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Abstract 17 

Attention priority maps are topographic representations that are utilized for attention 18 

selection and guidance of task-related behavior during visual processing. Previous studies have 19 

identified attention priority maps of simple artificial stimuli in multiple cortical and subcortical 20 

areas, while investigating neural correlates of priority maps of natural stimuli is complicated by 21 

the complexity of their spatial structure and the difficulty of behaviorally characterizing their 22 

priority map. To overcome these challenges, we reconstructed the topographic representations of 23 

upright/invered face images from fMRI BOLD signals in human early visual areas V1-V3 based 24 

on a voxel-wise population receptive field model and behaviorally characterized the priority map 25 

as the first saccadic eye movement pattern when subjects performed a face matching task, relative 26 

to the condition in which subjects performed a phase-scrambled face matching task. We found that 27 

the differential first saccadic eye movement pattern between upright/inverted and scrambled faces 28 

could be well predicted from the reconstructed topographic representations in V1-V3 in humans of 29 

either sex. The coupling between the reconstructed representation and the eye movement pattern 30 

increased from V1 to V2/3 for the upright faces, whereas no such effect was found for the inverted 31 

faces. Moreover, face inversion modulated the coupling in V2/3, but not in V1. Our findings 32 

provide new evidence for priority maps of natural stimuli in early visual areas and extend 33 

traditional attention priority map theories by revealing another critical factor that affects priority 34 

maps in extrastriate cortex in addition to physical salience and task goal relevance, namely the 35 

image configuration. 36 

 37 

Significance Statement 38 
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Prominent theories of attention posit that attention sampling of visual information is mediated by a 39 

series of interacting topographic representations of visual space known as attention priority maps. 40 

Until now, neural evidence of attention priority maps has been limited to studies involving simple 41 

artificial stimuli while much remains unknown about the neural correlates of priority maps of 42 

natural stimuli. Here, we show that attention priority maps of face stimuli could be found in V1 43 

and V2/3. Moreover, representations in extrastriate visual areas are strongly modulated by image 44 

configuration. These findings significantly extend our understanding of attention priority maps by 45 

showing that they are modulated not only by physical salience and task-goal relevance but also by 46 

the configuration of stimuli images. 47 

 48 

Introduction 49 

In everyday life, our visual system is faced with the critical challenge of selecting the most 50 

relevant fraction of visual inputs at the expense of less relevant information. According to 51 

prominent attention priority map theories (Baluch & Itti, 2011; Fecteau & Munoz, 2006; Serences 52 

& Yantis, 2006), attention selection is implemented via attention priority maps that signal which 53 

part of the visual input should be granted prioritized access and guide the ensuing task-related 54 

behavior. Previous studies have identified priority maps in multiple brain regions throughout the 55 

visual processing hierarchy, including frontal eye field (Serences & Yantis, 2007), precentral 56 

sulcus (Jerde, Merriam, Riggall, Hedges, & Curtis, 2012), lateral intraparietal cortex (LIP) (Bisley 57 

& Goldberg, 2003, 2010; Gottlieb, Kusunoki, & Goldberg, 1998), and V4 (Mazer & Gallant, 58 

2003). More recently, seminal findings by Sprague and Serences (2013) showed that priority maps 59 

could be found in early retinotopic areas outside the fronto-parietal regions, including V1. 60 

However, little is known about the attention priority representation of natural stimuli because 61 

previous studies usually used artificial stimuli composed of simple features. Although several 62 

pioneering studies by Peelen, Kastner and colleagues have shown that visual search in real-world 63 

scenes is achieved by matching incoming visual input to a top-down category-based attentional 64 

“template”, an internal object representation with target-diagnostic features (Peelen et al., 2009; 65 

Peelen & Kastner, 2011, 2014; Seidl, Peelen, & Kastner, 2012), so far, there is no neural evidence 66 

of a topographic profile of attention priority distribution over natural stimuli.  67 

