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 2 

Abstract 29 

 30 

Ocular posi?on driXs during gaze ûxa?on are generally considered to be random walks. 31 

However, we recently iden?ûed a short-latency ocular posi?on driX response, of 32 

approximately 1 min arc amplitude, that is triggered within <100 ms by visual onsets. This 33 

systema?c eye movement response is feature-tuned and seems to be coordinated with a 34 

simultaneous resedng of the saccadic system by visual s?muli. However, much remains to 35 

be learned about the driX response, especially for designing be8er-informed 36 

neurophysiological experiments unraveling its mechanis?c substrates. Here we 37 

systema?cally tested mul?ple new feature tuning proper?es of driX responses. Using highly 38 

precise eye tracking in three male rhesus macaque monkeys, we found that driX responses 39 

s?ll occur for ?ny foveal visual s?muli. Moreover, the responses exhibit size tuning, scaling 40 

their amplitude as a func?on of s?mulus size, and they also possess a monotonically 41 

increasing contrast sensi?vity curve. Importantly, short-latency driX responses s?ll occur for 42 

small peripheral visual targets, which addi?onally introduce spa?ally-directed modula?ons 43 

in driX trajectories towards the appearing peripheral s?muli. DriX responses also remain 44 

predominantly upward even for s?muli exclusively located in the lower visual ûeld, and even 45 

when star?ng gaze posi?on is upward. When we checked the ?ming of driX responses, we 46 

found that it was be8er synchronized to s?mulus-induced saccadic inhibi?on ?ming than to 47 

s?mulus onset. These results, along with a suppression of driX response amplitudes by peri-48 

s?mulus saccades, suggest that driX responses reûect the rapid impacts of short-latency and 49 

feature-tuned visual neural ac?vity on ûnal oculomotor control circuitry in the brain. 50 

 51 

 52 

Signiûcance 53 

 54 

During gaze ûxa?on, the eye driXs slowly in between microsaccades. While eye posi?on 55 

driXs are generally considered to be random eye movements, we recently found that they 56 

are modulated with very short latencies by some s?mulus onsets. Here we characterized the 57 

feature-tuning proper?es of such s?mulus-driven driX responses. Our results demonstrate 58 

that driX eye movements are not random, and that visual s?muli can impact them in a 59 

manner similar to how such s?muli impact microsaccades. 60 

 61 

 62 

Keywords 63 

 64 

Ocular posi?on driXs; ûxa?onal eye movements; saccadic inhibi?on; contrast sensi?vity; 65 

s?mulus size 66 

 67 
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Introduc+on 69 

 70 

The eye is never completely s?ll during gaze ûxa?on (Barlow, 1952; Steinman et al., 1967; 71 

Steinman et al., 1973), resul?ng in subtle, but con?nuous, altera?ons of the re?nal image 72 

streams entering the visual system. Two primary components of ûxa?onal eye movements 73 

are microsaccades and slow ocular posi?on driXs (Fig. 1A). While the neural control of 74 

microsaccades is rela?vely well established (Krauzlis et al., 2017; Hafed et al., 2021a), that of 75 

ocular posi?on driXs is less understood. Moreover, the ways with which external sensory 76 

transients interact with these two types of eye movements are not fully inves?gated. 77 

 78 

For microsaccades, visual transients in the environment rapidly reset the oculomotor 79 

rhythm, causing microsaccadic inhibi?on (Engbert and Kliegl, 2003; Hafed et al., 2021b; 80 

Buonocore and Hafed, 2023), and giving rise to important implica?ons on subsequent 81 

perceptual performance and visual neural sensi?vity (Hafed et al., 2015). Moreover, such 82 

inhibi?on is feature-tuned, altering its ?me course and strength as a func?on of the 83 

appearing visual pa8erns (Khademi et al., 2023). This likely reûects the tuning proper?es of 84 

visually-sensi?ve neurons media?ng microsaccadic inhibi?on (Buonocore and Hafed, 2023). 85 

 86 

For driXs, we recently found that certain visual s?muli robustly trigger a short-latency 87 

change in driX sta?s?cs, which we refer to here as the driX response (Malevich et al., 2020). 88 

This response is characterized by a small predominantly upward displacement, superseding 89 

the ongoing driX direc?on, and being much slower than even the slowest microsaccades. 90 

For example, in Fig. 1B, aligning all eye posi?on epochs at the ?me of s?mulus onset reveals 91 

a predominantly rightward driX trajectory prior to s?mulus onset; this rightward driX was 92 

momentarily transformed into a predominantly upward driX pulse within less than 100 ms 93 

aXer s?mulus onset, with an even smaller downward component just prior to that (Fig. 1B, 94 

C) (Malevich et al., 2020). 95 

 96 

Our previous work revealed that the driX response occurred when we presented rela?vely 97 

large s?muli (Malevich et al., 2020). We also found that this driX response, much like 98 

saccadic inhibi?on (Khademi et al., 2023), is feature-tuned. Speciûcally, it was stronger for 99 

low spa?al frequency pa8erns, as well as for certain gra?ng orienta?ons (Malevich et al., 100 

2020). However, understanding the full mechanisms underlying the driX response requires 101 

much deeper characteriza?on of this response9s func?onal proper?es. For example, might 102 

such a driX response s?ll occur for small visual s?muli, just like microsaccades can be 103 

aûected by small eccentric targets (Hafed and Clark, 2002; Engbert and Kliegl, 2003)? And, 104 

would the predominantly upward nature of the driX response change if we only presented 105 

lower visual ûeld s?muli rather than s?muli spanning both sides of the re?notopic horizon? 106 

 107 

 108 

 109 

 110 
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   111 
Figure 1 S*mulus-driven ocular posi*on dri6 responses. (A) Accurate gaze ûxa-on is characterized by two 112 
prominent features: (1) microsaccades occur occasionally to re-align the line of sight (red); and (2) the eye driBs 113 
con-nuously with slow speeds in between saccades and microsaccades (black). (B) We recently found (Malevich 114 
et al., 2020) that large s-mulus onsets result in a short-latency change in ocular posi-on driB sta-s-cs, primarily 115 
marked by a small upward devia-on in eye posi-on (although an earlier, even smaller, downward movement 116 
component jumpstarts the whole response sequence). The ûgure shows average horizontal and ver-cal eye 117 
posi-ons (surrounded by SEM ranges; n = 882 trials) from an example condi-on and an example monkey (A) 118 
from Experiment 1 of the current study, replica-ng (Malevich et al., 2020). Posi-ve deûec-ons in each curve 119 
indicate rightward and upward eye posi-on devia-ons, respec-vely, and the data across trials were ûrst aligned 120 
to eye posi-on at -me zero before averaging (Malevich et al., 2020) (Materials and Methods). As can be seen, 121 
the monkey exhibited rightward pre-s-mulus driBs; aBer s-mulus onset, there was a predominantly upward driB 122 
response, which was accompanied by a small leBward component to it. The upward driB response was also 123 
preceded by a much smaller and shorter-lived downward eye posi-on devia-on, although we primarily focus 124 
here on the overall upward nature of the whole response sequence. (C) Horizontal and ver-cal eye velocity 125 
curves (surrounded by SEM ranges) from the same trials as in B. The s-mulus-driven driB response was 126 
predominantly upward. Shaded regions on the x-axis indicate our measurement intervals of baseline (pre-127 
s-mulus) and post-s-mulus eye veloci-es, for use in our summary sta-s-cs in the remainder of this ar-cle. 128 

 129 

 130 

 131 

Here we answered these, and other, ques?ons, and we laid down a rich founda?on for 132 

tes?ng the neurophysiological underpinnings of not only the driX response, but also of the 133 

coordina?on between mul?ple types of ûxa?onal and targe?ng eye movements with 134 

external sensory events. We ûrst found that the driX response is size-tuned, and can s?ll 135 

happen for ?ny, foveal visual s?muli. We also characterized the contrast sensi?vity of the 136 

driX response, as well as its modula?on by small peripheral visual targets. Interes?ngly, and 137 

unlike our expecta?on (Malevich et al., 2020) that the driX response might reûect the 138 

preference of the superior colliculus (SC) for the upper visual ûeld (Hafed and Chen, 2016; 139 

Fracasso et al., 2023), we found that the driX response is s?ll predominantly upward even 140 

for s?muli below the horizon. Finally, we characterized the temporal coordina?on between 141 

microsaccades and the driX response, as well as the altera?on of the driX response 142 

magnitude by the occurrence of peri-s?mulus microsaccades, mimicking the classic 143 

phenomenon of saccadic suppression (Zuber and Stark, 1966; Beeler, 1967; Hafed and 144 

Krauzlis, 2010; Idrees et al., 2020). 145 

 146 

Our results demonstrate that the <lens= through which the oculomotor system processes 147 

visual scenes may be similar for dicta?ng the visual feature tuning proper?es of both 148 

saccadic inhibi?on (Khademi et al., 2023) and driX responses, and that these two ubiquitous 149 

eye movement phenomena likely arise from a common underlying source.  150 
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Materials and methods 151 

 152 

Experimental animals and ethical approvals 153 

We collected data from three adult, male rhesus macaque monkeys (macaca mula'a), 154 

referred to here as A, F, and M, respec?vely. The monkeys were aged 7-14 years, and they 155 

weighed 9.5-12.5 kg. All experiments were approved by ethics commi8ees at the regional 156 

governmental oûces of the city of Tübingen. 157 

 158 

 159 

Laboratory setup and animal procedures 160 

Some experiments involved analysis of ocular posi?on driXs from our recent study, which 161 

only focused on saccades (Khademi et al., 2023). Other experiments were run speciûcally for 162 

the purposes of the current study, but in the same experimental setups as in (Khademi et al., 163 

2023). The reader is referred to our recent publica?on for details on our laboratory 164 

equipment (Khademi et al., 2023). Brieûy, we used precise eye tracking, using the scleral 165 

search coil technique (Robinson, 1963; Fuchs and Robinson, 1966; Judge et al., 1980), and a 166 

real-?me experimental control system based on PLDAPS (Eastman and Huk, 2012) and the 167 

Psychophysics Toolbox (Brainard, 1997; Pelli, 1997; Kleiner et al., 2007). The monkeys had 168 

their heads stabilized during the experiments, and they watched s?muli on a computer-169 

controlled display in front of them. The display size was spanning approximately 31 deg 170 

horizontally and 23 deg ver?cally, and the experimental room was otherwise dark. 171 

 172 

 173 

Experimental procedures 174 

The experiments all involved gaze ûxa?on, and we analyzed ûxa?onal eye movements. The 175 

experimental procedures were described in detail recently (Khademi et al., 2023). In brief, 176 

the monkeys ûxated a small, sta?onary ûxa?on spot presented over a gray background (of 177 

luminance 26.11 or 36.5 cd/m2). At a random ?me during ûxa?on, a single-frame ûash (~12 178 

or ~7-8 ms) was presented. Across trials and experiments, the ûash could have diûerent 179 

feature proper?es (for example, full-screen ûash or small, localized target, and so on). In 180 

what follows, we describe the experiment-speciûc details, explaining what image features 181 

the brief ûashes had in the diûerent experiments. 182 

 183 

Experiment 1: Size tuning 184 

This experiment was the same as that used recently (Khademi et al., 2023). In that study, we 185 

analyzed the saccades that took place around s?mulus onset. In the current study, we 186 

analyzed ocular posi?on driXs (in saccade-free epochs), as well as saccade-driX interac?ons, 187 

as we describe in more detail below. 188 

 189 

The s?mulus ûash in this experiment consisted of a black circle of diûerent radii across trials. 190 

