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SUMMARY: 27 

This experimental protocol combined eye tracking and the assessment of presaccadic visual 28 

sensitivity in a dual task paradigm, consisting of a free choice saccade task and a visual 29 

discrimination task, to investigate the deployment of visual spatial attention before both, 30 

accurate and averaging saccades. 31 

 32 

ABSTRACT: 33 

This experimental protocol was designed to investigate whether visual attention is obligatorily 34 

deployed at the endpoint of saccades. To this end, we recorded the eye position of human 35 

participants engaged in a saccade task via eye tracking and assessed visual orientation 36 

discrimination performance at various locations during saccade preparation. Importantly, instead 37 

of using a single saccade target paradigm for which the saccade endpoint typically coincides 38 

roughly with the target, this protocol comprised the presentation of two nearby saccade targets, 39 

leading to a distinct spatial dissociation between target locations and saccade endpoint on a 40 

substantial number of trials. The paradigm allowed us to compare presaccadic visual 41 

discrimination performance at the endpoint of accurate saccades (directed towards one of the 42 

saccade targets) and of averaging saccades (directed to an intermediate location in between the 43 

two targets). We observed a selective enhancement of visual sensitivity at the endpoint of 44 
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accurate saccades but not at the endpoint of averaging saccades. Rather, before the execution 45 

of averaging saccades, visual sensitivity was equally enhanced at both targets, suggesting that 46 

saccade averaging follows from unresolved attentional selection among the saccade targets. 47 

These results argue against a mandatory coupling between visual attention and saccade 48 

programming based on a direct measure of presaccadic visual sensitivity rather than saccadic 49 

reaction times, which have been used in other protocols to draw similar conclusions. While our 50 

protocol provides a useful framework to investigate the relationship between visual attention 51 

and saccadic eye movements at the behavioral level, it can also be combined with 52 

electrophysiological measures to extend insights at the neuronal level. 53 

 54 

INTRODUCTION: 55 

Accumulated evidence argues for strong coupling between oculomotor and attentional control. 56 

The influential premotor theory of attention1,2 provides a particularly strict account regarding 57 

this coupling, suggesting that covert shifts of visual attention correspond to saccade 58 

programming without subsequent execution. Indeed, shared neuronal correlates of attentional 59 

and oculomotor control have been identified via functional magnetic resonance imaging (fMRI)3 60 

and sub-threshold micro-stimulation of the Frontal Eye Fields (FEF) and the Superior Colliculi (SC) 61 

produces attentional benefits measured both behaviorally and electrophysiologically at the 62 

stimulated movement field position, even if no eye movements are induced4,5,6,7. Psychophysical 63 

experiments furthermore revealed that visual attention is consistently shifted towards the target 64 

of a saccade during oculomotor preparation8,9. However, dissociations at the neuronal level10,11,12 65 

and observations that saccade preparation does not necessarily entail a corresponding shift of 66 

attention13,14,15,16 cast some doubt on an obligatory coupling between saccade programming and 67 

visual spatial attention. 68 

 69 

Here, we revisited the nature of the coupling between attention and oculomotor programming 70 

at the behavioral level using a dual task which entailed a free choice saccade task and a visual 71 

discrimination task. Crucially, two saccade targets were presented at an angular distance of 30° 72 

on half of the trials, producing a distinct global effect17,18,19,20 associated with a substantial 73 

number of saccades landing in between the two targets (averaging saccades). Since we randomly 74 

presented a discrimination target shortly before saccade onset at one out of 24 equidistant 75 

locations (including the two saccade target locations, the location in between them and 21 76 

control locations), we were able to assess and compare the presaccadic deployment of visual 77 

attention when saccade goal and saccade endpoint were either spatially associated (accurate 78 

saccades) or dissociated (averaging saccades). 79 

 80 

To test whether visual attention is an obligatory consequence of oculomotor programming, and, 81 

therefore, always shifted towards the saccade endpoint, we analyzed visual sensitivity for all 24 82 

locations as a function of the saccade landing direction. While accurate saccades were associated 83 

with a consistent presaccadic enhancement of visual sensitivity at their endpoint, we found no 84 

such enhancement at the endpoint of averaging saccades. This dissociation rules out an 85 

obligatorily coupling of visual attention to the executed oculomotor program at the behavioral 86 

level and suggests that attentional and oculomotor control are dissociable at some cortical or 87 

subcortical processing stage. Importantly, we observed an equal enhancement of visual 88 



   

   

sensitivity at the two saccade targets before averaging saccades, suggesting that the global effect 89 

arises from unresolved saccade target selection before saccade onset.  90 

 91 

PROTOCOL: 92 

This protocol was designed according to the ethical requirement specified by the Ludwig-93 

Maximilians-Universität München and with the approval of the ethics board of the department. 94 