The fundamental theme of identifying neural correlates of attention priority map is to 68 

examine the link between the topographic neural representation of visual stimuli and task-related 69 

behavior that reflects the spatial pattern of attention priority (i.e., behavioral relevance). However, 70 

this is complicated in the case of natural stimuli. First, natural stimuli are highly complex and 71 

investigating their topographic representation in the visual cortex is therefore challenging, 72 

especially with human brain imaging techniques. Second, it is difficult to behaviorally 73 

characterize the priority map of natural images using psychophysical measurements (e.g., contrast 74 

sensitivity). Further complicating the matters is that visual processing of natural stimuli is often 75 

influenced by image configuration. A well-known example is the face inversion effect that face 76 
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recognition performance is severely impaired by the inversion of face image (Rhodes & 77 

Tremewan, 1994; Yin, 1969). As a result, identifying the attention priority representation of 78 

natural stimuli remains a critical challenge, as no studies have examined the behavioral relevance 79 

of topographic representations of natural stimuli while simultaneously taking the influence of 80 

image configuration into consideration. 81 

Here, we combined the use of eye tracking and fMRI (functional magnetic resonance 82 

imaging) to address these issues. Face images were chosen as experimental stimuli because the 83 

spatial configuration of face components (i.e., eyes, mouth, nose etc.) is highly consistent across 84 

individual faces and the impact of inverted image configuration is more pronounced in faces than 85 

other objects (Yin, 1969), which allows effective reconstruction of their topographic neural 86 

representation and easy manipulation of their image configuration. We behaviorally characterized 87 

the priority map of faces as the differential spatial distribution of the first saccadic targets between 88 

intact and phase-scrambled face images during a one-back image matching task. First saccade 89 

after stimulus onset is thought to be a relatively pure signature of attentional guidance when 90 

processing complex stimuli (Awh, Armstrong, & Moore, 2006; Einhäuser, Spain, & Perona, 2008; 91 

Jiang, Won, & Swallow, 2014). To reconstruct the topographic representation of face images, we 92 

utilized the voxel-wise population receptive field mapping technique (Dumoulin & Wandell, 93 

2008). This technique allows us to identify the corresponding retinotopic location of each voxel in 94 

a given visual cortical area and thus enable the reconstruction of the topographic stimulus 95 

representation from population activities in the reference frame of subjects’ visual field of view 96 

(Kok & de Lange, 2014). To examine the behavioral relevance of the reconstructed representation 97 

to the priority map, we measured their correspondence using Precision-Recall curves (Davis & 98 

Goadrich, 2006).  99 

 100 

Methods 101 

Participants  102 

A total of ten human subjects (5 male, 18–28 years old) were paid to take part in the study. 103 

All of them participated in both the eye tracking and fMRI experiments. All subjects were naïve to 104 

the purpose of the study. They were right-handed, reported normal or corrected-to-normal vision, 105 

and had no known neurological or visual disorders. Written informed consents were collected 106 

before the experiments. Experimental procedures were approved by the Human Subject Review 107 

Committee at Peking University. 108 

Stimuli  109 

Three types of visual stimuli were used in this study, including upright faces, their inverted 110 

versions and phase-scrambled versions (Figure 1A). The upright face images (45 in total) were 111 

generated using FaceGen Modeler (Singular Inversions Inc.). They subtended 16.6° in visual 112 

angle both vertically and horizontally and were matched for mean luminance (15 cd/m2) and root 113 

mean square contrast. It is noteworthy that the locations of critical face components (e.g., eyes, 114 
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mouth, nose) were almost identical across the faces. The phase spectra of the upright face images 115 

were randomly scrambled to generate their phase-scrambled versions. The phase-scrambled 116 

images were included as a baseline to exclude potential visual field and/or eccentricity biases 117 

during eye tracking and fMRI measurements (see below).  118 

Eye tracking experiment  119 

The eye tracking experiment was performed in a behavioral test room. The visual stimuli 120 

were presented on an IIYAMA HM204DT 22-inch monitor, with a spatial resolution of 1024 × 121 

768 and a refresh rate of 85 Hz. Subjects viewed the stimuli from a distance of 70 cm with their 122 

head stabilized on a chin rest. Eye movement data were collected using an Eyelink 1000 Plus eye 123 

tracking system. In each trial, subjects fixated at the central fixation point for 1 second and then 124 

freely viewed a stimulus image for 2 seconds. They performed a one-back image matching task in 125 

which they were required to press a button in response to the stimulus that matched the stimulus in 126 

the last trial (Figure 1B). The experiment consisted of six blocks. Each block had 75 trials, 25 127 

trials for each of the three stimulus types. The trial order was randomized, but with a constraint 128 

that 15 stimulus images (5 for each of the three stimulus types) were presented in two successive 129 

trials. For each subject, the spatial distribution of the first saccadic target for the phase-scrambled 130 

faces served as a baseline and was subtracted from those for the upright and the inverted faces. 131 