The range of sizes tested included s?muli approximately as small as the ûxa?on spot (0.09 191 

deg radius), s?muli approximately as large as the en?re display (9.12 deg radius), and s?muli 192 

with sizes in between these two extremes. Moreover, the numbers of trials collected were 193 

the same as those reported in (Khademi et al., 2023). 194 

 195 
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For the numbers of trials that were analyzed, these depended on whether we picked driX 196 

response trials (saccade-free) or trials with peri-s?mulus microsaccades (see Data Analysis 197 

below for details). For example, as we describe in more detail below, for some analyses, we 198 

only considered trials in which there were no microsaccades in the interval from -100 ms to 199 

200 ms rela?ve to s?mulus onset, and in some other analyses, we considered trials with 200 

microsaccades happening in the ûnal 100 ms before s?mulus onset, and so on. That is why 201 

we document the speciûc numbers of trials included in the analyses of each ûgure shown in 202 

Results separately. 203 

 204 

Experiment 2: Contrast sensi9vity with full-screen s9muli 205 

This experiment was again the same as that used recently (Khademi et al., 2023). Brieûy, the 206 

s?mulus onset could be a full-screen ûash having one of ûve diûerent Weber contrasts (5%, 207 

10%, 20%, 40%, or 80%). Once again, we analyzed saccade-free driX response trials as well 208 

as trials having saccades within speciûc ?me intervals rela?ve to s?mulus onset (see Data 209 

Analysis below for more details). For each analysis, the numbers of trials included are 210 

documented individually in Results. DriX-only (saccade-free) trials were not analyzed 211 

previously in (Khademi et al., 2023). 212 

 213 

Experiment 3: Upper and lower visual ûeld s9muli 214 

This experiment was collected speciûcally for this study (as well as related ongoing 215 

neurophysiological experiments). The general trial sequence was the same as that in the 216 

above two experiments. Speciûcally, the monkeys ûxated a central spot. AXer a random 217 

?me, one of ûve diûerent events took place, depending on the trial type. The ûrst trial type 218 

was just a sham condi?on: no s?mulus display update occurred at all, but we just used the 219 

sham event in the data ûle to study baseline driX trajectories and compare them to 220 

trajectories with a real s?mulus. The second trial type had the s?mulus being a 1 deg x 1 deg 221 

black square that was ûashed for a single display frame. The loca?on of the ûash was 222 

somewhere in the periphery rela?ve to the central ûxa?on spot (approximately 3.5-11 deg), 223 

but this loca?on was constant within a given session. This loca?on was typically dictated by 224 

the loca?ons of recep?ve ûelds of neurons that we were recording simultaneously for other 225 

purposes, since this task was typically run while we recorded SC and/or primary visual cortex 226 

ac?vity. The third trial type was a 100% black full-screen ûash (again with a dura?on of a 227 

single frame). Here, the s?mulus was basically similar to the s?muli used in Experiment 2 228 

above. And, ûnally, the fourth and ûXh trial types were half-screen ûashes. Speciûcally, we 229 

split the screen in half along the ver?cal dimension. In one condi?on, the ûash was only in 230 

the upper half of the screen (above the midline deûned by the ver?cal posi?on of the 231 

ûxa?on spot), and in another condi?on, the ûash was only in the lower half of the screen. 232 

 233 

We typically ran this task in daily blocks of approximately 100-500 trials per session, and we 234 

collected a total of 7524, 7521, and 7495 trials in monkeys A, F, and M, respec?vely. This 235 

resulted in 72-1208 trials per condi?on per animal for the saccade-free driX response 236 

analyses (like in Fig. 1B, C). 237 

 238 

Experiment 4: Small, localized s9muli across diûerent visual ûeld direc9ons 239 

Because the loca?ons of the small s?muli used in Experiment 3 were dictated by other 240 

experimental constraints (such as recep?ve ûeld loca?ons), we ran an addi?onal experiment 241 

in which we sampled eccentric loca?ons more evenly. Speciûcally, the experiment consisted 242 
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of the transient ûash being a 1 deg x 1 deg black square at a 7.9 deg eccentricity from the 243 

display center. The square could appear in one of 8 equally spaced direc?ons, thus covering 244 

both right and leX as well as up and down visual ûeld loca?ons. The ûash loca?on was 245 

randomly interleaved across trials. 246 

 247 

We typically ran this task in daily blocks of 310-900 trials per session, and we collected a 248 

total of 5961, 4357, and 6048 trials in monkeys A, F, and M, respec?vely. This resulted in 65-249 

383 analyzed trials per loca?on per animal for the basic saccade-free driX response analyses. 250 

We typically pooled mul?ple loca?ons for a given analysis, as we describe below, in order to 251 

increase sta?s?cal conûdence in the results. Once again, all numbers of trials are 252 

documented in appropriate sec?ons of Results. 253 

 254 

Experiment 5: Gaze posi9on 255 

This task was the same as that in Experiment 2 above, with only one diûerence. Across 256 

sessions, the ûxa?on spot could be at 4 deg to the right, leX, up, and down rela?ve to the 257 

display center. This task, therefore, allowed us to test whether the driX response (Fig. 1B, C) 258 

was substan?ally diûerent if the star?ng gaze posi?on of the eye was diûerent. 259 

 260 

We ran 4 sessions of this task in monkey A, collec?ng a total of 2206 trials. This resulted in 261 

500-602 analyzed trials per eye posi?on for the basic saccade-free driX response analyses. 262 

 263 

 264 

Data analysis 265 

All saccades were analyzed as described recently (Khademi et al., 2023). Brieûy, we detected 266 

saccades of all sizes using our established methods (Chen and Hafed, 2013; Bellet et al., 267 

2019), and we included all detected saccades that took place around s?mulus onset. This 268 

allowed us to es?mate saccadic inhibi?on latency using the L50 parameter (Reingold and 269 

Stampe, 2002, 2004; Rolfs et al., 2008; Khademi et al., 2023). Simply put, this parameter 270 

describes when the saccade rate curve drops by 50% of the dynamic range between pre-271 

s?mulus (baseline) saccade rate and the minimum saccade rate during saccadic inhibi?on. 272 

The reader is referred to our detailed descrip?on of this parameter in (Khademi et al., 2023). 273 

We es?mated saccade rate using the method described in (Khademi et al., 2023): brieûy, we 274 

calculated saccade onset likelihood within 50 ms moving windows that were stepped in ?me 275 

by 1 ms steps, and we did this on a per-trial basis; across-trial average rates were then 276 

obtained in order to calculate L50 from the global saccade rate. While we acknowledge that 277 

there might be other means to es?mate the latency of saccadic inhibi?on (Bompas et al., 278 

2023), we used L50 because of its consistent use in other studies (Reingold and Stampe, 279 

2002, 2004; Rolfs et al., 2008; Khademi et al., 2023), and also because it does a good job in 280 

capturing the drop in saccade likelihood across condi?ons (see, for example, Fig. 7 later in 281 

Results). 282 

 283 

To visualize driX responses, we averaged the horizontal and ver?cal eye posi?on traces of a 284 

given animal and condi?on across trial repe??ons. Before such averaging, we realigned each 285 

trace to the posi?on of the eye at the ?me of s?mulus onset (Malevich et al., 2020). This 286 

allowed us to isolate visualiza?on of the driX sta?s?cs despite varia?ons in absolute eye 287 

posi?on at the ?me of s?mulus onset, due to con?nuous ûxa?onal eye movements. We also 288 

visualized driX responses by plodng ver?cal eye velocity traces (e.g. Fig. 1C). We obtained 289 
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these traces using a smooth diûeren?a?ng ûlter (Chen and Hafed, 2013; Malevich et al., 290 

2020) applied to ver?cal eye posi?on on a trial-by-trial basis. We then averaged the 291 

individual trial velocity traces. 292 

 293 

For all analyses characterizing the driX response, we only picked trials without any saccades 294 

in the interval from -100 ms to 200 ms rela?ve to s?mulus onset. This was done for two 295 

reasons: to avoid masking the slow driX responses by large velocity pulses associated with 296 

saccades, and to avoid poten?al peri-saccadic modula?ons in the driX response strength. In 297 

some analyses, we speciûcally wanted to study such peri-saccadic modula?ons, as well as 298 

driX-saccade interac?ons in general. In that case, we replaced all velocity samples that were 299 

part of a saccade with not-a-number (NaN) labels before averaging the eye velocity traces 300 

across trials. 301 

 302 

For summary sta?s?cs, we es?mated the size of the driX response by calcula?ng average 303 

ver?cal eye velocity in a post-s?mulus response interval (70-150 ms; second gray interval on 304 

the x-axis in Fig. 1C) and subtrac?ng from it the baseline ver?cal eye velocity in a pre-305 

s?mulus interval (ûrst gray interval on the x-axis in Fig. 1C). We did this on a trial-by-trial 306 

basis, and we then averaged the diûerence measures across trials for popula?on sta?s?cs. 307 

Note that this velocity diûerence measure could quan?ta?vely be nega?ve, especially in the 308 

cases with weak or non-existent driX responses (Malevich et al., 2020). Note also that we 309 

picked the post-s?mulus response interval (70-150 ms) by inspec?ng driX responses across 310 

many diûerent trials, condi?ons, and animals. While this interval was ûxed for all analyses, it 311 

was long enough to avoid biasing our results in the cases in which the driX response was 312 

rendered a bit earlier or a bit later by speciûc visual feature dimensions. 313 

 314 

For analyzing the impacts of peri-s?mulus saccades on the driX response, we calculated the 315 

response strength measure just described above but now only for trials in which saccade 316 

onsets occurred within a speciûc ?me window rela?ve to s?mulus onset. This ?me window 317 

was deûned by the purposes of the speciûc analysis (see Results). 318 

 319 

Finally, for analyzing eûects of localized ûash loca?ons on driX responses, we some?mes 320 

also measured eye posi?on rather than eye velocity. In this case, we grouped trials according 321 

to whether a ûash was in the right or leX visual ûeld (independent of its ver?cal posi?on), 322 

and we took the diûerence in eye posi?on (aXer aligning all traces at ?me zero like above) 323 

between the two groups of trials in a given post-s?mulus interval. Similarly, we also grouped 324 

trials according to whether a ûash was in the upper or lower visual ûeld (independent of its 325 

horizontal posi?on), and we took the diûerence in eye posi?on between the two groups of 326 

trials (again, aXer all traces were aligned at the ?me of s?mulus onset, like described above). 327 