 95 

1.  Participants 96 

 97 

1.1  Recruit a sufficient number of naive participants with normal or corrected-to-normal 98 

vision and without neurological or psychiatric disorders. 10 participants are recommended based 99 

on similar, recent protocols21,22.  100 

 101 

NOTE: Overall, we recruited 13 participants (aged 20-28, 7 females, 12 right-eye dominant, 1 102 

author) from which 3 were excluded from final analysis since their orientation discrimination 103 

performance remained at chance level for all tested locations. 104 

 105 

2.  Experimental Setup 106 

 107 

2.1  Conduct the experiment in a quiet and dimly illuminated room under the supervision of 108 

an experienced experimenter familiar with eye tracking and all other experimental components. 109 

 110 

2.2  Prepare an experimental setup consisting of a computer, a cathode-ray tube (CRT) 111 

monitor, a standard keyboard, two loudspeakers, and an eye tracker (see Table of Materials).  112 

 113 

2.2.1 Sequence and control the experiment using an appropriate software (see Table of 114 

Materials). Write a script which can be run on the software to load and launch the experiment 115 

automatically for each participant (https://github.com/mszinte/CompAttExo). Ensure that the 116 

script encodes all necessary experimental parameters and implements stimulus presentation as 117 

well as behavioral and eye data collection.  118 

 119 

2.2.2  Display all visual stimuli on a CRT screen with a minimum vertical refresh rate of 120 Hz. 120 

Ensure the proper display of visual Gabors via gamma linearization of the experimental screen. 121 

 122 

2.2.3  Assess participants’ evaluation of the discrimination target orientation (counterclockwise 123 

vs. clockwise) via the left and right arrow keys on a standard keyboard. 124 

 125 

2.2.4  Provide auditory feedback via loudspeakers upon incorrect manual responses.  126 

 127 

3. Eye Tracking 128 

 129 

3.1  Record the gaze of participants’ dominant eye at a sampling rate of at least 1 kHz 130 

throughout the entire experiment via an eye tracker. 131 

 132 

https://github.com/mszinte/CompAttExo


   

   

3.2  Ask the participant to sit down comfortably on a chair, place their chin on a chinrest, and 133 

lean their forehead against a bar to restrain head movements during the experiment. Individually 134 

adjust the height of the chair, the chinrest and the forehead bar such that participants’ eyes align 135 

with the center of the experimental monitor. 136 

 137 

3.3 Individual Eye Tracker Calibration 138 

 139 

3.3.1 Before each experimental block (duration: approximately 10 min) and whenever 140 

necessary (e.g. after noticeable head movements and resulting shifts of the estimated fixation), 141 

run a calibration procedure to guarantee that participants’ gaze can be accurately tracked within 142 

a radius of 1°.  143 

 144 

NOTE: Here, we used a 13-point calibration procedure to get an accurate estimate of the 145 

characteristic light reflections (pupil and corneal reflection) of the tracked eye as a function of 146 

the gaze. 147 

 148 

3.3.1.1 Ask the participant to follow a dot moving across different locations on the screen with 149 

their eyes to estimate their gaze position. 150 

 151 

3.3.1.2 Repeat the procedure with a dot rotation of 30° and compare the measured gaze position 152 

to the estimated gaze position to validate the initial calibration. The calibration can be considered 153 

accurate when the averaged difference between the estimated gaze position following the 154 

calibration stage and the measured gaze position in the validation stage is below 1°. 155 

 156 

3.3.1.3 Repeat the calibration procedure whenever the participant breaks fixation repetitively to 157 

guarantee high tracking accuracy throughout the experiment. 158 

 159 

3.4  During the experiment, monitor correct fixation at the screen center at the beginning of 160 

each trial. Only start a trial if the gaze stays within a radius of 2° around the central fixation target 161 

for at least 200 ms. 162 

 163 

4. Instructions 164 

 165 

4.1 Provide participants with clear task instructions. Present the task instructions at least 166 

once at the beginning of each experimental session in the form of a written text, together with a 167 

visualization of the trial chronology. Encourage participants to carefully read through the 168 

instructions and to ask remaining questions to the experimenter.  169 

 170 

NOTE: The instructions, as presented to the participants before each block, are shown in Figure 171 

1. 172 

 173 

4.1.1  Instruct the participant to fixate at the center of the screen at the beginning of each trial. 174 

 175 

4.1.2 Inform the participant that 24 flickering distractor streams will appear on the screen and 176 



   