The subtraction step minimized any potential effects of subjects’ intrinsic visual field and/or 132 

eccentricity bias that might be due to the initial central fixation point. Since such biases are not 133 

related to image content, they should commonly occur when viewing either the upright/inverted 134 

face images or the scrambled face images. Hence, the first saccadic target pattern after the 135 

subtraction is presumably not influenced by these biases. For the sake of clarity, the pattern is 136 

referred to as “the differential first saccadic target pattern” as it is the difference between the two 137 

patterns from the upright/inverted faces and the scrambled faces. The results after subtraction were 138 

convolved with a 2-D Gaussian function (σ = 0.17°) to remove high-frequency noise and generate 139 

smooth patterns. These individual patterns were then averaged to obtain a group-level pattern.   140 

fMRI experiment 141 

The MRI experiments were performed on a 3T Siemens Prisma MRI scanner at the Center 142 

for MRI Research at Peking University. MRI data were acquired with a 20-channel phase-array 143 

head coil. In the scanner, the stimuli were back-projected via a video projector (refresh rate 60 Hz, 144 

spatial resolution 1024 × 768) onto a translucent screen placed inside the scanner bore. Subjects 145 

viewed the stimuli through a mirror mounted on the head coil. The viewing distance was 70 cm. 146 

BOLD signals were measured using an echo-planner imaging (EPI) sequence (TE: 30 ms, TR: 147 

2000 ms, flip angle: 90°, acquisition matrix size: 76 × 76, FOV: 152 × 152 mm2, slice thickness: 2 148 

mm, gap: 0 mm, number of slices: 33, slice orientation: axial). FMRI slices covered the occipital 149 

lobe and a small part of the cerebellum. Before functional runs, a T1-weighted high resolution 3D 150 

structural data set was acquired for each participant in the same session using a 3D-MPRAGE 151 

sequence.  152 
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Subjects underwent two sessions, one for retinotopic mapping, ROI localization, and 153 

estimation of pRF model parameters, and the other for measuring stimulus-evoked activities. In 154 

the first session, early retinotopic visual areas (V1, V2, and V3) were defined using a standard 155 

phase-encoded method (Engel, Glover, & Wandell, 1997), in which subjects viewed a rotating 156 

wedge and an expanding ring that created traveling waves of neural activity in visual cortex. An 157 

independent block-design run was performed to identify ROIs in the retinotopic areas responding 158 

to the stimulus region when subjects fixated at the central fixation point. The run contained eight 159 

stimulus blocks of 12 s, interleaved with eight blank blocks of 12 s. The stimulus was a 160 

full-contrast flickering checkerboard of the same size as the face images. Voxel-wise pRF model 161 

parameters were estimated using the method described in Dumoulin & Wandell (2008). 162 

Specifically, hemodynamic response function (HRF) was measured for each subject in a separate 163 

run. This run contained 12 trials. In each trial, a full contrast flickering checkered disk with a 164 

radius of 10.94° was presented for 2 s, followed by a 30-s blank interval. The HRF was estimated 165 

by fitting the convolution of a 6-parameter double-gamma function with a 2-s boxcar function to 166 

the BOLD response elicited by the disk. Three pRF mapping runs were performed in which a 167 

flickering full contrast checkered bar swept through the entire visual field. The bar moved through 168 

two orientations (vertical and horizontal) in two opposite directions within a given run, giving a 169 

total of four different stimulus configurations. The order of the stimulus configurations was 170 

randomized. The mapped visual area subtended 24.8 degrees horizontally and 22.8 degrees 171 

vertically. The bar was 2.76 degrees in width and its length was either 24.8 or 22.8 degrees (Figure 172 

2A). Each bar swept through the visual area in 16 steps within 51 seconds. The step size was 1.38 173 

degrees. Each pRF mapping run lasted for 204 seconds. Throughout the session, subjects 174 

performed a color discrimination task at fixation point to maintain fixation and control attention. 175 

