fixation point and the saccade target are presented 87 

simultaneously for a certain period of time and the saccade is initiated when the fixation point turns off 88 

(Deubel, 1995; Hopp & Fuchs, 2004). Because there is more time to integrate spatio-temporal target in-89 

formation overlap saccades might receive target localization signals from higher visual areas in the ocu-90 

lomotor pathway (Deubel, 1999; Rivaud et al., 1994; Müri & Nyffeler, 2008). The same would apply to 91 

scanning saccades, which are self-paced and internally triggered saccades within a continuously present 92 

scene, and thus do not contain trigger signals for saccade execution (Deubel, 1995; Hopp & Fuchs, 93 

2004).  94 

Many transfer studies revealed that adaptation transfer differs between these different saccade types and 95 

is often not symmetric (reviewed in Pélisson et al. (2010)). There is a strong transfer from scanning to 96 

reactive saccades but a comparatively weak, though often significant, transfer in the opposite direction 97 
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(Erkelens & Hulleman, 1993; Fujita et al., 2002; Gaveau et al., 2005; Collins & Doré-Mazars, 2006; Cot-98 

ti et al., 2007; Zimmermann & Lappe, 2009). Because of the non-zero and asymmetric transfer one may 99 

argue for a common locus in the final common saccadic pathway, together with other adaptation loci that 100 

are more specific to each saccade category (Alahyane et al., 2007). Besides, differences in the temporal 101 

properties of the generation of reactive and scanning saccades may lead to asymmetric transfer. Reactive 102 

saccades have shorter latencies than scanning saccades, and are thus presumably driven by neurons with 103 

short latencies and limited temporal integration. Thus, adaptation of reactive saccades should lead to only 104 

minor adaptation of scanning saccades since scanning saccades presumably involve both short latency 105 

and long latency neurons. Scanning saccade adaptation, in contrast, should lead to clear adaptation of 106 

reactive saccades since both involve short latency neurons. Indeed, the amount of transfer between reac-107 

tive and overlap saccades depends on the duration of the overlap (Deubel, 1999; Schnier & Lappe, 2011). 108 

Saccadic adaptation not only influences saccade amplitudes but also visual localization. This pertains to 109 

the perception of visual targets flashed before an adapted saccade (Awater et al., 2005; Bruno & Mor-110 

rone, 2007; Collins et al., 2007; Georg & Lappe, 2009; Schnier et al., 2010), the pointing to a flashed 111 

target with the hand (Cotti et al., 2007; Bruno & Morrone, 2007; Hernandez et al., 2008; Cotti et al., 112 

2009; but see Kroller et al., 1996, McLaughlin et al., 1968, Cecala and Freedman, 2008, 2009), and even 113 

the apparent position of the saccade target itself (Bahcall & Kowler, 1999). The strength of mislocaliza-114 

tion depends on the saccade type, but also on the properties of the target. Zimmermann & Lappe (2009) 115 

investigated changes in visual localization of stationary (i.e. long visible) and flashed (i.e. short visible) 116 

bars after adaptive shortening of reactive and scanning saccades. They observed that briefly presented 117 

localization probes were mislocalized after adaptation of both saccade types while stationary localization 118 

probes were only mislocalized after adaptation of scanning saccades. Since flashed probes resemble a 119 

potential target for reactive saccades and stationary probes resemble a potential target for scanning sac-120 

cades the observed asymmetry of visual localization resembles the asymmetry of transfer behavior be-121 

tween reactive and scanning saccades (Deubel, 1999; Collins & Doré-Mazars, 2006; Alahyane et al., 122 

2007; Cotti et al., 2007; Pélisson et al., 2010). The link may lie in the temporal properties of target loca-123 

lization and saccade generation, involving short latency neurons for reactive saccades and flashed probes 124 

and short plus long latency neurons for scanning saccades and stationary probes. In this view, one may 125 

argue that localization judgements and saccade targeting share a common representation. This is also 126 

supported by findings that mislocalization also occurs during periods of fixation (Moidell and Bedell, 127 

1988, Zimmermann and Lappe, 2010, Schnier et al., 2010, Garaas and Pomplun, 2011), suggesting that 128 

saccadic adaptation affects visual localization at the target registration or planning stages.  129 

There is a second factor that divides saccadic adaptation properties, namely the distinctions between in-130 

ward (or amplitude shortening) and outward (or amplitude lengthening) adaptation. Saccade amplitude is 131 
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lengthened when the saccade target is shifted in the primary saccade direction. Saccade amplitude is 132 

shortened when the target is shifted against the primary saccade direction. Many studies revealed differ-133 

ences between inward and outward adaptation (reviewed in Pélisson et al. (2010)). For example, more 134 

trials with target displacement are required to reach a steady adaptation state during outward adaptation 135 

than during inward adaptation. Furthermore, the corresponding final gain level is lower and less stable 136 

after outward adaptation than after inward adaptation (Miller et al., 1981; Semmlow et al., 1989; Straube 137 