Using eye posi?on instead of eye velocity in these par?cular analyses allowed us to directly 328 

test whether there were spa?ally-directed modula?ons in driX sta?s?cs that were caused by 329 

eccentric s?mulus onsets (see Results), similar to how eccentric s?mulus onsets can bias 330 

microsaccade direc?ons (Hafed and Clark, 2002; Engbert and Kliegl, 2003). 331 

 332 

Experimental design and sta9s9cal analyses 333 

We always replicated all of our results in three monkeys (except for Experiment 5; see 334 

jus?ûca?on below). Moreover, within each animal, we typically had hundreds to thousands 335 

of trial repe??ons per condi?on (see, for example, Fig. 1). This increased our conûdence in 336 
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our popula?on measures. Our choice of trial numbers to collect was guided by calcula?ng 337 

power es?mates before and during the experimental phases of the study. We also randomly 338 

interleaved all condi?ons in a given experiment, except when we were constrained by the 339 

experimental setup. For example, in Experiment 3, the loca?on of the small, localized ûashes 340 

was constant within a given session, and this was dictated by other factors external to the 341 

study (like recep?ve ûeld loca?ons). However, given the reûexive nature of our driX 342 

responses (see Results and Discussion), this should not have aûected our interpreta?ons in 343 

any substan?al manner. More importantly, we also designed Experiment 4 with randomly 344 

interleaved target loca?ons exactly to compensate for the non-random nature of localized 345 

ûash loca?ons in Experiment 3. 346 

 347 

For Experiment 5, we only ran it in one monkey. However, the results were virtually iden?cal, 348 

in a qualita?ve sense, to everything else that we had tested with the other two animals in 349 

other experiments. As a result, we decided that our conclusions from this experiment were 350 

already convincing. Similarly, we blocked gaze posi?on in this experiment, meaning that we 351 

tested each gaze posi?on condi?on in a block of con?guous trials (as opposed to randomly 352 

changing gaze posi?on from trial to trial). Again, this provided a stronger support for our 353 

conclusions that the driX response remains to be predominantly upward independent of 354 

gaze posi?on (see Results). 355 

 356 

All sta?s?cal tests and outcomes, as well as trial repe??on counts, are detailed in Results. 357 

We also performed sta?s?cal tests for each animal separately. 358 

 359 

  360 
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Results 361 

 362 

We recently found that ocular posi?on driXs can be quite sensi?ve to visual s?mulus onsets, 363 

exhibi?ng short-latency, brief responses (Fig. 1) (Malevich et al., 2020). Here, we performed 364 

extensive addi?onal experiments characterizing the feature tuning proper?es of such 365 

s?mulus-driven driX responses. 366 

 367 

We used three rhesus macaque monkeys as our experimental subjects, and we did so for at 368 

least four reasons. First, we employed highly precise eye tracking in these animals, using the 369 

scleral search coil technique (Robinson, 1963; Fuchs and Robinson, 1966; Judge et al., 1980), 370 

to increase our conûdence in the measurements. Commercial video-based eye trackers 371 

commonly used with human subjects would make measuring these ?ny driX responses very 372 

challenging (Wya8, 2010; Kimmel et al., 2012; Chen and Hafed, 2013; Choe et al., 2016; 373 

Malevich et al., 2020). Second, we could collect several experimental sessions per animal per 374 

condi?on, resul?ng in many trial repe??ons and sta?s?cally robust results across all of our 375 

experimental condi?ons (Materials and Methods). Third, these animals were already used in 376 

our characteriza?on of the closely related phenomenon of saccadic inhibi?on (Khademi et 377 

al., 2023), and we oXen used the very same data for characterizing driX responses here. 378 

Fourth, and most importantly, these animals are part of the ongoing eûorts in our laboratory 379 

to explore the neurophysiological underpinnings of driX responses, which we hope to 380 

document in the near future. 381 

 382 

 383 

The dri9 response exhibits size tuning 384 

In our ûrst experiment, we asked whether the ocular posi?on driX response is parametrically 385 

tuned to the size of the appearing visual s?mulus. In our ini?al characteriza?on of the driX 386 

response (Malevich et al., 2020), we mostly used large visual s?muli (full or half of our 387 

experimental s?mulus displays). This raises the ques?on of how small the visual target needs 388 

to be for the driX response to disappear. We instructed our monkeys to maintain ûxa?on on 389 

a central ûxa?on spot, and we presented a brief ûash of a black circle centered on the 390 

ûxa?on spot (Materials and Methods). The ûash could be approximately as small as the 391 

ûxa?on spot or as large as the en?re display, with intermediate radii in between, and we 392 

analyzed data from the same experiments in which we recently characterized saccadic 393 

inhibi?on as a func?on of s?mulus size (Khademi et al., 2023). The diûerence in the current 394 

study is that we speciûcally focused here on trials in which there were no microsaccades 395 

occurring within the interval between -100 ms and 200 ms from s?mulus onset (Materials 396 

and Methods; also see later for our separate analyses inves?ga?ng interac?ons between 397 

microsaccades and the driX response). 398 

 399 

The smallest foveal visual s?mulus could s?ll evoke a clear driX response. Figure 2A, B 400 

(yellow) shows average horizontal (Fig. 2A) and ver?cal (Fig. 2B) eye posi?on from monkey A 401 

when the smallest visual ûash occurred. In each panel, we always aligned all eye posi?on 402 

traces across trials to the eye posi?on at ?me zero (s?mulus onset), in order to isolate the 403 

impact of the s?mulus event on driX sta?s?cs (despite variable eye posi?ons during gaze 404 

ûxa?on; Materials and Methods) (Malevich et al., 2020). As can be seen, this monkey had a 405 

systema?c rightward driX trajectory before s?mulus onset (Fig. 2A, yellow); that is, the 406 

horizontal eye posi?on curve in Fig. 2A was steadily shiXing upward in the plot (meaning a 407 
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rightward displacement) during the pre-s?mulus interval; the ver?cal eye posi?on curve in 408 

Fig. 2B was more-or-less steady. AXer s?mulus onset, Fig. 2B shows that there was s?ll a 409 

small upward driX response that occurred (not unlike that seen in Fig. 1B, C), despite the 410 

vanishingly small s?mulus size rela?ve to the size of the ûxa?on spot. Such a small upward 411 

driX response was also clearly visible in monkey F (Fig. 2D, E, yellow curves), even though 412 

this monkey had a diûerent pre-s?mulus driX trajectory (which was now predominantly 413 

leXward and downward). In monkey M, the smallest visual s?mulus barely modiûed the 414 

ongoing driX sta?s?cs (Fig. 2G, H, yellow curves), but this monkey also had the fastest pre-415 

s?mulus driX speeds from among all three animals (compare the rates of change in eye 416 

posi?ons during the pre-s?mulus epochs across all panels). This faster baseline driX speed 417 

might have masked any poten?al impacts of the smallest s?mulus size on driX eye 418 

movements in this monkey. Nonetheless, and as we describe next, driX responses were s?ll 419 

clearly visible in this animal for the slightly larger s?mulus radii of only 0.18 or 0.36 deg. 420 

Thus, in all three animals, even the smallest, foveal s?muli could s?ll evoke a reliable, 421 

predominantly upward, driX response. 422 

 423 

The driX response not only occurred for small, foveal s?muli, but its magnitude also 424 

systema?cally depended on s?mulus size. Speciûcally, the remaining curves of Fig. 2A, B, D, 425 

E, G, H show eye posi?on traces from three addi?onal s?mulus sizes that we used in our 426 

experiments, covering s?mulus radii larger than approximately 1 deg. In all cases, the driX 427 

response was rendered larger with larger s?muli. When we now considered all of our tested 428 

s?mulus sizes, we found that in both monkeys A and F, s?mulus sizes beyond a radius of 429 

about 1-2 deg systema?cally, and monotonically, increased the amplitude of the driX 430 

response. In monkey M, this monotonic rela?onship was evident even from the very 431 

smallest s?mulus sizes that we tested, well below 1 deg in radius. This la8er observa?on can 432 

be be8er appreciated from Fig. 2C, F, I, summarizing the rela?onship between driX response 433 

magnitude and s?mulus size. In these panels, and for each animal, we measured the driX 434 

response magnitude like we did in our earlier study (Malevich et al., 2020). Speciûcally, we 435 

took the diûerence in ver?cal eye velocity between two measurement intervals, a s?mulus 436 

response epoch and a pre-s?mulus baseline epoch (gray shaded regions in Fig. 1C; Materials 437 

and Methods). As can be seen from Fig. 2C, F, I, there was clear size tuning of the driX 438 

response magnitude in each animal: monkeys A and F showed a plateau (and even 439 

decreasing rela?onship in monkey A) up to about 1-2 deg, followed by a rise for larger 440 

s?muli; monkey M (generally having signiûcantly faster baseline driX speeds) exhibited a 441 

monotonic increase with s?mulus size, even for s?muli smaller than 1 deg in radius. 442 

 443 

 444 

 445 
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   446 
Figure 2 Size tuning of ocular posi*on dri6 responses. (A) Average horizontal eye posi-on from monkey A for 447 
four example s-mulus sizes (0.09 deg, 1.14 deg, 4.56 deg, and 9.12 deg). Error bars denote SEM, and the numbers 448 
of trials were 827, 804, 927, and 882 for the four s-mulus sizes, respec-vely. Upward deûec-ons in the plot 449 
denote rightward eye posi-on deûec-ons. (B) Average ver-cal eye posi-on from the same trials as in A; error 450 
bars again denote SEM, and upward deûec-ons denote upward eye posi-on deûec-ons. A clear dependence of 451 
the ocular posi-on driB response on s-mulus size can be seen. Note also how the smallest tested s-mulus (0.09 452 
deg) s-ll caused a ver-cal driB response, but its ini-al smaller downward component was missing. (C) Our 453 
measure of the driB response magnitude (average baseline-corrected ver-cal eye velocity in the interval 70-150 454 
ms aBer s-mulus onset; Fig. 1C; Materials and Methods) for all tested s-mulus sizes in monkey A (n = 827, 729, 455 
872, 868, 804, 885, 927, and 882 trials from the smallest to the largest s-mulus size). Error bars denote SEM. (D-456 
F) Similar results for monkey F (n = 223, 219, 235, 266, 308, 339, 350, and 399 trials from the smallest to the 457 
largest s-mulus size). Note how this monkey also showed small transient oscilla-ons in both horizontal and 458 
ver-cal eye posi-ons at the very ini-al phases of the driB response. (G-I) Similar results for monkey M (n = 327, 459 
369, 397, 423, 456, 420, 416, and 405 trials from the smallest to the largest s-mulus size). In all monkeys, the 460 
driB response was size-dependent, and it increased monotonically with sizes beyond 1-2 deg. 461 

 462 

 463 

 464 

We conûrmed the above interpreta?ons sta?s?cally. We performed, within each animal9s 465 

data, a 1-way ANOVA rela?ng driX response magnitude to s?mulus size. In all three 466 

monkeys, there was a signiûcant main eûect of s?mulus size [p<0.0001 for monkeys A, F, and 467 

M; F(7,6856) = 63.23 , F(7,2331) = 57.78 , and F(7,3205) = 50.71 for monkeys A, F, and M, 468 

respec?vely]. Therefore, besides s?ll occurring for ?ny foveal s?muli, the driX response also 469 

clearly exhibits size tuning, which we will later link to the size tuning of saccadic inhibi?on 470 

that we recently characterized in the same experiments (Khademi et al., 2023). 471 

 472 
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It is also interes?ng to note that in all three animals, larger s?mulus sizes also increased the 473 

likelihood of observing a small transient modula?on of eye posi?on right at the very 474 

beginning of the overall driX response. For example, for the largest ûashes, all three 475 

monkeys exhibited a small, but short-lived, downward change in eye posi?on before the 476 

upward driX pulse (Fig. 2B, E, H, largest s?mulus size), and this is similar to the downward 477 

transient that is evident in Fig. 1B. We frequently observed this small transient in our earlier 478 

study as well (Malevich et al., 2020). Monkey F addi?onally showed transient small 479 

oscilla?ons in eye posi?on at the beginning of the driX response for diûerent sizes. 480 

