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 2 

Abstract 24 

Neurophysiology studies of covert visual attention in monkeys have emphasized the 25 

modulation of sensory neural responses in the visual cortex.  At the same time, 26 

electrophysiological correlates of attention have been reported in other cortical and 27 

subcortical structures, and recent fMRI studies have identified regions across the brain 28 

modulated by attention. Here we used fMRI in two monkeys performing covert attention 29 

tasks to reproduce and extend these findings in order to help establish a more complete 30 

list of brain structures involved in the control of attention. As expected from previous 31 

studies, we found attention-related modulation in frontal, parietal and visual cortical 32 

areas as well as the superior colliculus and pulvinar. We also found significant attention-33 

related modulation in cortical regions not traditionally linked to attention – mid-STS 34 

areas (anterior FST and parts of IPa, PGa, TPO), as well as the caudate nucleus. A 35 

control experiment using a second-order orientation stimulus showed that the observed 36 

modulation in a subset of these mid-STS areas did not depend on visual motion. These 37 

results identify the mid-STS areas (anterior FST and parts of IPa, PGa, TPO) and 38 

caudate nucleus as potentially important brain regions in the control of covert visual 39 

attention in monkeys. 40 

 41 

 42 

  43 
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Neuronal correlates of covert visual attention have been demonstrated in several 44 

visual cortical areas 1-7, frontal areas 8-12, parietal areas 13,14 and sub-cortical regions 15-45 

19 of non-human primates. Causal contributions to covert spatial attention have also 46 

been demonstrated for some cortical (FEF, LIP) and sub-cortical regions (SC and 47 

pulvinar) 20-25.  48 

One explanation for attention-related improvements in performance is that 49 

sensory processing of the stimulus is enhanced through top-down modulation 26,27. The 50 

strongest evidence for this idea comes from recordings in visual cortex combined with 51 

causal manipulations in FEF or pulvinar 25,28,29. However, improvements in performance 52 

can also be achieved by other operations that do not change local sensitivity, such as 53 

changes in choice bias 30, spatial weighting of sensory signals 23,31, enhancing cortical 54 

communication 18, and filtering out distractors 8,10. The implementation of these other 55 

components involves brain areas and circuit mechanisms that are only partly 56 

understood but likely to play a central role in the control of selective attention 30-33. 57 

The broad coverage of fMRI offers a means to investigate attention-related 58 

modulation throughout the brain. Recent fMRI studies in monkeys have identified 59 

several cortical and sub-cortical areas modulated during covert visual attention tasks 34-60 

38. Most of these studies used attention to static stimuli 34,35,37,38, with the exception of 61 

one study that used a visual motion stimulus 36. The present study had two principal 62 

objectives. First, we aimed to replicate the findings from previous fMRI studies in 63 

monkeys 34-38 using a different attention task paradigm. Second, we sought to identify 64 

additional attention-related brain regions that were not reported in these earlier studies, 65 

perhaps due to differences in the scanning methodology or the attention paradigm. 66 
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Toward this end, we collected 62208 volumes of imaging data in two monkeys while 67 

they performed a covert attention task involving visual motion stimuli. The task was 68 

somewhat different from that used in the previous macaque fMRI studies of attention 69 

35,36, though was directly comparable to that used in a previous human fMRI study to 70 

identify the brain areas that show attention-related modulation to visual motion 39.  71 

Consistent with previous findings, we found attention-related BOLD modulation in 72 

several early visual cortical areas (V1, V2v, MT), frontal and parietal areas (FEF, vlPFC, 73 

LIP) and subcortical structures (SC, pulvinar).  Importantly, we also identified significant 74 

attention-related modulation in brain areas not traditionally linked to attention – namely, 75 

mid-STS cortical areas (anterior FST and parts of IPa, PGa, TPO) and the caudate 76 

nucleus in the basal ganglia. These results identify a more complete list of cortical and 77 

subcortical brain regions that are actively recruited during covert selective visual 78 

attention in monkeys and that may contribute to different components of attention-79 

related processing. 80 

 81 

 82 

Results 83 

Performance in the attention tasks involving visual motion 84 

Both monkeys reliably performed three covert attention tasks (Baseline, Ignore 85 

and Attend) presented as a block design in the vertical scanner (Fig. 1; See Methods). 86 

In the Baseline task, monkeys detected luminance change at fixation. The Ignore task 87 

was similar to Baseline but included peripheral motion stimuli as distractors. In the 88 

Attend task, monkeys detected a motion-direction change in the peripheral motion 89 
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stimuli. In Baseline trials (Fig. 1B), the hit rates (mean: 74%, 68%) of the two monkeys 90 

were significantly higher than false alarms on catch trials (mean: 9%, 17%) during all 91 

sessions (Chi-square proportion test; p<0.0001), indicating that monkeys based their 92 

choices on the luminance change at fixation. In Ignore trials, foil false alarms – defined 93 

as joystick releases to motion-change in Ignore trials – were significantly lower for both 94 

monkeys (mean: 6%, 9%) compared to the hit rates (mean: 72%, 68%) (Chi-square 95 

proportion test; p<0.0001), indicating that monkeys actively ignored the motion stimuli 96 

during the Ignore task. Hit rates for left (mean: 75%, 73%) and right stimuli (76%, 69%) 97 

in Attend trials for both monkeys (Fig. 1F) were significantly higher than the foil false 98 

alarms for left (mean: 6.5%, 9%) and right stimuli (5.5%, 9%) in Ignore trials (Chi-square 99 

proportion test; p<0.0001) during all sessions, showing that the monkeys successfully 100 

based their choices on either the peripheral motion stimuli (Attend task) or the central 101 

stimulus (Ignore task), even though the peripheral visual stimuli were the same between 102 

the two tasks.  103 

Overall, across 24 imaging sessions in the two monkeys we obtained 5184 104 

blocks of trials for the attention tasks (1056 blocks each for both the Ignore and Attend 105 

tasks in monkey #1, 1536 blocks each for monkey #2). In the following, we first present 106 

the results as activation maps for the cerebral cortex, and then describe the regions of 107 

interest with attention-related modulation that we identified in both cortical and 108 

subcortical brain regions. 109 

 110 

Cortical activation maps during the Ignore and Attend tasks 111 
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We started by obtaining separate activation maps for the Ignore and Attend 112 

tasks. We measured the activations during the Ignore task as t-scores contrasting 113 