& Deubel, 1995; Straube et al., 1997; Hernandez et al., 2008; Golla et al., 2008; Ethier et al., 2008; Pa-138 

nouilleres et al., 2009; Zimmermann & Lappe, 2010; Schnier & Lappe, 2011). Finally, differences have 139 

been also observed in the adjustment of saccade dynamics (peak velocity, duration) between the inward 140 

and outward adaptation procedures (Golla et al. 2008; Ethier et al. 2008; Schnier and Lappe, 2010).  141 

Transfer from reactive saccades to overlap and scanning saccades is significantly stronger after outward 142 

adaptation than after inward adaptation (Schnier & Lappe, 2011). Such a transfer difference was not 143 

found for the gap and the memory-guided saccade type suggesting that the amount by which gain trans-144 

fer differed between inward and outward adaptation for scanning and overlap saccades seems to be es-145 

sentially related to the presentation duration of the saccade target.  146 

The above mentioned studies on visual localization after saccadic adaptation also support differences 147 

between inward and outward adaptation. Hernandez et al. (2008) found changes in hand pointing direc-148 

tion after outward adaptation, but not after inward adaptation. Zimmermann & Lappe (2010) showed that 149 

visual localization of eccentric targets during fixation was much more susceptible to saccadic adaptation 150 

for outward than for inward adaptation. These results, together with those of Schnier & Lappe (2011) and 151 

Ethier et al. (2008) suggest that there is a stronger modulation of target localization stages after outward 152 

than after inward adaptation of reactive saccades. In this view, target localization stages, located before 153 

the sensorimotor transformation, are especially used in the execution of overlap and scanning saccades, 154 

leading to a higher amount of transfer to these latter saccade types dependent on whether target localiza-155 

tion stages are modulated by saccadic adaptation or not. This in turn implies that target localization for 156 

the execution of reactive saccades may be partially different from that of overlap or scanning saccades 157 

because there is less time to integrate spatio-temporal target information. 158 

Since there is a stronger adaptation transfer from reactive to long-duration overlap or scanning saccades 159 

after outward than after inward adaptation of reactive saccades (Schnier and Lappe, 2011), we wondered 160 

whether the mislocalization of stationary probes that was observed for inward adaptation of scanning but 161 

not reactive saccades (Zimmermann & Lappe, 2009), reflecting the asymmetric transfer behavior be-162 

tween both saccade types, may be observed for reactive saccades when outward rather than inward adap-163 

tation is performed. In this context we also tested the adaptation induced localization judgements of 164 

flashed and stationary bars during periods of fixation. If outward adaptation of reactive saccades affects 165 
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target localization stages that are also used for saccades with a longer target presentation duration, as for 166 

example scanning saccades, and adaptation of these latter saccade types affects target localization stages 167 

as shown by the adaptation induced mislocalization during periods of fixation (Cotti et al., 2007; Cotti et 168 

al., 2009), we wondered whether outward adaptation of reactive saccades induces mislocalization of 169 

flashed but also stationary bars during periods of fixation. 170 

 171 

 172 

Methods 173 

 174 

Experimental settings  175 

 176 

Stimuli were presented on a 21” monitor (Eizo FlexScan F930) with a vertical frequency of 120 Hz at a 177 

resolution of 1024 x 768 pixels. Participants were seated 57 cm in front of the stimulus monitor with 178 

their chin supported by a chin rest. This setting results in a visual field of 40 deg x 30 deg. Experiments 179 

were done in complete darkness with a background luminance below 0.0006 cd/m2. This low luminance 180 

was chosen to remove all visible background stimulation and particularly the borders of the monitor 181 

screen which otherwise could provide visual references. Additionally, the monitor was covered with a 182 

dark foil that reduced the luminance by about two log units to prevent effects of phosphor persistence of 183 

the monitor. Nevertheless, all stimuli presented in this experiment were clearly visible under photopic 184 

conditions (cf. Georg et al. (2008) for a detailed description).  185 

 186 

Eye movement recording  187 

 188 

Eye movements were recorded with an EyeLink 1000 eye tracker (Desktop Mount Base System, SR Re-189 

search, LTD, Canada) using signals from the pupil and the corneal reflex. The recorded data comprised 190 

online events and raw gaze position samples (at 1000 Hz) from the tracked left eye. Saccades were de-191 

tected online as soon as eye velocity crossed a velocity threshold of 22 deg/sec and an acceleration thre-192 

shold of 4000 deg/sec2. Messages were written into the eyelink file in order to structure and organize this 193 

file corresponding to the course of the program. Those messages include all necessary program informa-194 

tion. Each eyelink file from each experimental session was offline checked for drifts that might have oc-195 

curred. No drifts were detected.  196 

 197 
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Participants 198 

 199 

Thirteen subjects (5 females, 8 males, 1 author, 12 naive, age range: 23-38 years) participated in this 200 

study. All of them had normal or corrected to normal vision and were experienced in eye movement ex-201 

periments. Before starting the experiment participants gave informed consent in accordance with the 202 