 481 

The larger s?muli in the current experiment addi?onally increased the likelihood that the 482 

upward driX response had a horizontal component to it. For example, monkey A9s upward 483 

driX response for large s?muli was accompanied by a slight leXward trajectory (Fig. 2A), and 484 

monkey M9s upward driX response for large s?muli was accompanied by a rightward 485 

trajectory (Fig. 2G). Once again, we observed such horizontal devia?ons accompanying the 486 

upward driX response in our earlier experiments as well (Malevich et al., 2020). 487 

 488 

Therefore, our results so far demonstrate that the s?mulus-driven ocular posi?on driX 489 

response (Malevich et al., 2020) can s?ll happen for ?ny foveal visual transients, and that 490 

this driX response also exhibits size tuning (Fig. 2). As we will show below in more detail, it is 491 

interes?ng to note how this size tuning might relate to the size tuning of saccadic inhibi?on 492 

(Khademi et al., 2023). 493 

 494 

 495 

The dri9 response is stronger for high contrast s=muli 496 

We next turned our a8en?on to the contrast sensi?vity curve of the driX response. We had 497 

the three monkeys view brief, transient full-screen ûashes while they ûxated their gaze at 498 

the center of the display. Across trials, the ûashes (which were all darker than the 499 

background) could have a diûerent Weber contrast (Materials and Methods). In all three 500 

animals, the driX response magnitude monotonically increased with s?mulus contrast, 501 

increasing quasi-linearly as a func?on of log-contrast. These results can be seen in Fig. 3, 502 

which is organized similarly to Fig. 2. Speciûcally, Fig. 3A, B, D, E, G, H shows horizontal and 503 

ver?cal eye posi?on traces from all three monkeys for three example contrast levels. The 504 

lowest tested contrast (5%; yellow curves) s?ll showed a reliable driX response in all three 505 

monkeys. Moreover, the driX response magnitude increased with increasing contrast. 506 

 507 

To summarize these results, we again calculated the driX response size as described above 508 

(diûerence in ver?cal eye velocity between a response and a baseline epoch; Materials and 509 

Methods), and we plo8ed it as a func?on of s?mulus contrast for each animal. These plots 510 

are shown in Fig. 3C, F, I, and they demonstrate the contrast sensi?vity curve of the driX 511 

response. Sta?s?cally, there was a clear eûect of contrast on driX response magnitude in 512 

each animal [p<0.0001 across all animals; 1-way ANOVA on driX response magnitude as a 513 

func?on of contrast; F(4,3626) = 56.65, F(4, 959) = 46.71, and F(4, 2142) = 45.43 for monkey 514 

A, F, and M, respec?vely]. 515 

 516 

 517 
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   518 
Figure 3 Contrast sensi*vity of ocular posi*on dri6 responses. (A) Average horizontal eye posi-on from monkey 519 
A for three example s-mulus contrasts (5%, 20%, and 80%). Error bars denote SEM, and the numbers of trials 520 
were 689, 739, and 750 for the three contrasts, respec-vely. (B) Average ver-cal eye posi-on from the same 521 
trials as in A (error bars again denote SEM). A clear dependence of the ocular posi-on driB response on contrast 522 
can be seen. (C) Our measure of the driB response magnitude for all tested s-mulus contrasts in monkey A (n = 523 
689, 699, 739, 754, and 750 trials from the lowest to the highest contrast). Error bars denote SEM. (D-F) Similar 524 
results for monkey F (n = 135, 165, 179, 223, and 262 trials from the lowest to the highest contrast). (G-I) Similar 525 
results for monkey M (n = 384, 412, 443, 433, and 475 trials from the lowest to the highest contrast). The ûgure 526 
is otherwise organized as Fig. 2. 527 

 528 

 529 

 530 

Therefore, to the extent that s?mulus-driven neural responses somewhere in the 531 

visual/oculomotor system might mediate short-latency ocular posi?on driX responses 532 

(Malevich et al., 2020), these visual responses are expected to monotonically depend on 533 

s?mulus contrast. Given the short ?me interval between s?mulus onset and the actual eye 534 

movement modula?ons, we hypothesize (Buonocore and Hafed, 2023; Khademi et al., 2023) 535 

that these visual responses that are relevant for the driX response can be observed late in 536 

the oculomotor control circuitry, perhaps even in the brainstem pre-motor network. 537 

 538 

 539 

The dri9 response is predominantly upward even for lower visual ûeld s=muli 540 

Speaking of oculomotor control circuitry, a candidate brain structure possessing short-541 

latency visual responses and having direct access to the oculomotor system is the SC, and it 542 

is also a structure that can contribute to smooth eye movements (Krauzlis et al., 1997; Basso 543 
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et al., 2000; Krauzlis et al., 2000; Hafed et al., 2008; Hafed and Krauzlis, 2008). Because the 544 

SC has stronger visual sensi?vity for the upper visual ûeld (Hafed and Chen, 2016; Fracasso 545 

et al., 2023), and seems to also magnify its representa?on for the upper visual ûeld (Hafed 546 

and Chen, 2016), we hypothesized earlier that the predominantly upward nature of the driX 547 

response (for s?muli spanning both the upper and lower visual ûelds) might be mediated, at 548 

least par?ally, by SC visual ac?vity (Malevich et al., 2020). If so, then presen?ng s?muli 549 

exclusively in the lower visual ûeld (below the line of sight) should make the driX response 550 

downward instead, since it now shiXs the balance of SC visual ac?vity in favor of the lower 551 

visual ûeld. We, therefore, next tested how the driX response was aûected by presen?ng a 552 

half-screen brief ûash either only in the upper half of the en?re display or in the lower half 553 

(Materials and Methods). We also interleaved sham trials (without any ûashes) as well as 554 

trials with small, localized ûashes in the periphery (Materials and Methods). We note here 555 

that our earlier half-screen experiments (Malevich et al., 2020) involved splidng the screen 556 

area along the horizontal rather than ver?cal dimension (giving rise to either right or leX 557 

visual ûeld s?mula?on rather than upper/lower visual ûeld s?mula?on); thus, these 558 

experiments s?ll contained equal s?mulus energy in the upper and lower visual ûelds and 559 

could not conclusively test the original hypothesis about upper visual ûeld SC preference. 560 

 561 

The driX response was s?ll predominantly upward even for lower visual ûeld half-screen 562 

s?muli. Figure 4 shows the eye posi?on and velocity measures from this experiment in a 563 

manner similar to how we presented data in the earlier ûgures (Figs. 2, 3). The cri?cal 564 

comparison here is between the upper and lower visual ûeld s?mulus condi?ons (red and 565 

purple colors in Fig. 4). In these condi?ons, the brief ûash could consist of a black rectangle 566 

covering either exactly the top half or bo8om half of the display. In each monkey, the driX 567 

response was s?ll predominantly upward for lower visual ûeld ûashes (Fig. 4B, E, H), which is 568 

inconsistent with the hypothesis that SC visual responses dictate the upward direc?on of the 569 

driX response. Moreover, across the animals, there was no systema?c rela?onship between 570 

the strength of the upward driX response and the visual ûeld loca?on of the s?mulus. For 571 

example, in monkeys A and M, the overall driX response magnitude was similar for the 572 

upper and lower visual ûeld s?muli (Fig. 4B for monkey A and Fig. 4H for monkey M). On the 573 

other hand, for monkey F, upper visual ûeld s?muli did indeed cause a stronger upward 574 

component of the driX response than lower visual ûeld s?muli (Fig. 4E). Sta?s?cal tests 575 

between the velocity diûerence measures of the two condi?ons conûrmed these 576 

observa?ons, as can be seen in Fig. 4C, F, I. In monkey A, there was no signiûcant diûerence 577 

between upper and lower visual ûeld ûashes in Fig. 4C (p=0.26, t-test, t = -1241). For monkey 578 

F, the driX response magnitude was signiûcantly stronger for the upper visual ûeld s?muli 579 

(p=0.0079, t-test, t = 2.6642; Fig. 4F). And, for monkey M, there was again no reliable 580 

diûerence between the upper and lower visual ûeld s?muli (p=0.77, t-test, t = -0.2818; Fig. 581 

4I). 582 

 583 

 584 

 585 

 586 

 587 
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  588 
Figure 4 Predominantly upward ocular posi*on dri6 responses even with lower visual ûeld s*muli. (A) Average 589 
horizontal eye posi-on from monkey A in the visual ûeld experiment. Gray indicates sham s-mulus onsets (n = 590 
899 trials), yellow indicates a small localized ûash eccentric from the ûxa-on spot (Materials and Methods) (n = 591 
833 trials), red indicates a s-mulus onset in the lower half of the display (n = 890 trials), purple indicates a 592 
s-mulus onset in the upper half of the display (n = 848 trials), and blue indicates a full-screen ûash (n = 474 593 
trials). Error bars denote SEM. (B) Average ver-cal eye posi-on from the same trials (error bars again denote 594 
SEM). The driB response was predominantly upward even for lower visual ûeld s-mulus onsets (red). Note, 595 
however, how the ini-al downward component of the global driB response was weaker for the upper visual ûeld 596 
s-mulus onsets. (C) Our measure of the driB response magnitude for all condi-ons. Sham and localized s-mulus 597 
onsets had weak driB responses (also see Figs. 5, 6); upper and lower visual ûeld s-mulus onsets had generally 598 
similar driB response magnitudes (and were both globally upward); and full-screen s-muli had stronger driB 599 
response magnitudes (consistent with the size tuning eûects of Fig. 2). (D-F) Similar results for monkey F (n = 600 
401, 341, 372, 415, and 72 trials for the shown condi-ons: sham, localized, lower visual ûeld, upper visual ûeld, 601 
and full-screen ûashes, respec-vely). (G-I) Similar results for monkey M (n = 835, 439, 1208, 1143, and 553 trials). 602 
The ûgure is otherwise organized as Fig. 2. 603 

 604 

 605 

 606 

Therefore, the driX response remains to be predominantly upward even with lower visual 607 

ûeld s?muli, and the strength of this driX response may or may not reûect the presence of 608 

lower or upper visual ûeld s?mulus energy (also see later for further tests of this idea with 609 

small, localized ûashes). 610 

 611 

The other condi?ons shown in Fig. 4 were also informa?ve in the broader context of this 612 

study. For example, in all animals, the driX response was always the strongest for the largest 613 

s?mulus ûashes (full-screen s?muli; blue colors in Fig. 4). This is consistent with our 614 
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observa?ons in Fig. 2. Interes?ngly, in the present experiments, we also interleaved trials 615 

with a 1 deg x 1 deg localized s?mulus ûash in the periphery rela?ve to the ûxa?on spot 616 

loca?on (Materials and Methods; this is complementary to the small, foveal ûashes of Fig. 617 

2). Remarkably, there was s?ll a small upward driX response in this case (all yellow curves in 618 

Fig. 4). This prompted us to inves?gate the inûuences of small, localized eccentric (rather 619 

than foveal) ûashes on ocular posi?on driXs in much more detail, as we describe next. 620 