Ignore and Baseline and overlaid these values onto the partially inflated cortical 114 

surfaces of D99 anatomical in monkey #1’s native space for both hemispheres, along 115 

with the anatomical borders of cortical areas (Fig. 2a, 2b). We found activations in areas 116 

of the visual cortex and superior temporal sulcus (STS). Based on separate retinotopic 117 

mapping (see Supplementary Fig. S1 and Supplementary Methods), we determined that 118 

the activated voxels were predominantly in regions that mapped onto peripheral 119 

locations, consistent with them being stimulated by the moving dot stimuli.  120 

In similar fashion, we measured the activations during the Attend task as t-scores 121 

contrasting Attend and Baseline tasks (Fig. 2c, 2d), and again found activations in visual 122 

cortex and STS, and also in the intra-parietal sulcus (IPS), central sulcus (CS), arcuate 123 

sulcus (AS) and principal sulcus (PS). The positive activations predominantly 124 

corresponded to voxels that mapped onto peripheral stimulus locations. Now, in 125 

addition, there were pronounced negative activations corresponded to voxels that 126 

mapped onto foveal stimulus locations (central 20 radius). One possibility is that these 127 

deactivations in foveal voxels stemmed from differences in the behavioral relevance of 128 

the foveal stimulus during the Baseline verus Attend tasks, though we cannot exclude 129 

that the deactivations arised from stimulus differences at the fovea due to the color 130 

(black versus red) or luminance changes (present versus absent) in the small fixation 131 

cue.  Hereafter, we focus on the voxels corresponding to the position of the peripheral 132 

stimuli. 133 

 134 
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Overview of attention-related modulation in cortex  135 

To determine areas of the brain modulated during covert visual attention, we 136 

examined the contrast between the Attend and Ignore conditions, excluding voxels that 137 

mapped onto foveal locations. The resulting t-score maps (Bonferroni corrected; p < 138 

0.05, t-score > 5.02) projected onto partially inflated cortical surfaces for both monkeys 139 

are shown in Fig. 3; the unthresholded t-score maps contrasting Attend and Ignore 140 

conditions for both monkeys including all cortical voxels are provided in Supplementary 141 

Fig. S2. The t-score maps provide a broad overview of the cortical areas that showed 142 

consistent attention-related modulation: areas of the visual cortex, superior temporal 143 

sulcus (STS), intra-parietal sulcus (IPS), central sulcus (CS), arcuate sulcus (AS) and 144 

principal sulcus (PS). We also observed significant attention-related modulation in 145 

several subcortical regions that we describe in a later section. 146 

Some of these activated regions were fully expected based on previous studies 147 

of visual attention. In posterior STS, we found significant modulation in voxels 148 

anatomically identified to be in areas MT and V4t in all four hemispheres (Fig. 3). 149 

Monkey #2 showed a larger spread of attention-related modulation in area MST, 150 

compared to monkey #1. In the IPS, voxels showing attention-related modulation 151 

overlapped with anatomical areas LIPd, LIPv and area PEa (Fig. 3). In the frontal 152 

cortex, voxels located in parts of areas 45b, 8Bs, 8Ad in AS (FEF), and area 46v 153 

(vlPFC) in PS showed attention-related modulation (Fig. 3).  154 

Unexpectedly, we also found task modulation in different regions of the central 155 

sulcus (Fig. 3), but the sites of activation were idiosyncratic across the two monkeys. 156 

We speculate that, rather than being due to visual attention, this observed modulation in 157 
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somatomotor areas was related to differences in how the monkeys used the joystick in 158 

the task. Consistent with this interpretation, we did not see any activation in the central 159 

sulcus areas during the stimulus mapping experiment in which monkeys passively 160 

viewed stimuli during fixation and the joystick was not present (see Supplementary Fig. 161 

S1).   162 

The activation maps also consistently revealed a large swath of attention-related 163 

modulation in the mid-STS region, anterior to MT and MST. The activated voxels did not 164 

fall neatly within a single cortical area, but instead aggregated around the borders of 165 

several mid-STS cortical areas (FST, IPa, PGa and TEO) that are more clearly 166 

illustrated in a higher magnification view of these same data (Fig. 4). The peak 167 

activation in these mid-STS cortical areas was located in the fundus of the STS near the 168 

border between areas IPa and anterior FST, but activated voxels extended medially into 169 

PGa and TPO onto the dorsal bank of the STS, and laterally into medial parts of area 170 

TEO onto the ventral bank. The locations of the peak activation in the fundus varied 171 

somewhat across hemispheres, straddling the border between IPa and anterior FST – it 172 

was in IPa for the left hemispheres (Fig. 4a, 4c) but in aFST for the right hemispheres 173 