Declaration of Helsinki and the guidelines of the ethics committee of the Department of Psychology, 203 

which approved this study. 204 

 205 

Procedure for reactive saccade adaptation  206 

 207 

Fixation point (FP) and target (T1) were red disks with a radius of 0.5 deg and a luminance of 0.13 208 

cd/m2. Both disks were clearly visible under photopic conditions. At the beginning of each trial FP was 209 

presented 12 deg to the left of the center of the screen. Correct fixation was checked online. After a vari-210 

able time between 300 and 700 ms FP disappeared and subjects had to perform a saccade towards the 211 

simultaneously appearing target T1, which was 8 deg to the right of the center of the screen inducing a 212 

20 deg reactive saccade. When eye position exceeded a three deg trigger threshold rightwards from FP 213 

(saccade onset), the target T1 stepped 6 deg inwards, or 6 deg outwards to location T2 equivalent to a 30 214 

% inward or outward target step. The direction of the step (inward/outward) depended on the particular 215 

experimental session and never changed within each session. T2 remained visible for further 500 ms. 216 

After a further 550 ms the next trial began. 217 

 218 

Procedures for test localization trials 219 

 220 

At the beginning of each localization trial FP was presented 12 deg to the left of the center of the screen. 221 

Correct fixation was the trigger to proceed with the trial.   222 

 223 

Localization judgements of stationary bars 224 

 225 

A bar (width 0.3 deg, height 2 deg, and luminance 0.13 cd/m2) was presented at a random position within 226 

a rectangular space (width 4 deg, height 2 deg) centered 2 deg directly above the target position T1. After 227 

a variable time between 800 and 1200 ms the fixation point was extinguished and, simultaneously, the 228 

target T1 appeared. Subjects performed a saccade to T1. At saccade onset the bar was extinguished. The 229 

target remained visible for further 500 ms. Thereafter a mouse pointer appeared at a random position 4 230 
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deg beyond the horizontal centerline of the screen and subjects had to indicate the perceived position of 231 

the stationary bar (cf. Figure 1 A for a timeline view). Thus, localization judgements were done on a 232 

completely dark stimulus screen without any visual references. 233 

In some trials the target disappeared at saccade onset together with the bar. These target-off trials were 234 

introduced to remove any post-saccadic visual references that might affect the localization judgement. 235 

Accordingly, the trials in which the target remained visible after the saccade were named target-on trials. 236 

 237 

Localization judgements of flashed bars 238 

 239 

The FP remained visible for a variable time between 800 and 1200 ms. Then, the fixation point was ex-240 

tinguished, the target T1 appeared, and subjects performed a saccade to T1. 80 ms after T1 appearance 241 

and thus on average about 130 ms before saccade onset a bar was presented for 25 ms at a random posi-242 

tion within a rectangular space (width 4 deg, height 2 deg) centered 2 deg directly above the target posi-243 

tion T1. After saccade onset the target disappeared during target-off trials, or remained visible for further 244 

500 ms during target-on trials. Thereafter a mouse pointer appeared at a random position 4 deg beyond 245 

the horizontal centerline of the screen. Subjects had to indicate the perceived position of the flashed bar 246 

(cf. Figure 1 A for a timeline view). Thus, localization judgements were done on a completely dark sti-247 

mulus screen without any visual references. 248 

Comparison between localization trials for the judgment of stationary bars and localization trials for the 249 

judgment of flashed bars reveals that both differed only in that in the former the localization bar was vis-250 

ible for 800 to 1200 ms together with FP whereas in the latter the bar was flashed for 25 ms after FP was 251 

turned off.  252 

 253 

Figure 1 about here 254 

 255 

Localization judgements during fixation 256 

 257 

In some trials, participants had to withhold the saccade and perform the visual localization while keeping 258 

fixation. A computer voice announced each fixation localization trial, and a modified FP, i.e. a red circle 259 

with a radius of 0.5 deg and a thickness of 0.1 deg, reminded subjects to keep fixation during the follow-260 

ing trial and to indicate localization judgements from the corner of their eyes. Either stationary bars (va-261 

riable presentation time between 925 ms - 1325 ms) or flashed bars (25 ms) were presented at a random 262 

position within the same rectangular space as in the other localization trials. Thereafter the modified FP 263 

vanished and a mouse pointer appeared at a random position 4 deg beyond the horizontal centerline of 264 
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the screen. Subjects had to indicate the perceived position of the stationary or flashed bar without moving 265 

their eyes (cf. Figure 1 B for a timeline view). Thus, localization judgements were done on a completely 266 

dark stimulus screen without any visual references. 267 

 268 

Sessions 269 

 270 

Each subject participated in four experimental sessions, two with inward adaptation and two with out-271 

ward adaptation. Experimental sessions were performed in random order. Before each experimental ses-272 

sion subjects were informed about the particular task, the total number of trials, and the approximate du-273 

ration of the session. Additionally they were instructed to click in the outermost left corners of the stimu-274 

lus screen whenever they were not able to localize the bar.  275 

 276 

Course of an experimental session 277 

 278 

Each session consisted of 180 pre-adaptation trials, 200 adaptation trials, and 180 post-adaptation trials. 279 