   

that two of them will be cued by white frames, which will either be flashed shortly or remain on 177 

the screen until the trial end.  178 

 179 

4.1.3 Ask the participant to execute a saccade towards the center of one of the two cued 180 

distractor streams at free choice. Emphasize that participants should move their eyes as fast and 181 

as accurately as possible upon the onset of the cues.  182 

 183 

4.1.4 Inform the participant that, for a short duration during the trial, a tilted Gabor will be 184 

presented randomly at one of the 24 distractor streams.  185 

 186 

4.1.5 Ask the participant to manually report whether the tilted Gabor was rotated clockwise or 187 

counterclockwise relative to the vertical by pressing the right or left arrow on the keyboard, 188 

respectively. Explain that a sound will be played if the orientation of the tilted Gabor is being 189 

reported incorrectly. 190 

 191 

5.  Experimental Design, Stimuli and Trial Chronology 192 

 193 

5.1  Ensure to partition the experiment into at least two experimental sessions on different 194 

days to guarantee participants’ concentration across the entire duration of the experiment. 195 

Within an experimental session, prompt participants to take short breaks in between consecutive 196 

blocks.  197 

 198 

NOTE: This experiment consisted of 24 blocks, each including 290 online correct trials (all trials 199 

without fixation breaks and with a saccade onset between 50 and 350 ms after the saccade 200 

targets onset; incorrect trials were repeated at the end of a block), amounting to a total duration 201 

of about 5 h. 202 

 203 

5.2  Deliberately predefine stimulus features (color, luminance, and size), stimulus timing, and 204 

a viewing distance which ensures the desired angular stimulus size.  While most features of the 205 

visual stimuli (e.g., size, luminance, and contrast) can be adjusted to account for specific 206 

experimental purposes based on piloting, precise stimulus timing is crucial to assess visual 207 

attention during the presaccadic interval. 208 

 209 

5.3 Stimuli and Trial Chronology  210 

 211 

5.3.1  Present all stimuli on a gray (~19.5 cd/m2) background in order to minimize visual and 212 

screen aftereffects.  213 

 214 

NOTE: A visualization of the experimental procedure can be found in Figure 2.  215 

 216 

5.3.2 Present a fixation target (FT) in the form of a black (~0 cd/m2) and white (~57 cd/m2) 217 

“bull’s eye” (0.4° radius) at the screen center at trial start. Remove the fixation target from the 218 

screen together with the onset of the saccade targets. 219 

 220 



   

   

5.3.3 Display 24 evenly spaced distractor streams (DS) at a radius of 10° from the fixation target 221 

at the trial start. Use dynamic stimuli, alternating every 25 ms (40 Hz) between a vertical Gabor 222 

patch (frequency: 2.5 cpd; 100 % contrast; random phase selected each stream refresh; SD of the 223 

Gaussian window: 1.1°; mean luminance: ~28.5 cd/m2) and a Gaussian pixel noise mask (made of 224 

approximately 0.22° width pixels with the same Gaussian envelope as the Gabors).  225 

 226 

NOTE: The use of flickering noise helps to minimize attentional capture due to sudden onsets 227 

that are normally associated with static stimuli and thus reduces discrimination target 228 

detectability without the concurrent selective deployment of attention21.  229 

 230 

5.3.4 Between 300 and 600 ms (in steps of the screen refresh rate of ~8 ms) after the onset of 231 

the fixation target, present two saccade targets (ST1 and ST2) in the form of gray circles (~39 232 

cd/m2; 1.1° radius; 0.2° width) surrounding two randomly chosen distractor streams. Ensure to 233 

vary the time of saccade target onset from trial to trial to avoid that participants adopt a 234 

predictive saccade execution pattern. 235 

 236 

5.3.4.1 Randomly present the two saccade targets at an angular distance of either 30° or 90° 237 

across trials. 238 

 239 

5.3.4.2 Randomly display the saccade targets for either 50 ms (transient cueing condition: tST1+2) 240 

or until the end of the trial (continuous cueing condition: cST1+2) across trials. 241 

 242 

5.3.5 Randomly present a discrimination target (DT) at one of the 24 distractor streams and 243 

between 75 and 175 ms after the onset of the saccade targets. Display the discrimination target, 244 

a tilted Gabor patch, rotated clockwise or counterclockwise by 12 ° relative to the vertical, for 25 245 

ms to replace the vertical Gabor patch within the randomly selected distractor stream. Select the 246 

time window for discrimination target presentation to maximize the number of trials in which 247 

the discrimination target offset occurred before saccade onset.  248 

 249 

NOTE: The applied tilt level of the discrimination target was derived from pretests with the 250 

objective of producing visual discrimination performance above the chance level at attended 251 

locations. The tilt level can be generally changed but experimenters should first test whether 252 

participants can properly discriminate the target angle at least at the cued locations.   253 

 254 

5.3.6 Erase all stimuli from the screen 500 ms after the onset of the saccade targets such that 255 

only the gray background remains. 256 

 257 

5.3.7  Wait for the participant to indicate the orientation of the discrimination target via the 258 

keyboard (by pressing the left arrow for counterclockwise orientations and the right arrow for 259 

clockwise orientations) and play a feedback sound whenever participants report the 260 

discrimination target orientation incorrectly. Start the next trial once a manual response was 261 

given. 262 

 263 

6. Data Preprocessing and Analysis 264 



   

   