 621 

 622 

Small, localized s=muli addi=onally cause spa=ally-directed dri9 modula=ons 623 

Our results so far demonstrate that the upward driX response occurs under a large variety of 624 

s?mulus condi?ons, which hints that this driX response may be a reûexive movement of 625 

some kind. Indeed, the driX response remains predominantly upward even for lower visual 626 

ûeld ûashes (Fig. 4), and it also occurs for small foveal (Fig. 2) and eccentric (Fig. 4) targets. 627 

However, whether the driX response is a reûex or not, it is s?ll likely the outcome of readout 628 

of s?mulus-driven neural ac?vity in the oculomotor control network. For small, localized 629 

targets, such ac?vity can be highly spa?ally localized, especially in topographically organized 630 

structures like the SC. Might it then be the case that spa?ally localized visual bursts 631 

somewhere in the oculomotor system may play a modulatory role on ocular posi?on driXs 632 

during ûxa?on? Indeed, we recently found that at the ?me of saccade readout, spa?ally 633 

localized SC spiking systema?cally altered saccade metrics and kinema?cs even when such 634 

spiking was not part of the movements9 motor bursts (Buonocore et al., 2021), and the 635 

ques?on now becomes whether a similar eûect can be seen in ocular posi?on driXs as well. 636 

 637 

In previous work with peripheral cueing, we uncovered evidence that peripheral s?mulus 638 

onsets can indeed give rise to spa?ally-directed driX trajectories (Tian et al., 2018), but our 639 

localized s?mulus experiments in the driX response study of (Malevich et al., 2020) did not 640 

exhaus?vely study spa?ally-directed eûects. Moreover, the s?mulus loca?ons for the 641 

localized targets in Fig. 4, and in (Tian et al., 2018), were not distributed enough to explore 642 

diûerent spa?ally-directed modula?ons (Materials and Methods). Therefore, we explicitly 643 

ran an addi?onal experiment with localized s?mulus ûashes, this ?me systema?cally 644 

sampling diûerent direc?ons rela?ve to the line of sight. 645 

 646 

The experiment consisted of the monkeys ûxa?ng a central spot, and a brief black ûash of 1 647 

deg x 1 deg size occurred at an eccentricity of 7.9 deg. The ûash could occur at one of eight 648 

equally spaced direc?ons rela?ve to the ûxa?on spot (see inset schema?c in Fig. 5C). To 649 

robustly infer (from a sta?s?cal perspec?ve) poten?al spa?ally-directed driX modula?ons, 650 

we ûrst grouped all target loca?ons along the horizontal direc?on. That is, any localized ûash 651 

that was in the right visual ûeld was grouped into the rightward target group, and any 652 

localized ûash that was in the leX visual ûeld was grouped into the leXward target group 653 

(see the two diûerent colors in the schema?c inset of Fig. 5C). We then analyzed the eye 654 

posi?ons of the three animals in the two groups of trials. We focused, here, on eye posi?ons 655 

rather than eye veloci?es (like we did in earlier analyses) because we wanted to directly 656 

assess the poten?al spa?al biasing that was caused by the s?mulus onsets. 657 

 658 

 659 

 660 
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  661 
Figure 5 Spa*ally-directed dri6 modula*ons with localized s*muli along the horizontal direc*on. (A) Average 662 
horizontal eye posi-on from monkey A when localized ûashes (1 x 1 deg squares; 7.9 deg eccentricity) appeared 663 
in the right (cyan) or leB (blue) visual ûeld (see inset schema-c in C). Error bars denote SEM (n = 1120 and 999 664 
trials for right and leB s-mulus loca-ons, respec-vely). DriB trajectory was aûected by s-mulus loca-on, and the 665 
eûect increased with -me. The two gray bars near the x-axis indicate measurement intervals for comparing eye 666 
posi-ons between the two groups of ûash loca-ons. (B) Ver-cal eye posi-on from the same trials as in A. There 667 
was a general upward driB component, which was similar for rightward or leBward ûashes. (C) We measured the 668 
diûerence between the cyan and blue curves in A, B for the two measurement intervals. Posi-ve values mean 669 
rightward or upward diûerences between the cyan and blue curves. Horizontal eye posi-on reûected the spa-al 670 
layout of the ûashes, and this diûerence increased with -me. Ver-cal eye posi-on did not. (D-F) Similar 671 
observa-ons for monkey F (n = 349 and 398 trials for the right and leB s-mulus loca-ons, respec-vely). This 672 
monkey showed an even clearer driB response modula-on by s-mulus loca-on, also consistent with the same 673 
monkey9s performance in earlier experiments (Tian et al., 2018). (G-I) Similar analyses for monkey M (n = 649 674 
and 1091 trials for the right and leB s-mulus loca-ons, respec-vely). This monkey did not show horizontal 675 
modula-on of driBs by s-mulus loca-on, but this monkey also had signiûcantly faster baseline driB speed than 676 
the other two monkeys. As with the other two monkeys, there was s-ll an upward s-mulus-triggered driB 677 
response component (H). P-values indicate results of t-tests comparing eye posi-ons within a given 678 
measurement interval. 679 

 680 

 681 

Horizontal eye posi?on driXs systema?cally reûected the peripheral hemiûeld loca?ons of 682 

the brief, localized ûashes, conûrming our earlier observa?ons that ocular posi?on driXs can 683 

be spa?ally-directed (Tian et al., 2018). For example, Fig. 5A shows the horizontal eye 684 

posi?on of monkey A for the two groups of s?mulus loca?ons (see inset schema?c in Fig. 685 

5C). As in all of our other analyses, we aligned eye posi?ons at ?me zero to be8er appreciate 686 

the s?mulus-driven changes in driX sta?s?cs. Shortly aXer s?mulus onset, the monkey9s 687 

horizontal eye posi?on deviated more rightward for the rightward ûashes than for the 688 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 25, 2023. ; https://doi.org/10.1101/2023.09.25.559257doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.25.559257
http://creativecommons.org/licenses/by/4.0/


 19 

leXward ûashes, and the eye posi?on devia?on between the two s?mulus groups increased 689 

in size with ?me. This modula?on was riding on top of the upward driX response that we 690 

described above, as can also be seen from Fig. 5B. Here, the ver?cal eye posi?on of the 691 

same animal and in the same trials showed an upward driX pulse, which (unlike horizontal 692 

eye posi?on) was largely not diûeren?a?ng between s?mulus loca?ons (especially in the 693 

early phases of the response). Thus, small, localized eccentric targets along the horizontal 694 

direc?on were associated with both an upward driX pulse as well as horizontal modula?on 695 

of ocular posi?on driXs reûec?ng the horizontal loca?ons of the targets. 696 

 697 

We summarized these observa?ons by measuring the eye posi?on diûerence between the 698 

two curves of Fig. 5A or Fig. 5B at two diûerent post-s?mulus ?mes (shaded gray bars near 699 

the x-axes in Fig. 5A, B). This diûerence was signiûcant for horizontal eye posi?on but not for 700 

ver?cal eye posi?on, as can be seen from Fig. 5C. Moreover, the horizontal diûerence in eye 701 

posi?on was larger for the later ?me interval (Fig. 5C). These observa?ons were virtually 702 

iden?cal in monkey F (Fig. 5D-F), despite the monkey9s diûerent baseline (pre-s?mulus) driX 703 

trajectory. Thus, there can indeed be spa?ally-directed driX modula?ons in addi?on the 704 

upward driX pulse. 705 

 706 

For monkey M, there was no clear evidence of spa?ally-directed driX modula?ons in the 707 

horizontal direc?on, but this monkey did exhibit a clear upward driX pulse (Fig. 5G-I). As 708 

men?oned earlier, this monkey had the fastest baseline driX speeds from among the three 709 

animals, rendering a weak modula?on by spa?ally localized peripheral ac?vity harder to see. 710 

This is similar to our observa?ons of the size tuning experiments described above (Fig. 2). 711 

 712 

In all, the results of Fig. 5 conûrm that ocular posi?on driXs are not always random or 713 

stochas?c (Kowler and Steinman, 1979b, a; Ahissar et al., 2016; Tian et al., 2018; Skinner et 714 

al., 2019; Bowers et al., 2021; Reiniger et al., 2021; Clark et al., 2022; Nghiem et al., 2022), 715 

and that these driXs can reliably reûect localized s?mulus loca?ons in addi?on to exhibi?ng 716 

a (poten?ally reûexive) upward driX pulse. Having said that, true dependence of ocular 717 

posi?on driXs on localized s?mulus loca?ons should include evidence of spa?ally-directed 718 

driX trajectories for the ver?cal dimension as well. Thus, we next regrouped our trials 719 

according to the ver?cal loca?ons of the localized ûashes (see inset schema?c of Fig. 6C). In 720 

this case, all three monkeys showed evidence that ver?cal eye posi?on deviated more 721 

upward for upper visual ûeld target loca?ons than for lower visual ûeld target loca?ons (Fig. 722 

6); the eûect was weakest in monkey A, but the trend was s?ll clearly there. Moreover, in all 723 

cases except for monkey M, horizontal eye posi?on devia?ons were similar to each other for 724 

the upper and lower visual ûeld targets, exactly complementary to the results of Fig. 5. Thus, 725 

in Fig. 5, it was horizontal eye posi?on that was most aûected by horizontal target loca?ons, 726 

and in Fig. 6, it was ver?cal eye posi?on instead that was most aûected by ver?cal target 727 

loca?ons. Such a complementary nature of the results of Figs. 5, 6 is consistent with the 728 

interpreta?on that spa?ally-directed driX responses can indeed occur. Once again, these 729 

spa?ally-directed eûects were occurring in addi?on to a global upward driX response, which 730 

was similar to what we saw in all of our earlier analyses with other types of s?muli. 731 

 732 

Therefore, ocular posi?on driXs exhibit a s?mulus-driven upward driX response for a large 733 

range of s?mulus types (including small foveal and peripheral targets; Figs. 1-4), and they 734 

also undergo spa?ally-directed modula?ons by spa?ally localized ûashes (Figs. 5, 6). These 735 
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spa?ally-directed modula?ons likely reûect localized visual bursts in oculomotor control 736 

circuits, such as the SC, that have an impact on eye movement genera?on in the brain. It 737 

would be interes?ng in the future to understand why large (non-spa?ally-speciûc ûashes) in 738 

the upper and lower visual ûeld (Fig. 4) did not systema?cally modulate the driX response in 739 

the ver?cal eye posi?on direc?on across all three animals even though small targets did 740 

(compare the ver?cal eye posi?on results of Fig. 4 and Fig. 6). 741 

 742 

 743 

 744 

 745 

 746 

  747 
Figure 6 Spa*ally-directed dri6 modula*ons with localized s*muli along the ver*cal direc*on. This ûgure is 748 
organized exactly like Fig. 5, except that we now grouped the trials according to whether the localized s-mulus 749 
ûashes were in the upper or lower visual ûeld (see inset schema-c in C for the color codes). All monkeys showed 750 
a ver-cal driB response that was predominantly upward. On top of that, the s-mulus loca-ons now modulated 751 
the ver-cal component of eye posi-ons more than the horizontal component, again consistent with the idea 752 
that localized s-muli can s-ll have a modulatory eûect on ocular posi-on driBs (compare the eye posi-on traces 753 
to those in Fig. 5). Also note that the ver-cal posi-on diûerence measurements in the later -me interval did not 754 
increase rela-ve to those in the earlier -me interval as in Fig. 5 for the case of horizontal posi-on diûerence (in 755 
monkeys A and F). This is likely because the spa-ally-driven modula-on in the ver-cal dimension was riding on 756 
a driB response that was already predominantly ver-cal in the current case. (A-C) n = 1100 and 1006 trials for 757 
upper and lower visual ûeld s-mulus loca-ons, respec-vely. (D-F) n = 303 and 312 trials for upper and lower 758 
visual ûeld s-mulus loca-ons, respec-vely. (G-I) n = 984 and 881 trials for upper and lower visual ûeld s-mulus 759 
loca-ons, respec-vely. 760 