Pre- and post-adaptation phases contained all test localization trials, 15 each of target-on trials with a 280 

stationary bar, target-on trials with a flashed bar, target-off trials with a stationary bar, target-off trials 281 

with a flashed bar, fixation trials with a stationary bar, and fixation trials with a flashed bar. The remain-282 

ing 90 trials in the pre- and post-adaptation phases were reactive reinforcing trials without the target step 283 

in the pre-phase and with the 6 deg target step (inward/outward) in the post-phase. All trials in the pre- 284 

and post-adaptation phases were completely intermixed. 285 

 286 

Data analysis 287 

 288 

Mathematica 7.0 was used for all data analysis. For a saccade to enter analysis, its start point had to be 289 

within a circle of 2.5 deg diameter around the fixation point, its amplitude had to be between 10 and 30 290 

deg, its duration had to be between 20 and 100 ms, and its latency had to be between 80 and 400 ms. 291 

With these criteria 93.0 % ± 2.0 (SE) of all trials with a saccade to perform were accepted in the inward 292 

adaptation experimental sessions and 92.5 % ± 2.4 (SE) were accepted in the outward adaptation expe-293 

rimental sessions. In some trials during the pre- and post-adaptation phase, subjects also had to localize a 294 

flashed or stationary bar after the saccade. Mouse clicks outside a circle of 8 deg diameter around the 295 

true bar position were excluded from analysis (less than 1%).  296 

For fixation localization trials, gaze had to be within a circle of 2.5 deg diameter around the fixation point 297 
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until the final mouse click. Within this circle only microsaccades with an amplitude less than 1 deg were 298 

allowed. 95.9 % ± 1.3 (SE) of all fixation localization trials were accepted in the inward adaptation expe-299 

rimental sessions and 96.5 % ± 0.9 (SE) were accepted in the outward adaptation experimental sessions. 300 

Mouse clicks outside a circle of 8 deg diameter around the true bar position were excluded from analysis 301 

(less than 1%).  302 

 303 

 304 

Results 305 

 306 

Adaptation  307 

 308 

Figure 2 shows example sessions for inward (A) and outward (B) adaptation.  Clearly there is a reduction 309 

of saccade amplitude during saccadic inward adaptation and an increase of saccade amplitude during 310 

saccadic outward adaptation for all trial types.  311 

Averaged over all subjects the mean amplitude of pure reactive saccades before adaptation phase was 312 

18.78 deg ± 0.20 (SE) in the inward adaptation sessions and 18.55 ± 0.24 (SE) in the outward adaptation 313 

sessions (cf. horizontal gray rectangles in the pre-phase of figures 2 A and B). After inward adaptation 314 

the mean amplitude value of pure reactive saccades decreased to 14.36 deg ± 0.36 (SE) (cf. horizontal 315 

gray rectangle in the post-phase of figure 2 A). This decrease corresponded to a mean gain change of  316 

-23.6 % ± 1.4 (SE). After outward adaptation the mean amplitude value of pure reactive saccades in-317 

creased to 21.49 ± 0.28 (SE) (cf. horizontal gray rectangle in the post- phase of figure 2 B). This increase 318 

corresponded to a mean gain change of 15.9 % ± 0.9 (SE). The gain change was significantly lower in 319 

the outward compared to the inward adaptation sessions (paired t-test with absolute values, p<0.0005).  320 

The gain change values for saccade trials with localization (circles and triangles) were similar to the gain 321 

change values for the pure reactive saccade trials. Thus, the presentation of the bar did not affect gain 322 

change (oneway repeated measures ANOVA comparing gain change during pure reactive saccades, tar-323 

get-on localization trials (separate for stationary and flashed bars), and target-off localization trials (sepa-324 

rate for stationary and flashed bars); inward: F(4,48)=2.291, p=0.073; outward: F(4,48)=1.905, p=0.125). 325 

 326 

Figure 2 about here 327 

 328 

 329 

Localization after reactive saccades 330 
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 331 

Absolute mislocalization of stationary and flashed bars 332 

 333 

To determine the mislocalization of stationary and flashed bars we compared localization judgements 334 

before and after adaptation in each condition. In each trial, the horizontal mouse click location relative to 335 

the horizontal true location of the bar was measured, and the resulting values were averaged to provide 336 

estimates of pre-adaptation and post-adaptation localization judgements. Localization judgements of sta-337 

tionary bars before adaptation were -0.16 deg ± 0.17 (SE) (outward: -0.39 deg ± 0.18 (SE)) in the target-338 

on condition and 0.02 deg ± 0.24 (SE) (outward: -0.48 deg ± 0.25 (SE)) in the target-off condition. For 339 

flashed bars localizations judgements before adaptation were -0.06 deg ± 0.23 (SE) (outward: -0.20 deg 340 

± 0.29 (SE)) in the target-on condition and -0.26 deg ± 0.28 (SE) (outward: -0.61 deg ± 0.30 (SE)) in the 341 

target-off condition. After adaptation localizations judgements of stationary bars were -1.40 deg ± 0.42 342 

(SE) (outward: 2.56 deg ± 0.25 (SE)) in the target-on condition and -0.98 deg ± 0.29 (SE) (outward: 1.87 343 

deg ± 0.25 (SE)) in the target-off condition, and of flashed bars -3.23 deg ± 0.28 (SE) (outward: 3.30 deg 344 