(Fig. 4b, 4d) in both monkeys. Based on these results, we will refer to this attention-174 

related region in the fundus of the mid-STS as aFST/IPa. 175 

To characterize these attention-related modulations in greater detail, we returned 176 

to the 3D volumes and identified regions of interest (ROIs) in cortical and subcortical 177 

brain regions, defined as 2mm-radius spheres centered on the local maxima of the 178 

contrast between Attend and Ignore conditions. For each ROI, we then extracted the 179 

time-course of BOLD activity during Attend and Ignore conditions for each area (see 180 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 7, 2018. ; https://doi.org/10.1101/340703doi: bioRxiv preprint 

https://doi.org/10.1101/340703
http://creativecommons.org/licenses/by-nc-nd/4.0/


 9 

Methods). For consistency, we focused on ROIs that showed activation at the same or 181 

overlapping anatomical locations in both monkeys. In total, we found 9 cortical and 3 182 

sub-cortical ROIs in both monkeys and assigned each a name based on the anatomical 183 

location of the local maxima. The coronal slices and average time-courses of all cortical 184 

and sub-cortical attention-related ROIs are shown in Figures 5 and 6, respectively. The 185 

average BOLD time-courses for Attend and Ignore conditions in each ROI are displayed 186 

next to the corresponding coronal slice. The average BOLD time-course for a given 187 

condition in an area was constructed by pooling blocks of that condition across sessions 188 

and voxels in that ROI (see Methods).  189 

 190 

Attention-related ROIs in the cortex 191 

In agreement with previous electrophysiological studies of covert visual attention 192 

in monkeys 1-3,5,7, we found attention-related peak activations in visual cortical areas 193 

including areas V1 and V2v (Fig. 5a, 5b) as well as area MT in posterior STS (Fig. 5c) in 194 

all four hemispheres of both monkeys. The visual cortical ROIs (V1, V2v and MT) 195 

showed a strong response to visual motion during the Ignore condition as well as during 196 

the Attend condition.  197 

In the parietal cortex, attention-related peak activations were observed in areas 198 

of the IPS including LIPd and LIPv (Fig. 5f, 5g). In the frontal cortex, we observed 199 

attention-related peak activations in areas FEF and vlPFC (Fig. 5h, 5i). These 200 

observations are in agreement with the previous neurophysiology studies of attention in 201 

monkeys 9-11,14. Unlike the visual cortical ROIs, the frontal and parietal ROIs (FEF, LIPd, 202 
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LIPv) showed a strong response to visual motion during Attend but a much weaker 203 

response during Ignore (Fig. 5; See also Fig. 2). 204 

 Importantly, in the mid-STS cortex, we identified two ROIs based on the 205 

attention-related peak activations (Fig. 5d, 5e). One ROI was identified in the dorsal 206 

bank of the STS and the peak activation was located in area TPO in all four 207 

hemispheres (Fig. 5e). The other ROI was aFST/IPa region (Fig. 5d), which was located 208 

in the fundus of the STS. As described earlier, the peak activation of this ROI was 209 

always near the border of aFST and IPa, and the 2mm sphere included voxels from 210 

several mid-STS cortical areas as defined by the anatomical boundaries: a majority of 211 

the activated voxels (62%) belonged to areas aFST and IPa and the remaining voxels 212 

(38%) were attributed to areas PGa and TEO. The activations we observed in these two 213 

mid-STS ROIs are in the vicinity of STS cortical activations reported in previous monkey 214 

fMRI studies 35,36, a point we consider in more detail in the Discussion. 215 

 216 

Subcortical attention-related structures 217 

We also observed significant attention-related modulation in subcortical 218 

structures (Fig. 6). In all four hemispheres, we observed significant attention-related 219 

modulation in the SC (Fig. 6a) and pulvinar (Fig. 6b), in agreement with previous 220 

neurophysiology studies 15,18,19. In addition to these subcortical regions known to be 221 

involved in selective attention, we also observed significant attention-related modulation 222 

in the genu of the left caudate nucleus in both monkeys (Fig. 6c). The genu of the 223 

caudate receives anatomical projections from motion sensitive areas of STS 40. A recent 224 

fMRI study of covert visual attention in monkeys using static symbols has also reported 225 
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attention-related modulation in the caudate nucleus, though in its tail rather than its 226 

genu 35.  227 

 228 

Is attention-related modulation in mid-STS regions limited to visual motion stimuli? 229 

A possible explanation for the attention-related modulation in the mid-STS 230 

regions (aFST/IPa, TPO) is that these areas are specialized for visual motion 231 

processing, similar to areas MT and MST. This explanation would be consistent with 232 

previous fMRI experiments showing activations related to higher-order motion signals in 233 

similar mid-STS cortical areas 41. To test how much of the attention-related modulation 234 

we observed in these mid-STS regions was due to our use of a visual motion stimulus, 235 

we collected data from a control experiment in one monkey (monkey # 1) performing an 236 

attention task in the scanner involving a second-order orientation detection (see 237 

Methods). All aspects of the task were the same as in the motion version except that the 238 

motion stimulus was replaced by a second-order orientation stimulus. Performance of 239 

the monkey in the three tasks (Baseline, Ignore and Attend) is shown in Figure 7. The 240 

hit and false alarm rates in the Baseline condition were 73% and 10% respectively (Fig. 241 

7b). The hit rate (72%) and foil false alarm rate (Left: 12%, Right: 9%) in the Ignore 242 

condition show that the monkey successfully ignored the peripheral second-order 243 

orientation stimuli when they were irrelevant (Fig. 7c). The hit rates (Left: 79%, Right: 244 