The second scanning session consisted of four block-design runs. In each run, there were 12 176 

stimulus blocks of 12 s (4 blocks for each stimulus type), interleaved with 12 blank blocks of 12 s. 177 

In a stimulus block, 16 images appeared. Each image was presented for 500 ms and followed by a 178 

250 ms blank interval. Subjects performed the same one-back matching task as that in the eye 179 

tracking experiment. Throughout the scanning session, subjects were required to fixate at the 180 

central fixation point and refrain from any possible eye movements. 181 

MRI data were processed using BrainVoyager QX (Brain Innovations, Maastricht, The 182 

Netherlands) and custom scripts in Matlab (Mathworks Inc.). The anatomical volume in the first 183 

session was transformed into the AC-PC space and then inflated using BrainVoyager QX. 184 

Functional volumes in both sessions were preprocessed, including 3D motion correction, linear 185 

trend removal, and high-pass filtering (cutoff frequency 0.015 Hz) using BrainVoyager QX. 186 

Subjects with excessive head movement (>1.2 mm in translation or >0.5° in rotation) within any 187 

fMRI session were excluded (2 out of 10 subjects). These functional volumes were then aligned to 188 

the anatomical volume in the first scanning session and transformed into the AC-PC space. The 189 

first 6 s of BOLD signals were discarded to minimize transient magnetic saturation effects. For 190 
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each subject, a general linear model (GLM) procedure was used to define the functional regions of 191 

interest (ROI) and to measure the stimulus-evoked signal intensity for each stimulus type. The 192 

ROIs in V1–V3 were defined as the cortical areas that responded more strongly to the 193 

checkerboard than to the blank screen (p<10-3, uncorrected). Stimulus-specific BOLD signal 194 

intensities in each ROI (i.e., beta value) were estimated for individual voxels, subtracted by the 195 

mean beta value across all the voxels in the ROI, and divided by the maximal absolute. After this 196 

normalization step, the beta values of all the voxels in the ROI have a zero mean and a maximal 197 

absolute value of one. To facilitate the comparison between the primary visual cortex (V1) and the 198 

extrastriate cortex (V2 and V3), voxels in V2 and V3 were pooled together to equate their number 199 

with the voxel number in V1. 200 

PRF-based reconstruction 201 

Reconstruction of the neural representations of the face images in early visual cortex 202 

involved two stages. In the first stage, we estimated pRF model parameters for each voxel in all 203 

the ROIs using the coarse-to-fine search method described in Dumoulin & Wandell (2008). The 204 

predicted BOLD signal was calculated from the known visual stimulus parameters, the HRF, and a 205 

model of the joint receptive field of the underlying neuronal population. This model consisted of a 206 

two-dimensional Gaussian function with parameters x0, y0, and σ, where x0 and y0 are the 207 

coordinates of the center of the receptive field, and σ indicates its spread (standard deviation) or 208 

size. All parameters were stimulus-referred, and their units were degrees of visual angle. Model 209 

parameters were adjusted to obtain the best possible fit of the actual BOLD signal. Only the 210 

voxels whose pRF model could explain at least 10% of the variance of the raw data were included 211 

for further analyses (Kok & de Lange, 2014). The proportion of voxels retained after applying this 212 

threshold was high and was comparable between the V1 and the V2/3 ROIs (mean proportion ± 213 

S.E.M. V1: 0.952 ± 0.008, V2/3: 0.942 ± 0.015).  214 

In the second stage, parallel to the eye tracking experiment, we used a linear regression 215 

method to estimate the contribution of the baseline effect (from the phase-scrambled images) to 216 

the BOLD signals evoked by the upright and the inverted faces based on the responses of all 217 

voxels within an ROI, and then removed the contribution accordingly for individual voxels (Kok 218 

& de Lange, 2014). Since this regression method utilizes the data from all voxels in an ROI, 219 

compared to the subtraction method, it provides a more robust estimate against outlier voxels and 220 

hence improves the signal-to-noise ratio in the reconstructed representations (Cao et al., 2014; 221 

Schultz & Cole, 2016). Specifically, the beta values for the upright or the inverted faces were 222 

submitted as the dependent variable while the beta values for the phase-scrambled images were 223 

submitted as the independent variable of the model:  224 

 225 

 226 

where subscripts  and  refer to the stimulus type (upright or inverted face) and voxel, 227 

respectively.  and  denote the constant term (intercept) and the regression coefficient (slope) 228 