± 0.36 (SE)) in the target-on condition and -2.32 deg ± 0.24 (SE) (outward: 2.30 deg ± 0.29 (SE)) in the 345 

target-off condition. Negative values correspond to mislocalization against the original saccade direction, 346 

positive values indicate mislocalization in the original saccade direction.  347 

To plot and statistically analyze the data we calculated the differences between pre-adaptation and post-348 

adaptation localization judgements for each condition. Figure 3 shows the mean adaptation-induced hori-349 

zontal mislocalization (localization judgements (post) - localization judgements (pre)) of stationary and 350 

flashed bars in the target-on and target-off conditions after inward (A) and outward (B) adaptation. Nega-351 

tive values in A correspond to mislocalization against the original saccade direction (inward adaptation), 352 

positive values in B indicate mislocalization in the original saccade direction (outward adaptation).  353 

  354 

Figure 3 about here 355 

 356 

After inward adaptation and with a post-saccadic visual reference (target-on) the mean mislocalization of 357 

stationary bars was -1.24 deg ± 0.35 (SE) and the mean mislocalization of flashed bars was -3.17 deg ± 358 

0.24 (SE). Both values were significantly different from zero (t-tests, stationary: p<0.005, flashed: 359 

p<0.0005). Without a post-saccadic visual reference (target-off) the mean mislocalization of stationary 360 

bars was -1.01 deg ± 0.26 (SE) and the mean mislocalization of flashed bars was -2.06 deg ± 0.19 (SE). 361 

Again both values were significantly different from zero (t-tests, stationary: p<0.005, flashed: p<0.0005). 362 

After outward adaptation and with a post-saccadic visual reference (target-on) the mean mislocalization 363 

of stationary bars was 2.95 deg ± 0.18 (SE) and the mean mislocalization of flashed bars was 3.51 deg ± 364 
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0.27 (SE). Without a post-saccadic visual reference (target-off) the mean mislocalization of stationary 365 

bars was 2.35 deg ± 0.16 (SE) and the mean mislocalization of flashed bars was 2.91 deg ± 0.17 (SE). 366 

All values were significantly different from zero (t-tests, p<0.0005). 367 

A three-way repeated measures ANOVA with factors adaptation direction (inward/outward), post-368 

saccadic visual target reference (target-on/target-off), and bar type (stationary/flashed) showed a signifi-369 

cant dependence of the mean mislocalization on all three main factors (adaptation direction: 370 

F(1,12)=32.341, p<0.0005; post-saccadic visual target reference: F(1,12)=30.348, p<0.0005); bar type: 371 

F(1,12)=89.514, p<0.0005). Additionally there was a significant interaction between adaptation direction 372 

and bar type (F(1,12)=6.186, p<0.05) and between post-saccadic visual target reference and bar type 373 

(F(1,12)=22.003, p<0.005). The interaction of all three main factors was also signifcant (F(1,12)=22.182, 374 

p<0.005).  375 

Post-hoc paired t-tests then revealed that after inward adaptation the mean mislocalization of flashed bars 376 

was significantly larger than the mean mislocalization of stationary bars (target-on, target-off, p<0.0005). 377 

Comparison of the mean mislocalization in the target-on and target-off conditions revealed a contribution 378 

of the post-saccadic visual reference on final localization judgements. It was especially pronounced for 379 

the flashed bar condition, in which mean mislocalization in the target-on condition was significantly 380 

larger than mean mislocalization in the target-off condition (p<0.0005). For stationary bars the difference 381 

was not significant (p=0.11), which might have to do with the smaller overall mislocalization. However, 382 

because in both cases mislocalization occurred also in the target-off conditions, post-saccadic target in-383 

formation cannot be the only source for the mislocalization, i.e. the present target as a visual landmark 384 

can be only responsible for parts of the total mislocalization (cf. McConkie & Currie (1996); Deubel et 385 

al. (1996); Awater & Lappe (2006)). 386 

Furthermore, post-hoc paired t-tests clarified that after saccadic outward adaptation, although not as pro-387 

nounced as after saccadic inward adaptation, mean mislocalizations of flashed bars (target-on/target-off) 388 

were significantly larger than mean mislocalizations of stationary bars (target-on/target-off) (target-on, 389 

target-off, p<0.005). Consistent with a contribution of the post-saccadic visual reference on final locali-390 

zation judgements, mean mislocalizations in the target-on conditions (flashed/stationary) were 391 

significantly larger than mean mislocalizations in the target-off conditions (flashed/stationary) (flashed: 392 

p<0.005, stationary: p<0.0005). 393 

Finally, the absolute values of mean mislocalizations of stationary bars (target-on/target-off) were 394 

significantly larger after saccadic outward adaptation than after saccadic inward adaptation (paired t-395 

tests, target-on: p<0.0005, target-off: p<0.0005; note that in these tests values for inward adaptation were 396 

multiplied by (-1) in order to make the two adaptation directions comparable). The difference was less 397 

pronounced in the mean mislocalizations of flashed bars in the target-off condition and not significant in 398 
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the mean mislocalizations of flashed bars in the target-on condition (paired t-tests, target-on: p=0.08, tar-399 

get-off: p<0.005 (but close to 0.005)). The larger difference in mean mislocalization of flashed bars be-400 

tween the target-on and target-off conditions after saccadic inward adaptation in comparison to after sac-401 

cadic outward adaptation suggest a higher contribution of post-saccadic visual references to localization 402 

judgements after saccadic inward adaptation. The references provided by the saccade target induce mis-403 

localization because the target stepped during the saccade. Thus, the reference information provided by 404 

the target is incorrect. Reliance on this information, therefore, contributes to mislocalization. 405 