65%) of the monkey in the Attend condition were higher than false alarms (8%), 245 

indicating that the monkey was able to detect the second-order orientation stimulus 246 

when it was behaviorally relevant during the Attend blocks (Fig. 7d). 247 
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As with the motion task, we contrasted the Attend and Ignore conditions to 248 

identify voxels with significant attention-related modulation. The resulting t-score maps 249 

(Bonferroni corrected; p<0.05, t-scores > 5.02) projected onto partially inflated cortical 250 

surfaces for monkey #1 are shown in Figures 8ab. The overall attention-related 251 

modulation was sparser during the second-order orientation task than the motion-252 

change detection task; early visual areas V1, V2v did not show any significant attention-253 

related modulation. Voxels showing attention-related modulation were identified in areas 254 

neighboring the superior temporal sulcus (STS), intra-parietal sulcus (IPS) and arcuate 255 

sulcus (AS). In the posterior STS, attention-related modulation was very weak and 256 

included only area V4t but not MT (Fig. 8a, 8b), unlike in the motion-change detection 257 

task which included both MT and V4t (Fig. 8a, 8b). In the IPS, significantly modulated 258 

voxels were located in areas LIPd, LIPv and area PEa. In the AS, voxels were identified 259 

in areas 8Bs and 8Ad (FEF). In the mid-STS, significant attention-related modulation 260 

was found in the aFST/IPa region with activated voxels identified to be in anterior FST, 261 

and IPa in the fundus of the STS, area PGa in the dorsal bank and medial parts of area 262 

TEO in the ventral bank. However, we did not find any activation in area TPO on the 263 

dorsal bank. These results show that the aFST/IPa region was modulated during covert 264 

visual attention in the absence of any visual motion.  265 

To test if the modulated voxels identified in the motion-change detection and 266 

orientation detection tasks were from the same or different population of voxels, we 267 

identified attention-related ROIs areas in the orientation task following the same method 268 

as previously described for the motion task. Note that the ROIs were defined 269 

independently for data from each task based on their respective attention-related 270 
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modulation. We then computed the percentage of voxels for each ROI that were 271 

significantly modulated during both attention tasks. We defined the “%Overlap” for an 272 

area as the number of voxels that showed significant attention-related modulation in 273 

both tasks, divided by the total number of voxels in the joint ROI (i.e., the union of the 274 

voxels across the two tasks). A low value for %Overlap would indicate that the attention-275 

related modulation depended on the particular visual feature (motion or orientation) 276 

used in the attention task, or that the center of the ROI shifted considerably between the 277 

two tasks; a high value would indicate that the same voxels were modulated in both 278 

tasks. We found modest values for %Overlap for frontal and parietal ROIs (LIPd: 9%, 279 

LIPv: 12%, FEF: 16%), and a relatively low value for the V4t ROI (4%) neighboring MT 280 

(Fig. 8c). The highest value for %Overlap was found for aFST/IPa (53%), demonstrating 281 

that the attention-related modulation in the aFST/IPa region was not limited to attention 282 

tasks involving visual motion – indeed, nearly half of the voxels in the aFST/IPa ROI 283 

were modulated in both tasks (Fig. 8c).  284 

As an additional comparison of the aFST/IPa modulation during the two attention 285 

tasks, we examined the full extent of the overlap using the activation maps for the entire 286 

mid-STS region, rather than considering only the voxels within the 2mm-radius sphere 287 

around the peak activation. The blue contour in Fig. 9a, 9b outlines the contiguous 288 

attention-related activation in the mid-STS region during the orientation task for both 289 

hemispheres in monkey #1, which extended across anterior FST, IPa and PGa. We 290 

then overlaid the same blue contour on the activations during the motion task, and 291 

found that the highest activations during the motion task were mostly contained within 292 

the blue contour (Fig. 9c, 9d). This demonstrates that not only was the aFST/IPa region 293 
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modulated during both tasks, but the voxels modulated during the orientation task were 294 

the same voxels that showed the largest modulation during the visual motion task. 295 

Finally, we considered whether the difference in the spatial extent of the 296 

attention-related activations between the motion and orientation tasks (t-score maps in 297 

Fig. 3 and Fig. 8) might be due to the difference in the number of trials of imaging data 298 

in Motion task (5244 Attend trials) and Orientation task (3602 Attend trials). We 299 

repeated the GLM analysis (See Methods) on an independent dataset collected during 300 

the motion task with a number of trials (3667 Attend trials) comparable to those in the 301 

orientation task. The resulting attention-related activation map showed significant 302 

activations around the superior temporal sulcus, intra-parietal sulcus, arcuate sulcus 303 

and principal sulcus, comparable to the attention-related activations shown in Fig 3. 304 

These results indicate that the difference in attention-related activations between the 305 

two tasks was not due to the difference in the number of runs or trials of imaging data 306 

collected, but instead due to the difference in the visual stimuli used. In particular, we 307 

suspect that the dynamic nature of the visual motion stimulus simply produced larger 308 

activations overall than the second-order orientation stimulus. 309 

 310 

 311 

Discussion 312 

The goal of the present study was to replicate the results from previous monkey 313 

fMRI studies in a different attention task paradigm and identify the brain regions 314 

modulated during covert visual attention in non-human primates. The task was directly 315 

comparable to that used in a previous human fMRI study to identify the brain areas that 316 
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show attention-related modulation to visual motion 39. We found attention-related 317 

modulation in visual cortical areas (V1, V2v, MT), fronto-parietal areas (FEF, vlPFC, 318 