 265 

6.1 Process the recorded eye data before proceeding to final data analysis. Only include trials 266 

in which the participant maintained the fixation within a 2° radius around the fixation target 267 

without blinking and initiated a saccade landing between 7° and 13° from the fixation target (i.e. 268 

within ± 30 % of the instructed saccade size). Ensure that any measure of visual sensitivity was 269 

collected during the presaccadic interval by including only those trials in which the discrimination 270 

target offset occurred before the saccade onset.  271 

 272 

NOTE: In total, 75.7% of all trials were included in the final analyses after eye data preprocessing.  273 

 274 

6.2 In order to analyze data as a function of the location of the discrimination target relative 275 

to the location of the saccade targets, rotate the stimulus configuration of each trial as to align 276 

the saccade target locations symmetrically around the geometrical angle 0 of the stimulus stream 277 

orbit.  278 

 279 

6.3 Split trials as a function of the saccade landing direction. To do so, divide the entire 280 

stimulus stream orbit into 24 even angular sectors of 15° (±7.5°) centered on each distractor 281 

stream and combine trials entailing saccades directed towards the same respective sector. 282 

 283 

6.4 Define visual sensitivity as: d’ = z(hit rate) − z(false alarm rate). Count clockwise responses 284 

to clockwise discrimination targets as hits and clockwise responses to counterclockwise 285 

discrimination targets as false alarms (and vice versa). Substitute discrimination performance 286 

values of 100% and 0% by values of 99% and 1%, respectively, before transforming them into d’. 287 

Transform discrimination performance values below the chance level (50% or d’ = 0) into negative 288 

d’ values.  289 

 290 

REPRESENTATIVE RESULTS: 291 

Here, we only present some central, representative results. The entirety of results can be found 292 

in our recent publication23. Note that data were mainly analyzed irrespective of the duration of 293 

the saccade targets (i.e. transient and continuous cueing conditions were combined for the final 294 

analyses). For statistical comparisons, we drew 10000 bootstrap samples (with replacement) 295 

from the distribution of single subject means and derived two-tailed p values from the 296 

distribution of differences between the bootstrapped samples. 297 

 298 

The detection of saccade onsets and offsets was based on the velocity distribution of the gaze24. 299 

We used a moving average over 20 subsequent eye-position samples to determine saccade 300 

onsets/offsets whenever the velocity of the eye exceeded/fell below the median of the moving 301 

average by 3 SDs for at least 20 ms. Corrective saccades were defined as eye movements 302 

executed after the offline selected main saccade sequence and were only included in the 303 

respective corrective saccade analysis if they landed between 7° and 13° from the fixation target 304 

and were initiated within the first 500 ms following the main saccade sequence as well as before 305 

the participant’s manual response. 306 

 307 

Before proceeding to final data analysis, data were rotated (see 6.2). Consequently, after data 308 



   

   

rotation, the most counterclockwise saccade target ST1 was always represented at +45°/+15° (in 309 

the 90° and 30° conditions, respectively), the location BTW in between the saccade targets at 0° 310 

(in both the 90° and 30° conditions), and the most clockwise saccade target ST2 at -45°/-15° (in 311 

the 90° and 30° conditions, respectively) relative to the angle 0. Locations other than ST1, ST2, 312 

and BTW were considered as control locations (CTRL) in both, the 90° and 30° conditions. 313 

 314 

Our protocol allowed us to evaluate saccades in response to oculomotor competition among two 315 

saccade targets presented at different angular distances based on the recorded eye data. As 316 

expected, the saccade endpoint distributions associated with the 90° (Figure 3A and 3C) and 30° 317 

(Figure 3B and 3D) conditions differed substantially. We observed mostly accurate saccades 318 

towards one of the saccade targets in the 90 ° condition, where 41.0% ± 1.0% of saccades ended 319 

within the sector including the most counterclockwise saccade target ST1 and 41.8% ± 1.9% 320 

within the sector including the most clockwise saccade target ST2 (Figure 3C). In the 30° condition, 321 

in contrast, participants executed a substantial number of averaging saccades. Here, 33.6% ± 322 

2.4% of the saccades ended within the sector in between the 2 saccade targets BTW, 29.95% ± 323 

1.6% ended within the sector including ST1, and 32.0% ± 1.8% within the sector including ST2 324 

(Figure 3D). 325 

 326 

Furthermore, the assessment of visual sensitivity at all 24 locations distributed across the visual 327 

field allowed us to analyze the spatial deployment of attention during oculomotor programming 328 

in detail. Overall, taking into account saccades of all directions, we observed a selective 329 

facilitation of visual sensitivity at the two saccade targets relative to the control locations CTRL 330 

(corresponding to the average across all positions except for ST1, ST2, and BTW) in both the 90° 331 

(ST1: d’ = 2.2 ± 0.3 versus CTRL: d’ = 0.3 ± 0.1, p < 0.0001; ST2: d’ = 2.2 ± 0.4 versus CTRL, p < 332 