 761 

 762 
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 763 

The dri9 response is synchronized with saccadic inhibi=on 764 

Our analyses so far focused on trials in which there were no saccades in the interval from -765 

100 ms to 200 ms rela?ve to s?mulus onset. This was important to allow us to best observe 766 

the driX response, because saccades would cause much larger velocity pulses that would 767 

mask such a response (but see our later analyses in which we directly tackled the ques?on 768 

of saccade-driX interac?ons). We also know from our recent work (Malevich et al., 2020) 769 

that the driX response is complementary to saccade genera?on, in the sense that it occurs 770 

near the ?me of saccadic inhibi?on. Having said that, our current study aûorded us a much 771 

be8er chance at exploring this complementary nature between saccade genera?on and the 772 

driX response in more detail. Speciûcally, we know from our most recent work that the ?me 773 

of saccadic inhibi?on in our size tuning and contrast sensi?vity experiments varied 774 

systema?cally as a func?on of s?mulus type (Khademi et al., 2023). If the driX response is 775 

indeed obligatorily synchronous to saccadic inhibi?on, then we should also see evidence 776 

that the ?ming of the driX response (not just its magnitude like in our earlier analyses 777 

above) should depend on the s?mulus feature. This would, in turn, imply that the driX 778 

response and saccadic inhibi?on may be generated by common neural circuitry. 779 

 780 

We explored this idea by plodng driX responses and saccades together in the same graphs, 781 

and we checked whether driX response ?ming co-varied with saccadic inhibi?on ?ming. 782 

Figure 7 illustrates this for the size tuning experiment. For each monkey, the individual 783 

rasters indicate individual saccade ?mes across trials, grouped by s?mulus size (diûerent 784 

colors). These rasters were reproduced from our earlier study (Khademi et al., 2023), since 785 

we analyzed driX responses from the same set of experiments. Superimposed on the rasters, 786 

we addi?onally plo8ed average ver?cal eye posi?ons for each s?mulus size (similar to the 787 

example ver?cal eye posi?on plots in Fig. 2). Each eye posi?on curve was scaled to ût within 788 

the similar-colored group of saccade rasters, and posi?on scale bars for each curve are 789 

included (on the leX side of the curve) for reference. As can be seen, the driX response 790 

latency appeared synchronized with the latency of saccadic inhibi?on, as es?mated by the 791 

L50 parameter (dark green ver?cal lines; Materials and Methods). This parameter is rou?nely 792 

used to characterize the latency of saccadic inhibi?on (Reingold and Stampe, 2002, 2004; 793 

Rolfs et al., 2008; Khademi et al., 2023), and Fig. 7 shows that when L50 was late, so was the 794 

onset of the driX response, and vice versa. 795 

 796 

 797 

 798 

 799 

 800 
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 801 
Figure 7 Coincidence between dri6 response onset and saccadic inhibi*on *ming. (A) In our size tuning 802 
experiment, we recently found that the -ming of saccadic inhibi-on depends on s-mulus size (Khademi et al., 803 
2023). This is indicated here, for monkey A, by the raw saccade onset -mes (-ck marks) and a measure (ver-cal 804 
dark green lines marked with L50) of saccadic inhibi-on -ming (Materials and Methods) (Khademi et al., 2023). 805 
Each row of -ck marks represents a single trial, and each -ck mark represents the onset -me of a saccade. The 806 
L50 line in each condi-on (dark green color) indicates our es-mate of the saccadic inhibi-on -ming (Khademi et 807 
al., 2023), and all trials of a given s-mulus size are grouped together according to the color legend. Within each 808 
group of trials, we also plohed the driB response (on trials without saccades; Materials and Methods) by showing 809 
ver-cal eye posi-on aligned on s-mulus onset (scale bars are shown on the leB of each curve). Despite the 810 
variable saccadic inhibi-on -ming, the driB response was synchronized with such -ming. That is, both the -ming 811 
of the driB response (on trials without saccades) and the -ming of saccadic inhibi-on (on trials with saccades) 812 
depended on the s-mulus proper-es (also see Figs. 8, 9). (B) Similar observa-ons from monkey F. (C) Similar 813 
observa-ons from monkey M. The saccade data in B were directly replohed from (Khademi et al., 2023) (CC-BY) 814 
since they came from the same experiments. Numbers of trials in the saccade data can be inferred from the 815 
rasters and from (Khademi et al., 2023); numbers of trials in the smooth driB data were reported in Fig. 2. 816 

 817 

 818 

 819 

 820 

We next checked this synchrony idea further by asking whether our driX response curves 821 

across s?mulus sizes were be8er aligned to s?mulus onset or to the onset of saccadic 822 

inhibi?on. For each animal, we plo8ed in Fig. 8 the average ver?cal eye posi?on traces for all 823 

s?mulus sizes (the curves were displaced ver?cally from each other for easier viewing). In 824 

the top row of the ûgure (Fig. 8A, C, E), the traces were aligned to s?mulus onset like in our 825 

earlier analyses, and the small ver?cal ?ck marks indicate the ?me of saccadic inhibi?on (L50) 826 

as we recently calculated it (Khademi et al., 2023). In the bo8om row (Fig. 8B, D, F), the 827 

same traces were now aligned to the ?me of L50, with the small ver?cal ?ck marks now 828 

indica?ng s?mulus onset ?me. In all three monkeys, the driX response curves were be8er 829 

synchronized with L50 than with s?mulus onset. That is, the curves across the diûerent 830 

s?mulus sizes were less ji8ered in ?me rela?ve to each other when they were referenced to 831 

L50 than to s?mulus onset ?me. Thus, there seems to be an obligatory ?ming rela?onship 832 

between saccadic inhibi?on and driX response latency. 833 

 834 

 835 

 836 
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 837 
Figure 8 Alignment of the dri6 response onset to saccadic inhibi*on *ming. (A) Average ver-cal eye posi-on in 838 
each condi-on of the size tuning experiment from monkey A. Each curve was slightly oûset ver-cally from the 839 
others for easier viewing. The ver-cal -ck mark in each curve indicates the -me of saccadic inhibi-on for the 840 
condi-on, as es-mated by the parameter L50 (Materials and Methods) (Khademi et al., 2023). Consistent with 841 
Fig. 7, saccadic inhibi-on -me varied with s-mulus size (Khademi et al., 2023), and the driB response followed 842 
this rela-onship. (B) This is beher seen when aligning the driB response curves of A to the -me of L50 rather than 843 
to the -me of s-mulus onset. Here, all the curves were beher aligned in -me. The ver-cal -ck marks now indicate 844 
s-mulus onset -me. (C, D) Similar results for monkey F. (E, F) Similar results for monkey M. In all cases, the driB 845 
response was rela-vely well synchronized with the -ming of saccadic inhibi-on, poten-ally sugges-ng a common 846 
mechanism underlying both phenomena. The numbers of trials underlying each curve were reported in Fig. 2. 847 

 848 

 849 

Such an obligatory rela?onship also held in our contrast sensi?vity experiment. In this 850 

experiment, lower contrasts were generally associated with later saccadic inhibi?on 851 

(Khademi et al., 2023). As Fig. 9 shows, such contrasts were also associated with later driX 852 

responses, and across s?mulus contrasts, the ?ming of the driX responses appeared to be 853 

be8er temporally aligned to the ?ming of saccadic inhibi?on across s?mulus features (Fig. 854 

9B, D, F). 855 

 856 

Therefore, across mul?ple tasks associated with mul?ple diûerent ?mes of saccadic 857 

inhibi?on (Khademi et al., 2023), we found that the driX response was synchronized with the 858 

reûexive interrup?on of saccade genera?on rhythms caused by visual onsets in the 859 

environment. 860 

 861 

 862 

 863 
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  864 
Figure 9 Alignment of the dri6 response onset to saccadic inhibi*on *ming in another task. This ûgure is 865 
organized similarly to Fig. 8, but now showing results from the contrast sensi-vity experiment. Once again, 866 
saccadic inhibi-on -me depended on s-mulus property (Khademi et al., 2023), and once again, the driB response 867 
was synchronized with the -ming of saccadic inhibi-on. The ûgure is otherwise formahed iden-cally to Fig. 8, 868 
and the numbers of trials underlying each curve were reported in Fig. 3. 869 

 870 

 871 

 872 

The dri9 response occurs with diûerent star=ng eye posi=ons 873 

In addi?on to ini?ally men?oning the poten?al rela?onship between the driX response and 874 

saccadic inhibi?on, we also suggested in our earlier work that the driX response occurs 875 

independently of star?ng eye posi?on (Malevich et al., 2020). However, in that study, we 876 

only used the natural variability of eye posi?ons during ûxa?on to test whether the driX 877 

response s?ll occurred when the eye was momentarily ûxa?ng below or above some central 878 

value (such as the median eye posi?on across trials). This leX open the ques?on of whether 879 

the driX response might depend on signiûcantly larger eye posi?on devia?ons from the 880 

primary posi?on. To answer this, we performed a new version of our contrast sensi?vity 881 

experiment, in which we now explicitly required gaze ûxa?on away from the display center. 882 

Speciûcally, in each block of trials, we placed the ûxa?on spot at 4 deg eccentricity from the 883 

center of the display, either to the right of it, to the leX of it, above it, or below it (Fig. 10A). 884 