LIP) and sub-cortical structures (SC, pulvinar), as might be expected from previous 319 

electrophysiology studies in monkeys 1-3,5,8,9,12-15,18,19. These observations are in 320 

agreement with the recent fMRI studies of covert visual attention in monkeys 34-38, as 321 

well as the more numerous fMRI studies of covert visual attention in humans 39,42-44. 322 

Interestingly, our results also show attention-related modulation in relatively unexplored 323 

areas of the brain – mid-STS areas (aFST/IPa region and area TPO) and caudate 324 

nucleus during covert visual attention to motion in non-human primates (Fig. 3, 4 and 5).  325 

Areas in mid-STS (aFST/IPa region and area TPO) showed modulation during 326 

covert attention to motion. The anatomical location of the aFST/IPa region (Fig. 4d; 327 

Monkey #1: AP + 5.75mm; Monkey # 2: AP + 7mm) matches the previously described 328 

motion-sensitive region in STS named LST 41. To test if the attention-related modulation 329 

we observed in aFST/IPa region was limited to visual motion stimulus, we used the 330 

same task design with a second-order orientation stimulus, rather than a motion 331 

stimulus. Areas of the fronto-parietal network (FEF, LIP) showed some modulation in 332 

both versions of the attention task, as might be expected, but we also found strong 333 

modulation in aFST/IPa region located in the mid-STS (Fig. 8a, 8b). In fact, we found 334 

that modulation in aFST/IPa region was localized to the same voxels in both tasks (Fig. 335 

8c), according to the D99 atlas in AFNI 45. The LST region was also shown to exhibit a 336 

preference for intact shapes over scrambled shapes 41, consistent with our observation 337 

that attention-related modulation in this region was not restricted to tasks using visual 338 

motion (Fig. 8a, 8b). Although the LST region was not previously shown to be 339 
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modulated by attention, our results suggest that aFST/IPa region is the previously 340 

described LST, and this region is recruited during covert visual attention even without 341 

visual motion. The functional contribution of these mid-STS areas (aFST/IPa region and 342 

area TPO) to covert visual attention is not known, although there is sparse evidence 343 

that lesions targeted in the fundus and dorsal bank of STS can produce unilateral 344 

neglect in monkeys 46,47. 345 

We also found strong attention-related modulation in the genu of the caudate 346 

nucleus during covert attention to motion. Previous fMRI studies in monkeys using static 347 

symbols found modulation in the tail of the caudate nucleus 35. This difference is most 348 

likely due to difference in the visual stimuli used: visual areas involved in processing the 349 

visual motion stimuli we used in our task project to caudate genu, whereas visual areas 350 

involved in processing object stimuli used by Caspari et al. project to caudate tail 40. 351 

Furthermore, lesions of the striatum including caudate nucleus leads to hemi-spatial 352 

neglect in humans 48. Our results taken together with the observations from Caspari et 353 

al. suggest that the caudate nucleus in monkeys plays some role in the performance of 354 

covert attention tasks. Neuronal recordings in the caudate have revealed activity related 355 

to perceptual and cognitive functions 49, including the encoding of object values 50 and 356 

the formation of perceptual choices based on visual motion signals 51, but the activity of 357 

caudate neurons has not yet been reported for covert visual attention tasks. Circuits 358 

involving the caudate nucleus might contribute to covert visual attention through 359 

mechanisms related to the formation of the perceptual choice 52,53, rather than the 360 

modulation of sensory processing, but additional studies will be needed to sort out these 361 

issues. 362 
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 The attention-related modulation in cortical and sub-cortical areas we observed is 363 

broadly consistent with the results of previous fMRI studies in monkeys during covert 364 

attention tasks 34-38. One recent study investigated attention-related modulation in 365 

monkeys using visual motion stimulus, but in a different task paradigm 36. The results 366 

from Stemmann et al. showed that an area in posterior inferotemporal cortex exhibited a 367 

strong attention-related modulation during covert attention to motion 36. The majority of 368 

the attention-related activation we found was in the fundus and dorsal bank of the STS, 369 

including area TPO and a region we referred to as the aFST/IPa region. We also 370 

observed some attention-related activation in the medial parts of area TEO in the lower 371 

bank of the STS. The anatomical location of the activation in the Stemman (2016) study 372 

(see their Fig. 2D) is at least 6mm posterior to the activations we observed (our Fig. 4d), 373 

even though the relative location of these STS activations with respect to MT is the 374 

same in both studies (compare Fig. 2D in Stemmann et al. and Fig. 4 in our study). We 375 

thus suspect that the anterior-posterior locations of our STS activations might be very 376 

similar. The discrepancy in medial-lateral location of activations in both studies might be 377 

explained by the difference in the retinotopic location of the stimuli used (80 in our study 378 

compared to 50 used in Stemmann et al.), given the retinotopic organization in mid-STS 379 

areas 54,55. Regardless of these issues, our results taken together with Stemmann et al. 380 

provide strong evidence that the aFST/IPa region is not only modulated during attention 381 

to motion stimuli but also during attention to other visual features. 382 

In conclusion, using fMRI in two monkeys performing a covert attention task, we 383 

identified a list of brain structures that are selectively activated during covert attention to 384 

peripheral visual stimuli. In addition to attention-related activation in expected cortical 385 
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(frontal, parietal and visual areas) and subcortical (superior colliculus, pulvinar) regions, 386 

we also found significant attention-related modulation in places not traditionally linked to 387 

attention – mid-STS areas (aFST/IPa region and area TPO) and the caudate nucleus. 388 

These findings identify the mid-STS areas and caudate as additional brain areas of 389 

interest for the study of covert visual attention in non-human primates.  390 

 391 

  392 
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Methods 393 

Animals 394 

Two adult male rhesus monkeys (Macaca mulatta) weighing 7-9 kg participated 395 

in this study. All experimental protocols were approved by the National Eye Institute 396 