0.0001; ST1 versus ST2, p = 0.8964; Figure 4A) and 30 ° (ST1: d’ = 2.2 ± 0.3 versus CTRL: d’ = 0.3 ± 333 

0.1, p < 0.0001; ST2: d’ = 2.1 ± 0.3 versus CTRL, p < 0.0001; ST1 versus ST2, p = 0.6026; Figure 4B) 334 

conditions. While visual sensitivity at the intermediate location was significantly lower than at 335 

the saccade target locations (BTW: d’ = 0.6 ± 0.2 versus ST1, p < 0.0001; BTW versus ST2, p < 336 

0.0001; Figure 4B), it was, however, slightly increased relative to the control locations in the 30° 337 

condition (BTW versus CTRL, p = 0.0010). 338 

 339 

In order to disentangle whether visual attention is obligatorily deployed at the endpoint of 340 

saccades, we analyzed visual sensitivity at all locations as a function of the saccade landing 341 

direction (see step 6.3 in the protocol). Crucially, the specific saccade landing distribution 342 

observed in the 30° condition of this protocol made it possible to analyze the deployment of 343 

visual attention before saccades associated with spatially distinct endpoints in response to 344 

identical visual input. More specifically, by analyzing visual sensitivity before averaging saccades, 345 

we could determine whether or not attention shifts towards the endpoint of saccades even when 346 

it does not spatially coincide with a saccade goal. We observed that visual sensitivity was 347 

significantly enhanced at the endpoint of accurate saccades in both the 90° (ST1+2 saccaded: d’ = 348 

3.0 ± 0.4 versus ST1+2 non-saccaded: d’ = 1.7 ± 0.4, p < 0.0001; Figure 4E) and the 30° (ST1+2 349 

saccaded: d’ = 2.7 ± 0.4 versus ST1+2 non-saccaded: d’ = 2.0 ± 0.3, p = 0.0080; Figure 4F) condition. 350 

In contrast, before averaging saccades, visual sensitivity was not enhanced at the saccade 351 

endpoint but slightly reduced (BTW saccaded: d’ = 0.4 ± 0.2 versus BTW non-saccaded: d’ = 0.7 ± 352 



   

   

0.2, p < 0.0001; Figure 4F). Thus, visual attention was not obligatorily shifted towards the 353 

endpoint of the upcoming saccade. Interestingly, averaging saccades were associated with an 354 

equal enhancement of visual sensitivity at the two surrounding saccade targets (ST1: d’ = 2.2 ± 355 

0.4 versus ST2: d’ = 2.2 ± 0.4, p = 0.8402; Figure 4D), suggesting that attentional selection among 356 

the saccade targets was not readily resolved before the onset of averaging saccades.  357 

 358 

To further evaluate a potential correlate of attentional selection before averaging saccades, data 359 

were analyzed as a function of the landing direction of corrective saccades, which can be 360 

frequently observed upon the execution of averaging saccades. We did not observe a significant 361 

benefit at the endpoint of corrective saccades following an averaging saccade (corrective saccade 362 

directed towards ST1+2: d’ = 2.8 ± 0.5 versus corrective saccade not directed towards ST1+2: d’ = 363 

2.5 ± 0.8, p = 0.68300; Figure 5C), which supports the interpretation that attentional selection 364 

was not resolved before averaging saccades. 365 

 366 

FIGURE AND TABLE LEGENDS: 367 

 368 

Figure 1. Instructions as presented to the participants. Visualization of the experimental 369 

instructions as presented to the participants at the beginning of each block. 370 

 371 

Figure 2. Experimental procedure and normalized saccade landing frequency maps. A. Stimulus 372 

timing and display. Participants prepared a saccade from the fixation target (FT) to one of the 373 

two potential saccade targets (ST1 and ST2), presented simultaneously at two randomly chosen 374 

stimulus streams with an inter-target angular distance of either 90° (top panels) or 30° (bottom 375 

panels). The saccade targets were either shown continuously (cST1+2) or transiently (tST1+2). 376 

Stimulus streams could either be distractor streams (DS), composed of alternating vertical Gabors 377 

and masks (40 Hz) or discrimination target streams (DTS) which included the presentation of a 378 

brief discrimination target (DT, 25 ms), a clockwise or counterclockwise tilted Gabor, shown 379 

between 75 and 175 ms after the saccade targets onset. Participants saccaded towards one of 380 

the saccade targets and had to report the orientation of the discrimination target, appearing 381 

randomly at one of the 24 stimulus stream locations. Note that stimuli are sketched in order to 382 

increase their visibility. Actual stimuli match those shown in the stimulus streams depiction. B. 383 