 

7 
 

of the model, respectively.  denotes the reconstruction weight, which represented the neural 229 

activity associated with the upright or inverted faces after removing potential visual field and 230 

eccentricity biases. All matrices in the regression equation are n-by-1, where n is the number of 231 

voxels included in the reconstruction procedure in an ROI. Finally, the voxel-wise pRF profiles 232 

were multiplied by the reconstruction weights and summated. The reconstructed representation 233 

was therefore a linear sum of the 2D-Gaussian pRF profiles of all voxels weighted by their 234 

stimulus-specific BOLD response: 235 

 236 

 237 

where  refers to the stimulus-specific representation intensity at the retinotopic location 238 

(x,y).  refers to the estimated voxel-wise pRF model jointly parameterized by 239 

the pRF center (  and size . This reconstruction procedure was performed with each 240 

subject. Individual representations were subtracted by the mean pixel intensity and divided by the 241 

maximal absolute pixel value. They were then averaged to obtain a group-level representation.  242 

Statistical analysis of behavioral relevance of reconstructed representations 243 

If a reconstructed cortical representation is behaviorally relevant, it should perform well at 244 

predicting task-related behavior - the regions of high intensity in the representation are more likely 245 

to become the target of the first saccade (i.e., the high-priority area). Hence, measuring the 246 

behavioral relevance of a reconstructed representation is equivalent to measuring its ability of 247 

predicting the behaviorally measured high-priority areas. Because attention selects only a small 248 

portion of visual inputs for further processing at the expense of other less relevant (low-priority) 249 

information, high-priority areas are much smaller in comparison to low-priority areas by nature. 250 

We therefore used Precision-Recall curve to measure the prediction performance of the 251 

reconstructed representations in distinguishing the high-priority areas from the low-priority areas 252 

(Achanta, Hemami, Estrada, & Susstrunk, 2009; Perazzi, Krähenbühl, Pritch, & Hornung, 2012). 253 

Precision-Recalll curve provides a more informative characterization of classification performance 254 

than traditional Receiver’s Operating Characteristics curve that presents an overly optimistic 255 

estimation in the context of skewed class distribution (Davis & Goadrich, 2006). In the first step, 256 

we defined the top 7.5% pixels in the differential first saccadic target pattern as the high-priority 257 

areas and the remaining 92.5% pixels as the low-priority areas. In the second step, the 258 

reconstructed representation was continuously thresholded from the lowest to the highest intensity 259 

level. For each thresholded representation, we calculated the number of true positives (TP), false 260 

positives (FP) and false negatives to measure its performance in correctly assigning image pixels 261 

to the high- and low-priority areas (Chen, Zhang, Zhou, Wang, & Fang, 2013).  262 

 263 

 264 

 265 

 266 
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TP refers to the number of pixels of the high priority area that were correctly labeled. FP refers to 267 

the number of pixels of the low priority area that were labeled incorrectly. The recall and the 268 

precision rates were calculated as following.   269 

 270 

 271 

In the final step, we plotted the Precision-Recall curves from all the Recall-Precision tuples. 272 

Similar to the characteristic of ROC curve, a larger area under Precision-Recall curve (AUC) 273 

indicate a higher accuracy in distinguishing high- and low-priority areas and hence suggests 274 

higher consistency between the reconstructed representation and the differential first saccadic 275 

target pattern, which was used to quantify the behavioral relevance of the reconstructed 276 

representation. 277 

Statistical significance of the behavioral relevance of the reconstructed representations was 278 

examined using permutation tests in which we tested whether the behavioral relevance (i.e., AUC) 279 

was significantly above chance-level. In this analysis, the estimated pRF positions were randomly 280 

shuffled and we performed the same weighted linear summation as described above to obtain the 281 

chance-level representation and calculated its corresponding AUC value. This procedure was 282 

repeated for 1000 times to derive the null distribution of AUC values for each stimulus type. 283 