Animal Care and Use Committee and all procedures were performed in accordance with 397 

the United States Public Health Service policy on the humane care and use of 398 

laboratory animals.  399 

 400 

Attention tasks: Motion-change detection 401 

In the scanner, both monkeys performed three behavioral tasks: Baseline, Ignore 402 

and Attend. In all tasks, monkeys initiated the trial by holding the joystick down and 403 

fixating the central fixation spot with a colored central cue on a grey background. 404 

Monkeys fixated for the entire duration of the trial with in a 2o fixation window. The color 405 

of the central cue indicated the trial condition. In Baseline and Ignore trials, the color of 406 

the central cue was black (Fig. 1a, 1c) and the relevant stimulus was the fixation 407 

stimulus. In Attend trials, the color of the central cue was red (Fig. 1e) and the relevant 408 

stimulus was the peripheral motion stimulus. The details about the peripheral motion 409 

stimuli and fixation stimuli are provided elsewhere (see Supplementary methods). The 410 

sequence of events in three different trial conditions are as follows.  411 

In Baseline trials, following 0.5 s of fixation, the luminance of the fixation spot 412 

decreased during a variable delay of 1 – 3 s on the 65% of the trials. Monkeys reported 413 

the luminance change by releasing the joystick within 0.3 - 0.8 s to get a juice reward 414 
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(Fig. 1a). A total of 12340 Baseline trails were collected in both monkeys (7520 in 415 

Monkey #1 and 4820 in Monkey #2). 416 

In Ignore trials, following 0.5 s of fixation, two random dot motion stimuli were 417 

presented on either side of fixation at 8o eccentricity (radius) and 10o above horizontal 418 

meridian (azimuth). During the variable delay of 1 – 3 s, the luminance of the fixation 419 

spot decreased on 65% of the trials. Independent of the fixation luminance change, one 420 

of the peripheral motion stimulus changed direction during the variable delay of 1 – 3 s 421 

on the 65% of the trials. Monkeys ignored the motion direction change and reported the 422 

luminance change by releasing the joystick within 0.3 - 0.8 s to get a juice reward (Fig. 423 

1c). If the monkeys released the joystick for a motion direction change, the trial was 424 

aborted. A total of 13189 Ignore trails were collected in both monkeys (7927 in Monkey 425 

#1 and 5262 in Monkey #2). 426 

In Attend trials, following 0.5 s of fixation, two random dot motion stimuli were 427 

presented at the same stimulus location as in Ignore trials. One of the peripheral motion 428 

stimulus changed direction during the variable delay of 1 – 3 s on the 65% of the trials. 429 

Monkeys reported the motion-direction change by releasing the joystick within 0.3 - 0.8 430 

s to get a juice reward (Fig. 1e). There was no fixation luminance change in Attend 431 

trials. A total of 12424 Attend trails were collected in both monkeys (7180 in Monkey #1 432 

and 5244 in Monkey #2). 433 

In all tasks, 35% of the trials were catch trials and monkeys hold the joystick 434 

down to get a juice reward.  435 

 436 

Attention tasks: Orientation-pulse detection 437 
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In addition to the motion-change detection task, monkey # 1 also performed a 438 

version of the attention tasks with orientation pulse stimuli instead of the random dot 439 

motion stimuli. The sequence of events in all three conditions (Baseline, Ignore, Attend) 440 

were kept the same as the motion-change detection version of the task (Fig. 7b, 7c, 7d). 441 

The onset of the motion stimuli was replaced with the onset of white noise stimuli, and 442 

the motion-direction change was replaced with a 0.5 s second-order orientation pulse. 443 

In Attend condition, monkey reported the orientation pulse by releasing the joystick 444 

within 0.3 - 0.8 s to get a juice reward (Fig. 7d), whereas in Ignore condition, monkey 445 

ignored the orientation pulse and reported the luminance change in the fixation spot by 446 

releasing the joystick within 0.3 - 0.8 s to get a juice reward (Fig. 7c). A total of 3518 447 

Ignore trails and 3602 Attend trials were collected in in Monkey #1. 448 

The second-order orientation stimulus was generated by briefly (0.5 s) 449 

modulating the contrast of a white noise stimulus with a 2-dimensional sinusoid (Fig. 450 

7a). The noise stimulus was 60 in diameter and consisted of checks each the size of a 451 

pixel with luminance values ranging from 8 – 84 cd/m2, and the 2-dimensional sinusoid 452 

had a spatial frequency of 0.7 cycles/deg, and its orientation was 900. We refer to this 453 

as a second-order orientation stimulus, because the oriented grating briefly visible in the 454 

stimulus was due to the local differences in contrast, not luminance differences. The 455 

mean luminance (38 cd/m2) of the stimulus was constant throughout its presentation 456 

and was the same across every band in the oriented grating. 457 

 458 

Block Design 459 
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Baseline, Ignore and Attend tasks were presented in a block design as shown in 460 