Normalized saccade landing frequency maps averaged across participants (n=10) for the 90° (top) 384 

and 30° (bottom) conditions (collapsed across the transient and continuous ST presentation). This 385 

figure has been reprinted from Wollenberg et al. (2018)23. 386 

 387 

Figure 3. Saccade metrics. A-B. Circular plots show the averaged frequency distribution of the 388 

saccade landing direction binned in evenly distributed angular sectors of 5°, in the 90° (A) and 30 389 

° conditions (B). Stimulus configuration is rotated as to align the two saccade targets 390 

symmetrically around the geometrical angle zero (see central insets). C-D. Bar graphs illustrate 391 

averaged frequency of trials as a function of the saccade landing direction binned in 24 evenly 392 

distributed angular sectors of 15°. Data are shown for the three positions of interest (ST1, BTW 393 

and ST2) in the 90° (C) and 30° conditions (D). E-H. Averaged saccade latency (E, F) and amplitude 394 

(G, H) observed for the same three positions of interest in the 90° (E, G) and 30° conditions (F, 395 

H). All data are shown irrespective of the duration (continuously or transiently) of the saccade 396 



   

   

targets. Light gray areas and error bars represent SEM. Polar plot black lines and corresponding 397 

light gray areas show linear interpolation between data points. This figure has been reprinted 398 

from Wollenberg et al. (2018)23. 399 

 400 

Figure 4. Visual sensitivity. A-B. Circular plots show averaged visual sensitivity (d’) as a function 401 

of the DT position in the 90° (A) and 30° conditions (B), irrespective of the duration of the saccade 402 

targets and across all saccade directions observed. Bar graphs illustrate visual sensitivity for four 403 

positions of interest (ST1, BTW, ST2, CTRL). C-D. Visual sensitivity as a function of the DT position 404 

relative to the saccade landing direction in the 90° (C) and 30° conditions (D), irrespective of the 405 

duration of the saccade targets (blue: saccade to ST1; green: saccade to BTW; red: saccade to 406 

ST2). For each saccade direction, we took the average sensitivity for each discrimination target 407 

location. For example, the blue line plots visual sensitivity when saccades were made towards 408 

ST1 and the discrimination target was either at ST1 (+15° on the polar plot), BTW (15° 409 

counterclockwise to ST1; 0° on the polar plot) or ST2 (30° counterclockwise to ST1; + 345° on the 410 

polar plot), and so on. E-F. Bar graphs illustrate sensitivity observed for DT shown at the saccaded 411 

(purple: e.g., DT at ST1 and saccade to ST1) and the non-saccaded positions (light-purple: e.g. DT 412 

at ST1 and saccade to ST2 or BTW) in the 90° (E) and the 30° (F) conditions. Conventions are as in 413 

Figure 3. This figure has been reprinted from Wollenberg et al. (2018)23. 414 

 415 

Figure 5. Corrective saccades. A. Circular plot shows averaged frequency distribution of the 416 

corrective saccade landing direction following an averaging saccade. B. The bar graph illustrates 417 

averaged frequency of trials as a function of the corrective saccade landing direction following 418 

an averaging saccade for three positions of interest (ST1, BTW and ST2). C. The bar graph 419 

illustrates visual sensitivity as a function of the direction of the first corrective saccade for all 420 

trials in which an averaging saccade was executed. Purple bars show visual sensitivity for trials in 421 

which the corrective saccade was directed towards the location at which the DT appeared (e.g. 422 

DT at ST1 and corrective saccade towards ST1). Light purple bars show visual sensitivity for trials 423 

in which the corrective saccade was directed towards a different location than the location at 424 

which the DT appeared (e.g. DT at ST1 and corrective saccade towards ST2 or BTW). Conventions 425 

are as in Figure 3-4. This figure has been reprinted from Wollenberg et al. (2018)23. 426 

 427 

DISCUSSION: 428 

This experimental protocol employed the concurrent assessment of gaze behavior and 429 

presaccadic visual sensitivity in a free choice saccade task. It allowed us to analyze whether visual 430 

attention is indeed obligatorily coupled to oculomotor programming at the behavioral level and 431 

therefore systematically deployed at the endpoint of saccades. Two saccade targets were 432 

presented in the close proximity (30°) on half of the trials in which we observed a distinct global 433 

effect, reflected in a saccade landing distribution consisting of both, accurate and averaging 434 

saccades. To conclude on the spatial coupling between visual attention and the saccadic 435 

endpoint, visual sensitivity was analyzed and compared across different locations as a function 436 

of the saccade landing direction. While we observed a consistent and selective enhancement of 437 

visual sensitivity at the endpoint of accurate saccades, visual sensitivity was not enhanced at the 438 

endpoint of averaging saccades. Rather, visual sensitivity was equally facilitated at the two 439 

saccade targets before the execution of averaging saccades, suggesting that saccade averaging 440 



   