P-values were obtained for each reconstructed representation from the corresponding null 284 

distribution.  285 

A non-parametric bootstrapping method was used to compare the behavioral relevance of the 286 

reconstructed representations under different conditions (Efron & Tibshirani, 1994). In this 287 

analysis, subjects were iteratively (1000 times) resampled with replacement in the bootstrapping 288 

procedure. Specifically, in each iteration, eight fMRI data sets (corresponding to the eight subjects) 289 

were drawn with replacement and thus the probability of each subject’s data being sampled is 290 

equal (Jiang et al., 2006). After resampling, we reconstructed the cortical representations based on 291 

the resampled data using the same procedure as described above. The distribution of the AUC 292 

difference between the upright and inverted faces was derived by performing the same 293 

Precision-Recall analysis for the two representations respectively and measuring their AUC 294 

difference in each iteration (Koehn, 2004). Statistical significance of the AUC difference was 295 

assessed by calculating the cumulative probability of the positive values from the corresponding 296 

distribution. Statistical comparisons between the representations in different cortical areas were 297 

conducted in a similar manner. For each condition, the distribution of the AUC difference between 298 

the V2/3 representation and the V1 representation was first derived using the same bootstrapping 299 

method and we assessed the statistical significance of the AUC difference by calculating the 300 

cumulative probability of the positive values from the corresponding distribution.  301 

 302 

 303 
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Results 304 

Behavioral results 305 

We recorded the location of the first saccadic target after stimulus presentation on a 306 

trial-by-trial basis when subjects were required to perform the image matching task. On average, 307 

subjects achieved highly satisfactory performance for all the three stimulus types (mean accuracy 308 

± S.E.M. upright face: 0.9967 ± 0.002, inverted face: 0.9492 ± 0.009, scrambled face: 0.9808 ± 309 

0.005), suggesting that their attention was effectively directed to the stimuli. Moreover, both 310 

parametric and non-parametric tests showed that subjects’ performance differed among the three 311 

stimulus types (parametric one-way ANOVA: F(2,21)=18.93, p<0.001; non-parametric 312 

Kruskal-Wallis test: =17.07, p=0.0002), with significantly better performance achieved for 313 

the upright faces in comparison to the inverted faces (t(7)=5.65, p<0.05, Wilcoxon signed-rank 314 

test: p<0.05, Bonferroni corrected for multiple comparisons). This is consistent with the classical 315 

face inversion effect that recognition of upright faces is better than recognition of inverted faces. 316 

We then quantified the priority maps of the upright and the inverted faces by subtracting the 317 

distribution of the first saccadic target corresponding to the phase-scrambled face images from 318 

those corresponding to the upright and the inverted face images, respectively. At the group level, 319 

for both the upright and inverted faces, the differential first saccadic target pattern exhibited high 320 

intensity at the eye regions and the mouth region that are more informative in terms of face 321 

identity, with a preference for the left eye region of the face images (Figure 3A, left column). This 322 

eyes-mouth triangular pattern is consistent with previous findings that selective sampling of visual 323 

information from the eye region is particularly important for recognition of face identity (Peterson 324 

& Eckstein, 2012; Sekuler, Gaspar, Gold, & Bennett, 2004; Yarbus, 1967).  325 

Attention priority representation of upright and inverted faces in early visual 326 

cortex 327 

We reconstructed the topographic representation of the upright and inverted face stimuli in 328 

primary (V1) and extrastriate visual cortex (V2/3) by directly mapping the stimulus-specific 329 

activity patterns to visual space via the voxel-wise pRF model. This model assumes that the joint 330 

receptive field of the neuronal population within a single voxel can be characterized as a 331 

two-dimensional isotropic Gaussian function. By fitting the predicted signal based on this model 332 

to the measured BOLD signal, the pRF position and size parameters can be estimated for 333 

individual voxels, thus providing a full characterization of the receptive field properties of 334 

neuronal populations across the visual cortex.  335 

Figure 2 shows the pRF estimation results. We fitted a line relating pRF eccentricity with 336 

pRF size in V1 and V2/3 for the whole, upper, and lower visual fields, respectively. Consistent 337 

with previous findings (Dumoulin & Wandell, 2008), the pRF size increased with the pRF 338 

eccentricity and the size increased faster in V2/3 (slope k = 0.174, intercept b = 0.499) than in V1 339 

(k = 0.105, b = 0.430). In addition, the relationship between pRF size and eccentricity was very 340 

similar across the upper (V1: k = 0.106, b = 0.520; V2/3: k = 0.191, b = 0.609) and lower visual 341 
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fields (V1: k = 0.103, b = 0.441; V2/3: k = 0.166, b = 0.550) with no significant difference 342 