 885 

In all cases, the driX response s?ll occurred, and it was largely independent of the star?ng 886 

eye posi?on. Figure 10B shows ver?cal eye posi?on traces for the highest contrast s?mulus 887 

from each gaze posi?on condi?on. Of course, and as with all of our earlier analyses, we 888 

aligned all traces to the eye posi?on at s?mulus onset, and that is why all curves are aligned 889 

to zero eye posi?on on the y-axis despite the diûerent star?ng gaze posi?on condi?ons. As 890 

can be seen, the upward driX response always happened, irrespec?ve of star?ng eye 891 
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posi?on. Interes?ngly, the pre-s?mulus driX trajectory did depend on gaze posi?on. For 892 

example, when gaze was up (purple curve), pre-s?mulus driX in ver?cal eye posi?on was 893 

downward, and when gaze was down (blue curve), pre-s?mulus driX in ver?cal eye posi?on 894 

was upward. Nonetheless, and as just stated, there was s?ll an upward driX response in both 895 

cases. 896 

 897 

 898 

 899 
Figure 10 Independence of the dri6 response from star*ng eye posi*on. (A) We performed the contrast 900 
sensi-vity experiment, but now requiring gaze ûxa-on at 4 deg eccentricity from the center of the display (either 901 
to the right, leB, up, or down from display center). (B) Average ver-cal eye posi-on from the four condi-ons with 902 
the highest contrast s-mulus (error bars denote SEM, and n = 62, 71, 58, and 55 trials for the up, down, right, 903 
and leB gaze ûxa-on condi-ons, respec-vely). The upward driB response always occurred, even when the eye 904 
was gazing down. Note that the pre-s-mulus driB direc-on showed some dependence on gaze posi-on. For 905 
example, downward gaze posi-on was associated with more upward pre-s-mulus eye posi-on driB, whereas 906 
upward gaze posi-on was associated with more downward pre-s-mulus eye posi-on driB (compare the blue and 907 
purple curves). However, in both cases, the s-mulus-driven response was s-ll upward. (C) Our measure of the 908 
driB response magnitude as a func-on of s-mulus contrast and ûxa-on gaze posi-on. The driB response was 909 
stronger with higher contrasts. However, there was no systema-c dependence on gaze posi-on 3 a two-way 910 
ANOVA revealed a signiûcant main eûect of s-mulus contrast [F(4,1184) = 16.42; p<0.0001] but not star-ng eye 911 
posi-on [F(3,1184) = 1.36; p = 0.25]. This extends our earlier ûndings with much smaller star-ng gaze posi-on 912 
devia-ons (Malevich et al., 2020). The numbers of trials per condi-on were as follows: 63, 66, 44, and 49 for up, 913 
down, leB, and right, respec-vely (5% contrast); 60, 73, 45, and 59 for up, down, leB, and right, respec-vely (10% 914 
contrast); 61, 71, 52, and 60 for up, down, leB, and right, respec-vely (20% contrast); 61, 78, 55, and 49 for up, 915 
down, leB, and right, respec-vely (40% contrast); 62, 71, 58, and 55 for up, down, leB, and right, respec-vely 916 
(80% contrast). 917 

 918 

 919 

 920 

Across all s?mulus contrasts, we replicated the contrast sensi?vity curve of Fig. 3 for each 921 

gaze posi?on condi?on (Fig. 10C). Indeed, there was no eûect of gaze posi?on on driX 922 

response magnitude, but there was a clear eûect of s?mulus contrast; sta?s?cal results are 923 

presented in the legend of Fig. 10. Therefore, even with substan?al devia?ons of gaze 924 

posi?ons, the driX response s?ll occurs, and it is s?ll predominantly upward. Moreover, pre-925 

s?mulus driX trajectories can depend on gaze posi?on, likely reûec?ng a pulling force 926 

(whether biomechanical or neural) to return the eye back to the primary posi?on. 927 

Nonetheless, rela?ve to these changed baseline driX sta?s?cs, the driX response 928 

magnitudes are more-or-less constant (Fig. 10C). 929 

 930 

 931 
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The dri9 response magnitude is aûected by the occurrence of peri-s=mulus 932 

saccades 933 

Finally, and s?ll on the general theme of interac?ons with saccades (Figs. 7-9) and gaze 934 

posi?ons (Fig. 10), we next explored modula?ons in the driX response magnitude by the 935 

occurrence peri-s?mulus saccades. In our earlier work (Malevich et al., 2020), a coarse 936 

analysis suggested minimal (or even poten?ally no) interac?on with peri-s?mulus saccades. 937 

However, due to data sparsity, the analysis that we conducted at the ?me was not speciûc 938 

enough in its ?me course resolu?on. For example, rather than tes?ng trials with saccade 939 

onsets occurring within only a constrained ?me interval (as we would typically do for 940 

studying transient modula?ons by saccades), we tested trials with <saccades up to= some 941 

par?cular ?me point. Such an analysis might have excessively blurred transient changes in 942 

driX response magnitude caused by the occurrence of peri-s?mulus saccades (indeed, peri-943 

saccadic eûects can be very transient in nature). With our current experiments, we had an 944 

opportunity to explore such transient changes in more detail. Indeed, because suppression 945 

of both visual sensi?vity and percep?on by peri-s?mulus saccades is jumpstarted already in 946 

the re?na (Idrees et al., 2020; Idrees et al., 2022), it would be remarkable if the driX 947 

response magnitude was completely unaûected by saccades. This would suggest that 948 

whatever visual response is media?ng the driX response would be immune to peri-saccadic 949 

suppression. This ques?on, therefore, warranted more detailed analysis in the current study. 950 

 951 

Here, we binned our data for inves?ga?ons of poten?al <saccadic suppression= as we usually 952 

do for analyzing visual neural sensi?vity (Hafed and Krauzlis, 2010; Chen and Hafed, 2017; 953 

Fracasso et al., 2023) or percep?on (Idrees et al., 2020; Baumann et al., 2021). For example, 954 

for a given s?mulus condi?on, we took all trials in which there was a saccade onset 955 

occurring within the interval between -100 ms and 0 ms rela?ve to s?mulus onset (green 956 

shaded region in Fig. 11A). These trials would be expected to exhibit suppressed visual 957 

sensi?vity if saccadic suppression does take place. We also took trials in which there was a 958 

saccade onset 175-275 ms aXer s?mulus onset (yellow shaded region in Fig. 11A). These 959 

trials, instead, would be expected to not experience saccadic suppression (since the 960 

saccades occurred far away in ?me from s?mulus onset). Finally, we took trials in which 961 

there were no saccades at all in the interval from -100 ms to 200 ms rela?ve to s?mulus 962 

onset (shaded gray region in Fig. 11A), and these trials cons?tuted our <standard= driX 963 

response trials (like in our other analyses above). 964 

 965 

The driX response magnitude was suppressed by the presence in peri-s?mulus saccades. In 966 

Fig. 11B, for an example monkey and condi?on, we compared the standard driX response 967 

(gray curve in both panels A and B of Fig. 11) to the response when the s?mulus occurred 968 

right aXer microsaccades during pre-s?mulus ûxa?on (green). As can be seen, the upward 969 

s?mulus-evoked velocity pulse was smaller in peak amplitude when the microsaccades 970 

occurred than when they did not occur. On the other hand, for microsaccades distant in ?me 971 

from s?mulus onset (yellow in Fig. 11), the driX response was recovered (Fig. 11C). Thus, for 972 

a brief moment in ?me when s?mulus onset occurred near saccade onset, the subsequent 973 

s?mulus-driven driX response was systema?cally suppressed. This is qualita?vely very 974 

similar to the classic phenomenon of saccadic suppression. 975 

 976 

 977 
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 978 
Figure 11 Saccadic suppression of dri6 responses. (A) Example saccade raster plot and driB response (shown by 979 
ver-cal eye velocity) from one monkey (A) and one condi-on (9.12 deg radius in the size tuning experiment). The 980 
shaded colored bars indicate how we picked trials to check for an interac-on between peri-s-mulus saccades 981 
and driB responses. For each such bar, we picked only trials from the same condi-on having saccade onsets 982 
occurring within the bar9s -me window. The shaded gray bar, on the other hand, indicates our standard approach 983 
to analyze no-saccade driB responses. Note that we did not sample all peri-s-mulus saccade -mes with high 984 
resolu-on; this was done to increase robustness of our observa-ons, especially given how noisy velocity 985 
measures can be with small numbers of trials. Nonetheless, we had suûcient data to check whether s-mulus 986 
onsets immediately aBer nearby saccades (shaded green interval) had altered driB responses. (B) For such trials 987 
(green), the driB response magnitude was suppressed. Error bars denote SEM (n = 168 and 879 for the green 988 
and gray curves, respec-vely), and no eye velocity data are shown in the green curve in the interval from -100 to 989 
0 ms because saccades were occurring. As with the case of saccadic suppression (Hafed and Krauzlis, 2010; Chen 990 
and Hafed, 2017), the driB response was suppressed, sugges-ng that it might depend on circuits in which visual 991 
responses experience saccadic suppression; note that this observa-on was also categorically diûerent from post-992 
saccadic enhancement (Chen and Hafed, 2013). (C) For trials with a saccade occurring 175 to 275 ms aBer 993 
s-mulus onset (well away from s-mulus onset), the driB response was recovered. Error bars again denote SEM 994 
(n = 171 and 879 for the colored and gray curves, respec-vely). Also see Fig. 12 for summary data of suppression 995 
and recovery across other condi-ons and tasks. 996 

 997 

 998 

 999 

This observa?on was consistent across all monkeys and in all condi?ons that we checked. For 1000 

example, for each s?mulus condi?on in both the contrast sensi?vity (5 s?mulus condi?ons) 1001 

and size tuning (8 s?mulus condi?ons) tasks, we measured the driX response magnitude (as 1002 

we did earlier; Figs. 2-4, 10) and plo8ed it as a func?on of which ?me window of Fig. 11A 1003 

the par?cular trials came from. For trials with saccades -100-0 ms from s?mulus onset, the 1004 

driX response magnitude was always smaller than the driX response magnitude in the 1005 

absence of peri-s?mulus saccades (Fig. 12; compare the response in the peri-s?mulus ?me 1006 

bin centered on -50 ms to the corresponding baseline response and its associated horizontal 1007 

dashed line). Moreover, for trials with saccades 175-275 ms from s?mulus onset, the driX 1008 

response magnitude was recovered and much closer to the standard driX response 1009 

magnitude in the absence of peri-s?mulus saccades (Fig. 12; compare the response in the 1010 

later ?me bin to that in the associated horizontal dashed line). We also conûrmed these 1011 

observa?ons sta?s?cally. For example, a two-way ANOVA in the contrast sensi?vity task 1012 

revealed a main eûect of both s?mulus contrast [p<0.0001 in monkeys A, F, and M] and 1013 

saccade ?me rela?ve to s?mulus onset [p<0.0001 in monkeys A, F, and M]. There was also a 1014 

signiûcant interac?on between saccade ?me and s?mulus contrast in monkey A [F(4,1343) = 1015 

3.76; p = 0.0048] but not in either monkey F [F(4,1744) = 0.54; p = 0.70] or monkey M [F(4, 1016 

1162) = 0.89; p = 0.47]. Similarly, a two-way ANOVA in the size tuning task revealed a main 1017 
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eûect of both s?mulus radius [p<0.0001 in monkeys A, F, and M] and saccade ?me 1018 

[p<0.0001 in monkeys A, F, and M] in all three monkeys. However, once again there were no 1019 

consistent interac?on eûects. Monkey A showed no signiûcant interac?on between s?mulus 1020 

radius and saccade ?me [F(7,2633) = 1.38; p =0.21], monkey F showed a signiûcant 1021 

interac?on [F(7, 4118)= 5.17; p < 0.0001], and monkey M showed no signiûcant interac?on 1022 

[F(7,1542) = 1.7; p = 0.11]. 1023 

 1024 

 1025 

  1026 
Figure 12 Suppression of the dri6 response strength by the occurrence of peri-s*mulus saccades. (A-C) 1027 
Summary plots of saccadic suppression of the driB response strength for each monkey in the contrast sensi-vity 1028 
experiment. In each curve with connec-ng lines between the data points, the x-axis shows the center of the -me 1029 
bin in which saccades occurred rela-ve to s-mulus onset (see Fig. 11A), and the y-axis shows our measure of the 1030 
driB response strength (Materials and Methods). The ûoa-ng data points (and associated horizontal dashed 1031 
lines) in each plot show the no-saccade driB response strength for a given condi-on (e.g. gray curves in Fig. 11). 1032 
Each color shows one tested contrast, and error bars denote SEM. As can be seen, the driB response magnitude 1033 
was suppressed for saccades occurring near s-mulus onset and recovered for farther saccades (n >= 97, 149, 105 1034 
trials in monkeys A, F, and M, respec-vely, across all condi-ons of the experiment). (D-F) Similar results for the 1035 
size tuning experiment (n >= 112, 182, or 50 trials across all condi-ons in monkeys A, F, and M, respec-vely). 1036 