   

arises from unresolved attentional selection among the saccade targets. Our results, therefore, 441 

demonstrate that visual attention is not obligatorily deployed at the endpoint of the executed 442 

oculomotor program. A corrective saccade analysis, which demonstrated that the even 443 

deployment of visual sensitivity across two saccade targets before averaging saccades did not 444 

systematically vary as a function the corrective saccade direction, further confirmed this 445 

interpretation. In this regard, our data are consistent with a recent model by Zirnsak et al.25 which 446 

assumes a target selection process that gradually builds up over time.  447 

 448 

Importantly, our protocol differs from other behavioral studies that reported evidence for a 449 

dissociation between attention and saccades in several aspects. While some studies based their 450 

conclusion on saccadic reaction times14,15,16, we used a direct measure of visual spatial attention, 451 

namely visual sensitivity during saccade preparation. The specific parameters used throughout 452 

this protocol were effective in replicating the classical presaccadic shift of attention8,9 as evident 453 

in the consistent enhancement of visual sensitivity at the endpoint of accurate saccades. Thus, 454 

the protocol allowed for reliable detection of systematic modulations of visual attention specific 455 

to saccade preparation. This is an important prerequisite to validly interpret presaccadic 456 

attentional effects, and in particular, the observed absence of attentional enhancement at the 457 

endpoint of averaging saccades. 458 

 459 

A central and distinct aspect of this protocol was the random presentation of the discrimination 460 

target among various locations. Thereby, we could sample visual sensitivity across the entire 461 

visual field, which consequently allowed us to not only determine whether attention is facilitated 462 

at the endpoint of saccades but also to investigate the spread of attention around this area 463 

including adjacent locations. The discrete allocation of attention at the two saccade targets 464 

(limited to less than ~2.6°, the distance between two of our adjacent stimuli) we observed before 465 

averaging saccades contradicts an early account which suggested that averaging saccades may 466 

reflect a coarse processing of the visual scene17 and argues for an enhancement of local rather 467 

than global visual information processing. Further, the random presentation of the discrimination 468 

target rendered its location completely unpredictable to participants. Thus, our protocol 469 

generally facilitated an even deployment of visual attention across the visual field with respect 470 

to the discrimination task. We consider this fact important with regard to any potential 471 

attentional effects and conclusions related to saccade preparation. 472 

 473 

However, since eye movements are not typically performed while trying to discriminate stimuli 474 

across the entire visual field in natural vision, the results obtained in this protocol can not 475 

unrestrictedly account for oculomotor behavior in every day life. Furthermore, the oculomotor 476 

task did inevitably bias the deployment of attention via the saccade target cueing. The saccade 477 

targets did not only introduce relevant oculomotor goals but also salient exogenous cues that 478 

likely attracted attention. Thus, it is possible that visual discrimination performance at the 479 

intermediate location was generally deteriorated due to some masking elicited by the two 480 

surrounding saccade targets. In order to decrease the impact of the saccade targets with respect 481 

to discrimination performance at the intermediate location and to evaluate potential masking 482 

effects, we decided to present the saccade targets only transiently (for 50 ms) instead of 483 

continuously (until the trial end) on half of the trials. Consequently, even though both cueing 484 



   

   

conditions introduced visual onsets at the saccade target locations, the saccade targets had 485 

always disappeared before the onset of the discrimination target in the transient cueing 486 

condition. While the majority of results were very consistent across both cueing conditions and 487 

were therefore combined in the final analysis, we indeed observed an indication of a masking 488 

effect in the continuous cueing condition relative to the transient cueing condition. Overall, 489 

irrespective of the saccade direction, visual sensitivity at the intermediate location was slightly 490 

decreased in the continuous compared to the transient cueing condition. Given the notion that 491 

transient saccade target cueing apparently minimizes masking of the intermediate location while 492 

still being effective in eliciting averaging saccades, future studies using a protocol similar to ours 493 

should consider employing transient cueing of targets. Despite our efforts to minimize masking 494 

effects via the transient cueing of targets, we can not rule out that the transient cueing still 495 

introduced a forward masking effect, which might potentially account for the poor discrimination 496 

performance at the intermediate location to some extent. 497 

 498 

Taken together, our protocol allowed to directly address the coupling between visual attention 499 

and oculomotor programming, and to reveal a distinct spatial dissociation between attention and 500 

the endpoint of averaging saccades at the behavioral level. Our results argue against a mandatory 501 

coupling between visual attention and oculomotor programming suggested in the premotor 502 

theory of attention. Future studies should employ paradigms including concurrent 503 

neurophysiological recordings within areas such as the FEF and SC to further resolve the coupling 504 

between visual attention and oculomotor programming. 505 
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4. Retention of Rights in Article. Notwithstanding 
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Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
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teaching classes, and to post a copy of the Article on the 
Institution’s website or the Author’s personal website, in 
each case provided that a link to the Article on the JoVE 
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all rights of any nature, including, without limitation, all 
copyrights, in and to the Video. To the extent that, by law, 
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rights granted hereunder shall be limited to the maximum 