 406 

Comparison of mislocalization of stationary to flashed bars 407 

 408 

We were interested in how much stationary bars were mislocalized in relation to flashed bars after in-409 

ward and outward adaptation of reactive saccades. Therefore, we calculated the relative mislocalization 410 

(mislocalization of stationary bars divided by mislocalization of flashed bars) to normalize for the differ-411 

ence in mislocalization strength of flashed bars between the two adaptation directions. 412 

 413 

Figure 4 about here 414 

 415 

Figure 4 A shows the percentage ratio of mislocalization of stationary bars in relation to flashed bars af-416 

ter saccadic inward adaptation. The corresponding values are 37.9 % ± 9.3 (SE) in the target-on condi-417 

tion and 49.8 % ± 12.1 (SE) in the target-off condition. Figure 4 B shows the ratio of mislocalization of 418 

stationary bars in relation to flashed bars after saccadic outward adaptation. The corresponding values are 419 

86.3 % ± 4.6 (SE) in the target-on condition and 82.6 % ± 5.8 (SE) in the target-off condition. A two-420 

way repeated measures ANOVA with factors adaptation direction (inward/outward) and post-saccadic 421 

visual target reference (target-on/target-off) showed a significant dependence of the percent amount of 422 

mislocalization on the adaptation direction (F(1,12)=8.80, p<0.05). The interaction was not significant 423 

(F(1,12)=3.74, p=0.08). Paired t-tests between the values after saccadic inward and outward adaptation 424 

confirmed that the ratio of mislocalization (mean mislocalization of stationary bars/mean mislocalization 425 

of flashed bars • 100) is significantly higher after outward adaptation than after inward adaptation (tar-426 

get-on: p<0.005, target-off: p<0.05). 427 

 428 

 429 

 430 

Localization judgements during fixation 431 

 432 
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Localizations judgements during fixation and before adaptation were -0.51 deg ± 0.44 (SE) (outward:  433 

-0.86 deg ± 0.48 (SE)) for stationary bars and -1.16 deg ± 0.44 (SE) (outward: -1.54 deg ± 0.46 (SE)) for 434 

flashed bars. After adaptation localization judgements of stationary bars were -0.71 deg ± 0.38 (SE) 435 

(outward: 0.57 deg ± 0.52 (SE)) and of flashed bars -1.37 deg ± 0.32 (SE) (outward: 0.03 deg ± 0.46 436 

(SE)). 437 

Figure 5 shows the mean adaptation-induced mislocalizations (localization judgements (post) - localiza-438 

tion judgements (pre)) of stationary and flashed bars during fixation. 439 

 440 

Figure 5 about here 441 

 442 

There was no significant mislocalization after inward adaptation (t-tests, stationary: p=0.20, flashed: 443 

p=0.20). After outward adaptation, however, both flashed and stationary bars were significantly misloca-444 

lized with quite similar magnitude (stationary: 1.43 deg ± 0.22 (SE), flashed: 1.57 deg ± 0.21 (SE), t-445 

tests, p<0.0005). A two-way repeated measures ANOVA with factors adaptation direction (in-446 

ward/outward) and bar type (stationary/flashed) corroborate the similar magnitude of mislocalizations of 447 

both bar types (F(1,12)=0.24, p=0.63, interaction: F(1,12)=0.30, p=0.59) and the significantly larger mis-448 

localizations after outward than after inward adaptation of reactive saccades (F(1,12)=23.23, p<0.0005). 449 

 450 

 451 

Discussion  452 

 453 
Our results showed that the ratio of mislocalization of stationary bars in relation to flashed bars was 454 

higher after saccadic outward adaptation than after saccadic inward adaptation of reactive saccades. Dur-455 

ing periods of fixation neither bar type was mislocalized after saccadic inward adaptation but both were 456 

mislocalized after outward adaptation. 457 

Our study was conducted to corroborate the differences between saccadic inward and outward adapta-458 

tion, observed in the study of Schnier & Lappe (2011), by establishing the link between these results and 459 

those of Zimmermann & Lappe (2009). Zimmermann & Lappe (2009) investigated changes in visual 460 

localization for two different probe durations, i.e. a long duration (stationary) probe and a short duration 461 