Fig. 1g. Each run started with Baseline block which lasted for 10 s and was presented in 461 

every alternate block thereafter. Ignore and Attend blocks lasted for 20 s and were 462 

presented randomly between Baseline blocks. The number of Ignore and Attend blocks 463 

were balanced in a given run. Each run lasted 480s. For the motion-change detection 464 

task, a total of 324 runs (132 in Monkey #1; 192 in Monkey # 2) were collected in both 465 

monkeys across 24 sessions. For the orientation-pulse detection task, a total of 102 466 

runs were collected in monkey # 1 across 7 sessions. 467 

 468 

fMRI data collection 469 

Anatomical and functional images were collected in a vertical magnet (4.7T, 60 470 

cm vertical bore; Bruker Biospec) equipped with a Bruker S380 gradient coil. EPI 471 

volumes were acquired using a custom built transmit and 4-channel receive RF coil 472 

system (Rapid MR International). In each run, we collected 192 whole-brain EPI 473 

volumes at an isotropic voxel resolution of 1.5 mm and at a TR of 2.5 s. 474 

 475 

fMRI Analysis 476 

Preprocessing of the fMRI data was done using AFNI/SUMA software package 477 

56. Raw images were converted to AFNI data format. EPI volumes in each run were 478 

slice-time corrected using 3dTshift, followed by correction for static magnetic field 479 

inhomogeneities using the PLACE algorithm 57. All EPI volumes were motion-corrected 480 

using 3dvolreg and were registered to the session anatomical using 3dAllineate. To 481 

combine EPI data across multiple sessions for a given animal, all sessions for a given 482 
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animal were registered to a template session. A high resolution anatomical of each 483 

monkey was registered to the corresponding template session anatomical to overlay 484 

functional results in monkey’s native space. To overlay D99 atlas boundaries on the 485 

functional results, D99 anatomical in AFNI was registered to each monkey’s native 486 

space 45. Surface maps were generated for D99 anatomical in each monkey’s native 487 

space using CARET from a white matter segmentation mask 58. Surface maps of D99 in 488 

each monkey’s native space were viewed in SUMA overlaid with anatomical boundaries 489 

and functional results.  490 

  491 

Functional maps of attention 492 

To identify voxels that were modulated by attention we performed a GLM 493 

analysis using 3dDeconvolve in AFNI. Attend and Ignore conditions were included as 494 

regressors of interest and Baseline condition, motion correction parameters were 495 

included as regressors of no interest (baseline model). To control for the effects caused 496 

by any differences during Attend and Ignore blocks in blinks (Wilcoxon rank sum test, p 497 

= 0.91 (Monkey # 1), p = 0.97 (Monkey # 2)), saccadic eye movements (Wilcoxon rank 498 

sum test, p = 0.04 (Monkey # 1), p < 0.0001 (Monkey # 2)), rewards (Wilcoxon rank 499 

sum test, p = 0.17 (Monkey # 1), p = 0.68 (Monkey # 2)) and joystick movements 500 

(Wilcoxon rank sum test, p = 0.11 (Monkey # 1), p < 0.001 (Monkey # 2)), we included 501 

these factors as part of the regression model. Reward times, joystick event times (press 502 

and release), blink times and saccade times (left and right) were convolved with the 503 

hemodynamic impulse response function and were included as part of the baseline 504 

model. The median duration of fixation in the blocks of all three conditions for both 505 
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monkeys is above 85%. Saccades with magnitude less than 1o were detected using 506 

velocity and acceleration threshold 59. T-scores contrasting Attend and Ignore conditions 507 

were projected on to the inflated maps to show voxels modulated by attention. All 508 

functional maps were thresholded (p < 0.05; t-score > 5.02) to correct for multiple 509 

comparisons (Bonferroni correction).  510 

 511 

Attention-related areas and BOLD time-courses 512 

Attention-related areas were identified based on the local maxima of the attention 513 

activation map for each hemisphere using 3dExtrema in AFNI. The BOLD time-course 514 

for each Attend or Ignore block was computed as a % change in BOLD relative to the 515 

BOLD in Baseline block preceding it. For each area, an average time-course was 516 

constructed by pooling time-courses of all voxels within a 2mm radius around the local 517 

maxima across all blocks from all sessions. 518 

 519 

Data Availability 520 

The datasets generated during and/or analysed during the current study are available 521 

from the corresponding author on reasonable request. 522 

 523 

  524 
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Figure Legends 686 
 687 
Figure 1. Behavioral tasks and performance.  688 

The color of the square around the central fixation spot instructed the monkey to either 689 

monitor the fixation stimulus (black in baseline (a) and Ignore (b) tasks) or the peripheral 690 

motion stimuli (red in Attend (c) task). a) Baseline task. Following 500ms of fixation, the 691 

central fixation spot dimmed on 65% of the trials during the delay period. Monkey 692 

released the joystick within 0.75 seconds of the dim to get a juice reward. b) 693 

Performance of both monkeys (Monkey # 1: blue; Monkey # 2: green) on change trials 694 

(dim) and catch trials (no dim) in the Baseline task. Circles indicate % response in each 695 

session. Horizontal black lines with gray bars indicate mean and standard deviation 696 

respectively. c) Ignore task. Following 500ms of fixation, two circular patches of random 697 

dot motion stimuli (60 in diameter) appeared on either side of fixation at 80 eccentricity 698 

(radius) and 100 above horizontal (azimuth). During the delay period, the central fixation 699 

spot dimmed on 65% of the trials and monkey released the joystick within 0.75 seconds 700 

of the dim to get a juice reward. During the same delay period, independently of the 701 

fixation spot dimming, one of the motion stimuli changed direction on 65% of the trials. 702 

Monkey had to ignore the motion-change and hold the joystick down. d) Performance in 703 

the Ignore task. Color and symbol conventions same as (b). e) Attend task. Following 704 