rights permitted under such statute. In such case, all 
provisions contained herein that are not in conflict with 
such statute shall remain in full force and effect, and all 
provisions contained herein that do so conflict shall be 
deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 
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rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under 
all applicable privacy, likeness, personality or similar laws. 
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warrants that the Article is original, that it has not been 
published, that the copyright interest is owned by the 
Author (or, if more than one author is listed at the beginning 
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been assigned, licensed, or otherwise transferred to any 
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entered into a separate Article and Video License 
Agreement with JoVE relating to the Materials, the Author 
represents and warrants that the Author has been 
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them 
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private 
performance or display, and/or modification of all or any 
portion of the Materials does not and will not violate, 
infringe and/or misappropriate the patent, trademark, 
intellectual property or other rights of any third party. The 
Author represents and warrants that it has and will 
continue to comply with all government, institutional and 
other regulations, including, without limitation all 
institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy, and all other rules, regulations, 
laws, procedures or guidelines, applicable to the Materials, 
and that all research involving human and animal subjects 
has been approved by the Author's relevant institutional 
review board. 
11. JoVE Discretion. If the Author requests the 
assistance of JoVE in producing the Video in the Author’s 
facility, the Author shall ensure that the presence of JoVE 
employees, agents or independent contractors is in 
accordance with the relevant regulations of the Author's 
institution. If more than one author is listed at the 
beginning of this Agreement, JoVE may, in its sole 
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discretion, elect not take any action with respect to the 
Article until such time as it has received complete, executed 
Article and Video License Agreements from each such 
author. JoVE reserves the right, in its absolute and sole 
discretion and without giving any reason therefore, to 
accept or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of 
the Author’s institution as necessary to make the Video, 
whether actually published or not. JoVE has sole discretion 
as to the method of making and publishing the Materials, 
including, without limitation, to all decisions regarding 
editing, lighting, filming, timing of publication, if any, 
length, quality, content and the like.  
12. Indemnification. The Author agrees to indemnify 
JoVE and/or its successors and assigns from and against any 
and all claims, costs, and expenses, including attorney’s 
fees, arising out of any breach of any warranty or other 
representations contained herein. The Author further 
agrees to indemnify and hold harmless JoVE from and 
against any and all claims, costs, and expenses, including 
attorney’s fees, resulting from the breach by the Author of 
any representation or warranty contained herein or from 
allegations or instances of violation of intellectual property 
rights, damage to the Author’s or the Author’s institution’s 
facilities, fraud, libel, defamation, research, equipment, 
experiments, property damage, personal injury, violations 
of institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy or other rules, regulations, laws, 
procedures or guidelines, liabilities and other losses or 
damages related in any way to the submission of work to 
JoVE, making of videos by JoVE, or publication in JoVE or 
elsewhere by JoVE. The Author shall be responsible for, and 
shall hold JoVE harmless from, damages caused by lack of 
sterilization, lack of cleanliness or by contamination due to 

the making of a video by JoVE its employees, agents or 
independent contractors. All sterilization, cleanliness or 
decontamination procedures shall be solely the 
responsibility of the Author and shall be undertaken at the 
Author’s expense. All indemnifications provided herein 
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highlighted text. 

Rebuttal Letter Click here to access/download;Rebuttal Letter;Reply to
Editorial Comments_Luca Wollenberg.docx

https://www.editorialmanager.com/jove/download.aspx?id=950503&guid=048506f5-ed0d-4f14-a138-c01506d40e44&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=950503&guid=048506f5-ed0d-4f14-a138-c01506d40e44&scheme=1


The copyright permission to reuse figures from our previous publication is specified in 
the journal (PLOS Biology) policies (open access under the terms of Creative 
Commons Attribution License) as well as in the online publication itself: 
 
- https://journals.plos.org/plosbiology/s/accepted-manuscripts 
 
- https://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.2006548 

 

Supplemental File (Figures, Permissions, etc.) Click here to access/download;Supplemental File (Figures,
Permissions, etc.);copyright permission_Wollenberg.docx

https://www.editorialmanager.com/jove/download.aspx?id=950554&guid=b250715d-7e1b-44c1-8d56-0a4721817416&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=950554&guid=b250715d-7e1b-44c1-8d56-0a4721817416&scheme=1


  

Video or Animated Figure

Click here to access/download
Supplemental Coding Files

Video_Exemplary Trial_Luca Wollenberg.mp4

https://www.editorialmanager.com/jove/download.aspx?id=950505&guid=6cd98fac-0d53-4127-9ad7-82d58c68532e&scheme=1


  

Supplemental Coding Files

Click here to access/download
Supplemental Coding Files

Experimental Code_Repository Link_Luca
Wollenberg.docx

https://www.editorialmanager.com/jove/download.aspx?id=950504&guid=8ec3373a-3074-44db-acec-7165eb856a4c&scheme=1