 1037 

 1038 

 1039 

Therefore, evoked visual responses media?ng the driX response are likely suppressed by the 1040 

presence of peri-s?mulus saccades, much like visual responses in some oculomotor areas 1041 

including the SC (Hafed and Krauzlis, 2010; Chen and Hafed, 2017; Fracasso et al., 2023). Of 1042 

course, we are not sugges?ng at all that SC responses mediate the driX response, especially 1043 

given the results of Fig. 4. Rather, our results mean, instead, that other visual responses 1044 

impac?ng the oculomotor system must exhibit saccadic suppression, and it would be 1045 

interes?ng to iden?fy in the near future which of these visual responses mediate the driX 1046 

response. 1047 

  1048 
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Discussion 1049 

 1050 

Ocular posi?on driX eye movements have interested and intrigued neuroscien?sts for many 1051 

decades (Ratliû and Riggs, 1950; Barlow, 1952; Nachmias, 1959, 1961; Kowler and Steinman, 1052 

1979a, b). The interac?ons between these eye movements and exogenous sensory events 1053 

have, however, garnered signiûcantly less a8en?on. We recently observed a robust s?mulus-1054 

driven ocular posi?on driX response for some visual s?muli (Malevich et al., 2020), and our 1055 

goal in the present study was to inves?gate its func?onal proper?es much more deeply. 1056 

Such inves?ga?on provides an important founda?on for pinpoin?ng the neurophysiological 1057 

mechanisms giving rise to this driX response, which is itself an important endeavor given 1058 

how li8le knowledge we currently have about the neural control of ocular posi?on driXs in 1059 

general. 1060 

 1061 

Our inves?ga?on revealed several interes?ng proper?es of the driX response, most notable 1062 

of which is its robustness even for small foveal and peripheral visual s?muli. There was 1063 

always a subtle, predominantly upward devia?on in ocular posi?on driX trajectories with 1064 

such s?muli. Given that this devia?on alters the spa?o-temporal pa8erns of images 1065 

impinging on the re?na (Kuang et al., 2012; Rucci and Victor, 2015; Ahissar et al., 2016), this 1066 

suggests that visual onsets in a variety of neuroscien?ûc and cogni?ve experiments can have 1067 

sensory representa?onal changes embedded within them, which are directly mediated by 1068 

s?mulus-driven ocular posi?on driXs (in addi?on to whatever other experimental variables 1069 

that were being considered by the experimenters). This idea has an interes?ng parallel in the 1070 

ûeld of microsaccades; in that related ûeld, it has been suggested that these ?ny eye 1071 

movements can have a signiûcant impact on interpre?ng various perceptual and cogni?ve 1072 

phenomena (Hafed, 2013; Chen et al., 2015; Hafed et al., 2015; Tian et al., 2016). 1073 

 1074 

The ubiquitous nature of the upward velocity pulse that we observed under a variety of 1075 

condi?ons might suggest that it is a reûexive eye movement. However, it seems to be too 1076 

small to be related to a poten?al dorsal light reûex in lower animals (Brodsky, 1999), and it is 1077 

also binocular (Malevich et al., 2020) and occurring under binocular visual s?mula?on 1078 

condi?ons. The driX response is also not a general gaze posi?on response to darkness 1079 

(Malevich et al., 2020). Nonetheless, in the same general theme of linking ancient reûexes to 1080 

eûects in primate vision (Brodsky, 1999), the driX response might help us to learn about low-1081 

level, evolu?onarily old components of the oculomotor control network, which are s?ll 1082 

present and ac?ve in the primate brain. In fact, given the discrepancy between the results of 1083 

Fig. 4 and our original hypothesis about the SC media?ng the driX response (Malevich et al., 1084 

2020), we now seriously ponder the possibility that visual responses downstream of the SC 1085 

might be more important for observing this response. This might explain why the driX 1086 

response happens so ubiquitously across many diûerent s?mulus types, since visual 1087 

responses downstream of the SC are bound to inûuence eye movements, if ever so subtly 1088 

(by mere proximity to the ûnal oculomotor muscle drive). 1089 

 1090 

Having said that, the driX response as we deûned it in the introduc?on (Fig. 1) is not the 1091 

only ocular posi?on driX phenomenon that takes place aXer the onset of small, localized 1092 

visual s?muli. Indeed, our results from Figs. 4-6 clearly show that there can be spa?ally-1093 

directed driX modula?ons reûec?ng the loca?on of a peripheral visual s?mulus. This is 1094 

consistent with our earlier observa?ons about ocular posi?on driXs in peripheral Posner-like 1095 
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cueing tasks (Tian et al., 2018). An important implica?on of this is that ocular posi?on driXs 1096 

are not en?rely random movements, consistent with other evidence (Murphy et al., 1975; 1097 

Kowler and Steinman, 1979b, a; Ahissar et al., 2016; Tian et al., 2018; Skinner et al., 2019; 1098 

Bowers et al., 2021; Reiniger et al., 2021; Clark et al., 2022; Nghiem et al., 2022). This 1099 

evidence again has parallels in the ûeld of microsaccades, which were thought to be random 1100 

un?l two decades ago (Hafed and Clark, 2002; Engbert and Kliegl, 2003). 1101 

 1102 

Mechanis?cally, spa?ally-directed driX modula?ons can emerge from readout of 1103 

topographically organized visual-motor maps, like in the SC (Robinson, 1972; O8es et al., 1104 

1986; Chen et al., 2019). For example, we recently found that at the ?me of saccade 1105 

triggering, even spontaneous spiking in movement-unrelated loca?ons of the SC map can be 1106 

instantaneously readout by the oculomotor system to modify the ûight trajectory of 1107 

saccades (Buonocore et al., 2021). In a similar light, spa?al readout of the en?re landscape 1108 

of SC ac?vity can dictate the smooth posi?on devia?ons during gaze ûxa?on, and such 1109 

landscape will have clear spa?al biases when some SC neurons discharge visual bursts aXer 1110 

localized, peripheral s?mulus onsets. The spa?ally-directed driX eûects that we observed 1111 

would then reûect these biases. Such a mechanism would be consistent with how the SC 1112 

contributes to the much faster (rela?ve to the driX response) smooth pursuit eye 1113 

movements in general, like when tracking an invisible moving goal that is being represented 1114 

in a spa?ally broad manner across the SC map (Hafed and Krauzlis, 2008). Such a mechanism 1115 

would also be consistent with the idea that the upward driX pulse that accompanies 1116 

spa?ally-directed driX modula?ons can be mediated by some other circuit opera?ons 1117 

(poten?ally even downstream of the SC). 1118 

 1119 

Returning to the more reûex-like, predominantly upward driX response (Fig. 1), as we said, it 1120 

is likely dissociated from SC ac?vity because it remains predominantly upward even when SC 1121 

neurons represen?ng the lower visual ûeld are expected to be burs?ng aXer s?mulus onset 1122 

(Fig. 4). This idea can and should be explicitly tested by recording SC ac?vity from the same 1123 

task of Fig. 4. We also think that other evidence in our data could point to a dissocia?on of 1124 

the driX response from SC ac?vity. Speciûcally, we oXen observed a transient eye posi?on 1125 

modula?on right before the upward velocity pulse, a clear example of which is seen in Fig. 1126 

1B, C. Such a transient modula?on jumpstarts the whole driX response sequence, and it 1127 

seems to also be feature-tuned. That is, it was modulated in strength and ?ming as a 1128 

func?on of some s?mulus proper?es, like size and contrast (Figs. 2, 3). This could suggest 1129 

that visual bursts media?ng the driX response (wherever they may actually be in the end) 1130 

could ini?ally cause such transients, and that the subsequent upward driX pulse could 1131 

reûect various ?me constants of the oculomotor control network and oculomotor plant 1132 

(Robinson, 1964). For example, using a systems control perspec?ve, imagine a nega?ve 1133 

feedback control loop driving an eye plant, and now drive the whole circuit with a temporal 1134 

impulse func?on. Part of the resul?ng response would reûect the ?me constants of not only 1135 

the control loop but also the eye plant. If that is the case, then future experiments need to 1136 

understand why driving the oculomotor control network with a temporal impulse func?on (a 1137 

brief visual burst) would eventually lead to a predominantly upward eye movement, as 1138 

opposed to downward or horizontal or in some random direc?on, aXer the ini?al transient 1139 

modula?on. 1140 

 1141 
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Regardless of the mechanism, all of the above evidence suggests that the driX response falls 1142 

in a class of eye movement phenomena that may be evoked directly by visual bursts in the 1143 

oculomotor system, as we recently discussed (Buonocore and Hafed, 2023; Khademi et al., 1144 

2023). These phenomena also include express saccades (Fischer and Boch, 1983; Edelman 1145 

and Keller, 1996; Marino et al., 2015; Hall and Colby, 2016) and saccadic inhibi?on (Reingold 1146 

and Stampe, 1999, 2002, 2004; Edelman and Xu, 2009; Khademi et al., 2023). In fact, we 1147 

think that saccadic inhibi?on and the driX response are likely mediated by the same 1148 

structures (Figs. 7-9), further emphasizing the idea that the driX response might be reûexive. 1149 

If so, one might make some neurophysiological predic?ons here. Speciûcally, if the 1150 

hypothesis (Hafed et al., 2021b; Buonocore and Hafed, 2023) holds that omnipause neurons 1151 

in the brainstem have visual pa8ern responses explaining the feature tuning proper?es of 1152 

saccadic inhibi?on, and if driX responses are also triggered by these neural bursts, then one 1153 

predic?on is that visual bursts in these omnipause neurons might act as the <temporal 1154 

impulse func?on= that jumpstarts the driX response, which we alluded to above. If so, this 1155 

would implicate omnipause neurons in more than just the interrup?on of saccades (Keller 1156 

and Edelman, 1994; Kaneko, 1996; Keller et al., 1996; Gandhi and Keller, 1999), and the next 1157 

ques?on will be why brief burst impulses in omnipause neuron ac?vity could cause a small, 1158 

but smooth, eye posi?on devia?ons (in addi?on to inhibi?ng saccade genera?on). 1159 

 1160 

Finally, regardless of whether these ideas are experimentally validated or not, it is also 1161 

important to consider our observa?on that the driX response was suppressed by the 1162 

occurrence of peri-s?mulus saccades (Figs. 11, 12). Some smooth eye movement 1163 

phenomena are actually enhanced when s?muli occur right aXer microsaccades (Chen and 1164 

Hafed, 2013), but these phenomena typically involve ocular following of moving s?muli 1165 

(Chen and Hafed, 2013). In our case, the driX response was not to follow a moving target or 1166 

pa8ern. Its suppression, thus, predicts that visual bursts media?ng the driX response 1167 

(wherever they may be) must be suppressed by peri-s?mulus saccades. It would be 1168 

interes?ng to also test for this idea neurophysiologically. 1169 

 1170 

 1171 

 1172 

  1173 
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