(flashed) probe, after inward adaptation of reactive and scanning saccades. They found that flashed but 462 

not stationary probes were mislocalized after inward adaptation of reactive saccades. However, both 463 

probes were mislocalized after inward adaptation of scanning saccades. Since there is strong transfer of 464 

inward adaptation from scanning to reactive saccades, but only weak transfer in the opposite direction 465 

(Deubel, 1999; Collins & Doré-Mazars, 2006; Alahyane et al., 2007; Cotti et al., 2007; Pélisson et al., 466 
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2010), and since stationary localization probes resemble typical targets for scanning while flashed probes 467 

resemble targets for reactive saccades, the asymmetry of mislocalization suggests that the selectivity of 468 

visual mislocalization after inward adaptation of a particular saccade type fits the adaptation selectivity 469 

in the motor behavior (Zimmermann & Lappe, 2009). 470 

Schnier & Lappe (2011) studied adaptation transfer after outward adaptation. Transfer from reactive to 471 

scanning and overlap saccades was stronger after outward than after inward adaptation. In the light of the 472 

above considerations, this predicted that stationary localization probes should be more mislocalized after 473 

outward than after inward adaptation of reactive saccades. Indeed, when we compared the relative 474 

amount of mislocalization of stationary versus flashed bars after saccadic inward adaptation with the cor-475 

responding values after saccadic outward adaptation (cf. Figure 4) this is exactly what we found. Also as 476 

expected, the absolute mislocalization of stationary bars was higher after outward adaptation than after 477 

inward adaptation (cf. Figure 3). Since this was also true for flashed bars, effects of saccadic outward 478 

adaptation on visual localization and effects of saccadic inward adaptation on visual localization must 479 

rely on different processes. One might speculate that an essential difference lies in the substantial visual 480 

error that persists after saccadic outward adaptation but not after saccadic inward adaptation, since out-481 

ward adaptation remains incomplete for much longer than inward adaptation (Zimmermann & Lappe, 482 

2010). Indeed, when inducing adaptation with a long-lasting post-saccadic visual error (Robinson et al., 483 

2003) Zimmermann & Lappe (2010) revealed mislocalization during fixaton also after the inward adap-484 

tation procedure. In addition, the availability of post-saccadic target information also provided a contri-485 

bution to the mislocalization, as seen by a larger amount of mislocalization in the target-on conditions in 486 

comparison to the target-off conditions for both inward and outward adaptation. Thus, the post-saccadic 487 

target is used as a visual landmark, but is responsible only for parts of the mislocalization (McConkie & 488 

Currie, 1996; Deubel et al., 2002; Awater & Lappe, 2006).  489 

Now one might ask at which neural stage outward adaptation of reactive saccades differs from inward 490 

adaptation of reactive saccades, and how this difference leads to the observed differences in mislocaliza-491 

tion of stationary versus flashed localization probes. It is unlikely that the difference lies close to the mo-492 

tor stage, i.e. late in oculomotor processing because then it should not affect perception differently. Ra-493 

ther outward adaptation of reactive saccades appears to differ from inward adaptation at the target regis-494 

tration or saccade planning stages (Cotti et al., 2007; Ethier et al., 2008; Hernandez et al., 2008; Cotti et 495 

al., 2009; Panouilleres et al., 2009; Zimmermann & Lappe, 2010). Consequentely, this means that the 496 

differences in localization judgements of stationary probes in relation to flashed probes between inward 497 

and outward adaptation should be based on early target localization or planning stages, which are used in 498 

the localization judgements of stationary bars, that are more strongly modulated after outward adaptation 499 

than after inward adaptation of reactive saccades. This suggestion is consistent with the observations of a 500 
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higher amount of transfer from reactive saccades to long duration overlap and scanning saccades after 501 

outward adaptation than after inward adaptation (Schnier & Lappe, 2011) if the use of target registration 502 

or planning stages depends on the presentation duration of the localization probe or the saccade target 503 

(Schnier & Lappe, 2011). This in turn would be consistent with the results of Cotti et al. (2007, 2009) 504 

which suggest that target registration or planning stages are modulated after saccadic inward adaptation 505 

of voluntarily triggered scanning saccades.  506 

Figure 5 shows that even during fixation flashed and stationary bars were mislocalized after the partici-507 

pant underwent saccadic outward adaptation. This finding replicates the results that Zimmermann & 508 

Lappe (2010) obtained with flashed stimuli and extends them to stimuli that are continuously visible. The 509 

mislocalization during fixation may be explained if localization judgements during fixation use target 510 

registration or planning stages which are modulated after saccadic outward but not after saccadic inward 511 

adaptation. The similarity of stationary and flashed data might suggest that the use of target registration 512 

stages in localization judgements during fixation is independent of the localization probe duration.  513 

On a neuronal level, target localization may involve neurons with long integration times that might re-514 

spond to stationary as well as flashed bars. Thus, whenever those neurons are affected by adaptation of a 515 

particular saccade type or in a particular direction mislocalization of both probe types should occur. We 516 

suggest that this is the case for outward adaptation of reactive saccades, but would assume a similar loca-517 

lization behavior for scanning saccades, independent of the direction of target displacement.  518 