500ms of fixation, two circular patches of random dot motion stimuli appeared at the 705 

same location as in Ignore task. During the delay period, one of the motion stimuli 706 

changed direction on 65% of the trials and monkey released the joystick within 0.75 707 

seconds of the motion-change event to get a juice reward. f) Performance in the Attend 708 

task to left and right motion-changes as well as no changes. Color and symbol 709 
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conventions same as (b). g) Block Design: All three tasks were presented in a block 710 

design and the duration of each task in the block design is shown in d. Each run started 711 

with the Baseline task and was interleaved with Ignore and Attend tasks.  712 

 713 

Figure 2. Activations during Ignore and Attend tasks 714 

(a, b) T-scores contrasting Ignore and baseline tasks show activations during Ignore 715 

task in left (a) and right (b) hemispheres of monkey # 1. (c, d) T-scores contrasting 716 

Attend and baseline tasks show activations during Attend task in left (c) and right (d) 717 

hemispheres of monkey # 1. Anatomical boundaries are labeled for the left hemisphere. 718 

T-scores were corrected for multiple comparisons (Bonferroni correction; p < 0.05, |t-719 

score| > 5.02). 720 

 721 

Figure 3. Cortical maps of attention-related activation 722 

T-scores contrasting Attend and Ignore tasks were projected onto inflated cortical 723 

surfaces of D99 in each monkey’s native space along with anatomical boundaries (black 724 

contours). (a, b) Inflated cortical maps of t-scores showing attention-related activation in 725 

left (a) and right (b) hemispheres of monkey # 1. Anatomical boundaries are labeled for 726 

the left hemisphere in monkey # 1. (c, d) Inflated cortical maps of t-scores showing 727 

attention-related activation in left (c) and right (d) hemispheres of monkey # 2. 728 

Anatomical boundaries are labeled for the left hemisphere in monkey # 2. T-scores 729 

were corrected for multiple comparisons (Bonferroni correction; p < 0.05, t-score > 730 

5.02). 731 

 732 
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 733 

Figure 4. Attention-related modulation in mid-STS areas 734 

(a, b) Magnified versions of figure 3a and 3b showing STS activation in left and right 735 

hemispheres of monkey # 1. (c, d) Magnified versions of figure 3c and 3d showing STS 736 

activation in left and right hemispheres of monkey # 2. The white arrow points to the 737 

peak activation in the aFST/IPa region in left and right hemispheres of both monkeys.  738 

 739 

Figure 5. BOLD time-courses during Attend and Ignore tasks in cortical ROIs 740 

(a – i) Each row shows plots of mean BOLD time-courses for a given area in left and 741 

right hemispheres of both monkeys (Monkey # 1: Left column; Monkey # 2: Right 742 

column) along with coronal slices containing the peak of the area. The name of the area 743 

is shown at top-left of each row. The location of the coronal slice w.r.t the inter-aural 744 

axis is shown on top of each coronal slice. Mean BOLD time-courses are plotted as % 745 

change in BOLD on y-axis against repetition time (TR) on the x-axis for Attend (red) and 746 

Ignore (blue) tasks. Error bars indicate 95% confidence intervals.TR = 0 on x-axis 747 

indicates start of the block. The location of the white cross-hair in each coronal slice 748 

indicates the peak of the area in the corresponding hemisphere and is overlaid with 749 

attention-related activation (t-scores contrasting Attend and Ignore (Bonferroni 750 

correction; p < 0.05, t-score > 5.02), as in figure 3). aFST refers to anterior part of 751 

anatomical area FST. 752 

 753 

Figure 6. BOLD time-courses during Attend and Ignore tasks in subcortical ROIs 754 

(a – c) Same conventions as figure 5.  755 
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 756 

Figure 7. Second-order orientation stimulus: behavioral tasks and performance 757 

a) Second-order orientation stimulus. A 2D uniform distribution centered at zero was 758 

added to a base luminance (c) to generate a white noise stimulus. The same 2D 759 

uniform distribution was modulated by a 2D sinusoid and added to a base luminance to 760 

generate a second-order orientation stimulus. The orientation seen in the stimulus is 761 

second-order, because it is based on the local contrast of the bands of the grating 762 

without any difference in the local mean luminance of the bands of the grating. (b – d) 763 

All task conventions were the same as in figure 1, except that the peripheral stimuli 764 

were second-order orientation patches rather than visual motion patches.  765 

e) Block Design: All three tasks were presented in a block design identical to that used 766 

in the motion version of the task (Figure 1). 767 

 768 

Figure 8. Cortical areas showing attention-related modulation to second-order 769 

orientation stimulus 770 

(a, b) T-scores contrasting Attend and Ignore tasks described in figure 7 were projected 771 

onto inflated cortical surfaces of D99 in native space of monkey # 1 along with 772 

anatomical boundaries (black contours). Inflated cortical maps of t-scores (Bonferroni 773 

correction; p < 0.05, t-score > 5.02) showing attention-related activation in left (a) and 774 

right (b) hemispheres of monkey # 1. Anatomical boundaries for the left hemisphere of 775 

monkey # 1 are shown in figure 3a. c) % Overlap for a given area was defined as the 776 

percentage of total voxels in that area that showed significant attention-related 777 
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modulation in both motion (figure 1) and second-order orientation (figure 7) versions of 778 

the tasks. 779 

 780 

Figure 9. Overlap of attention-related modulation in mid-STS areas during orientation 781 

and motion tasks 782 

(a, b) Magnified versions of figure 8a and 8b showing STS activation during orientation 783 

task in left and right hemispheres. Blue contour represents the contiguous activation in 784 

mid-STS areas. (c, d) Magnified versions of figure 3a and 3b showing STS activation 785 

during motion task in left and right hemispheres. Blue contours from figure 9a and 9b 786 

were overlaid for the left and right hemispheres respectively. 787 

 788 
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Figure 9 Orientation task
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