The localization targets in our study were located close to the adapted saccade target. Several previous 519 

studies have shown that adaptation-induced mislocalization depends on the location of the probe. Awater 520 

et al. (2005), Collins et al. (2007) and Schnier et al. (2010) have presented detailed investigations of the 521 

spatial range of mislocalization. Since these studies were mostly concerned with localization after 522 

adapted saccades, it would be also interesting to investigate in detail the spatial specificity of the mislo-523 

calization effect during fixation described in the present study.  524 

In summary, our results show that outward adaptation of reactive saccades and of scanning saccades 525 

have an important influence on localization judgements in common, namely the high amount of misloca-526 

lization of stationary bars (cf. Zimmermann & Lappe (2009)). This common mislocalization is likely to 527 

stem from early target registration stages that are modulated after outward adaptation of reactive sac-528 

cades as well as after adaptation of scanning saccades. Consistent with this hypothesis we revealed mis-529 

localization of stationary and flashed bars even during fixation. Accordingly, we suggest that stationary 530 

and flashed bars should be also mislocalized after adaptation of scanning saccades and during fixation to 531 

support the common modulated target registration or planning stage of the outward adaptation procedure 532 

of reactive saccades and the adaptation procedure of scanning saccades. Two aspects directly lead to this 533 

assumption. First, the adaptation transfer from reactive to overlap or scanning saccades is higher after 534 
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outward than after inward adaptation of reactive saccades suggesting a common adaptation locus be-535 

tween outward adaptation of reactive saccades and scanning saccades, probably before the sensory-motor 536 

transformations (Schnier and Lappe, 2011). Second, adaptation of voluntary (scanning) saccades trans-537 

fers to hand pointing movements (Cotti et al., 2007) or to anti-saccades in the non-adapted direction 538 

(Cotti et al., 2009) suggesting a deep involvement of target registration or planning stages in the scanning 539 

adaptation procedure.  540 
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 796 

Figure 1: 797 

 798 

Timelines of the trials for the localization judgements of stationary and flashed bars during saccades (A) 799 

and during fixation (B). The solid black lines in A for targets T1 and T2 indicate target-on trials in the 800 

post-adaptation phase. The corresponding dashed lines indicate the timings in the pre-adaptation phase. 801 

The solid gray lines for T1 and T2 indicate target-off trials. T1 was 20 deg rightwards from FP. T2 ap-802 

peared 6 deg leftwards or rightwards from T1, dependent on the experimental session (inward/outward). 803 

During fixation trials (B) a modified version of the fixation point FP (circle) and an additional computer 804 

voice reminded subjects not to perform a saccade but fixate at the circle. In all conditions the bar (width 805 

0.3 deg, height 2 deg, luminance 0.13 cd/m2) was presented at a random position within an area 4 deg 806 

wide 2 deg high centered 2 deg directly above the target position T1. Subjects had to indicate the per-807 

ceived bar position with a mouse pointer. 808 

 809 

Figure 2:  810 

 811 

Example sessions for the time course of saccadic inward (A) and outward (B) adaptation. The crosses 812 

indicate amplitude values in the pre-adaptation, adaptation, and post-adaptation phases for trials without 813 

bar localization (pure reactive saccades). The horizontal gray rectangles give their means before and after 814 

adaptation. Their thickness indicates twice the standard error. Filled circles indicate amplitude values in 815 

target-on localization trials with a stationary bar. Open circles indicate amplitude values in target-off lo-816 

calization trials with a stationary bar. Filled triangles indicate amplitude values in target-on localization 817 

trials with a flashed bar. Open triangles indicate amplitude values in target-off localization trials with a 818 

flashed bar. 819 

 820 

Figure 3:  821 

 822 

Adaptation-induced mislocalization of stationary (hatched bars) and flashed stimuli (solid bars) after in-823 

ward (A) and outward (B) adaptation of reactive saccades. Dark gray bars indicate mean adaptation-824 

induced mislocalizations in the target-on conditions. Light gray bars indicate mean mislocalizations in 825 

the target-off conditions. Error bars are standard errors. 826 

 827 

Figure 4:  828 



  
 

26

 829 

Percent ratio of adaptation-induced mislocalization of stationary bars in relation to flashed bars after in-830 

ward (A) and outward (B) adaptation of reactive saccades (Dark gray: target-on, light gray: target-off). 831 

Percent ratio between the target-on conditions (inward: 37.9 %, outward: 86.3 %) as well as between the 832 

target-off conditions (inward: 49.8 %, outward: 82.6 %) were significantly different from each other 833 

(paired t-tests, p<0.005 (target-on), p<0.05 (target-off)). Error bars are standard errors. 834 

 835 

Figure 5:  836 

 837 

Mean mislocalization of stationary (hatched) and flashed (solid) bars after inward (A) and outward (B) 838 

adaptation of reactive saccades during fixation. No significant mean mislocalizations were observed for 839 

stationary and flashed bars after saccadic inward adaptation (NS, p>0.05 in both t-tests). Both bar types 840 

were significantly mislocalized after saccadic outward adaptation (***, p<0.0005 in both t-tests). Error 841 

bars are standard errors. 842 

 843 

 844 
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