(Wilcoxon signed-rank test: V1 slope: p = 0.31; V1 intercept: p = 0.94; V2/3 slope: p = 0.20; V2/3 343 

intercept: p = 0.55) (Figure 2B), which would help to rule out potential visual field representation 344 

difference explanations for our attention priority map results.  345 

For both the upright and the inverted faces, their cortical representations were reconstructed 346 

as the sum of the Gaussians weighted by the stimulus-specific activation level during the image 347 

matching task. It is clear that areas of high representation intensity were mostly located in the 348 

image areas that convey important identity information. Behaviorally, these areas were also the 349 

regions to which most first saccades were made (Figure 3A). Importantly, in both primary and 350 

extrastriate visual cortex, the reconstructed representations were generally consistent with the 351 

differential first saccadic target pattern for the upright and the inverted faces. These observations 352 

suggest that the neural activity patterns in retinotopic visual areas might contribute to the patterns 353 

of attention-guided first saccadic eye movement. 354 

We then quantitatively examined the behavioral relevance of the reconstructed 355 

representations by measuring how well the reconstructed representations could predict the 356 

differential first saccadic target pattern using precision-recall curves. We defined the high-priority 357 

areas based on the differential first saccadic target pattern and quantified the behavioral relevance 358 

as the area under the Precision-Recall curves (Figure 3B), where a larger area under curve (AUC) 359 

indicates higher behavioral relevance. Results showed that, for both the upright and inverted faces, 360 

AUCs corresponding to the reconstructed representations in primary and extrastriate visual cortex 361 

was significantly above chance level (V1 upright face: AUC = 0.273, p = 0.001; V1 inverted face:  362 

AUC = 0.263, p = 0.001; V2/3 upright face: AUC = 0.507, p < 0.001; V2/3 inverted face: AUC = 363 

0.267, p = 0.002). We performed the same analysis procedure using other criteria for defining the 364 

high-priority areas (top 6% and top 4.5%, See Methods) and obtained similar results (V1 upright 365 

face: AUC = 0.282, p = 0.001 (top 6%), AUC = 0.306, p < 0.001 (top 4.5%); V1 inverted face: 366 

AUC = 0.269, p = 0.001 (top 6%), AUC = 0.27, p < 0.001 (top 4.5%); V2/3 upright face: AUC = 367 

0.528, p < 0.001 (top 6%), AUC = 0.535, p < 0.001 (top 4.5%); V2/3 inverted face: AUC = 0.258, 368 

p = 0.001 (top 6%), AUC = 0.247, p = 0.002 (top 4.5%)). These results demonstrate the 369 

consistency between the reconstructed cortical representations and the differential first saccadic 370 

target patterns regardless of face configuration (i.e., orientation).  371 

Behavioral relevance of upright and inverted face representations    372 

In addition to their consistency with the differential first saccadic target patterns, the 373 

reconstructed representations exhibited two differences in behavioral relevance as a function of 374 

cortical region and stimulus type. First, for the upright faces, the representation in V2/3 was more 375 

topographically consistent with the first saccadic target pattern than that in V1, while no such 376 

difference was observed between V1 and V2/3 for the inverted faces. Second, in V2/3, the 377 

representation of the upright faces was more topographically consistent with the differential first 378 

saccadic target pattern than that of inverted faces, while in V1 the difference between the upright 379 
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and the inverted faces was less pronounced. We therefore tested whether behavioral relevance 380 

differed between the V1 and V2/3 representations for both stimulus types using the 381 

non-parametric bootstrapping method. We found that, consistent with our observations, the V2/3 382 

representation predicted the differential first saccadic target pattern better than the V1 383 

representation for the upright faces (p < 0.025). In contrast, no significant difference between V1 384 

and V2/3 was found for the inverted faces (p = 0.51) (Figure 3C). These findings were robust 385 

against difference in criterion for defining the high-priority areas (V2/3 upright face AUC < V1 386 

upright face AUC: p < 0.05 (top 6%), p < 0.05 (top 4.5%); V2/3 inverted face AUC < V1 inverted 387 

face AUC: p = 0.47 (top 6%), p = 0.44 (top 4.5%); Figure 4). The upright face representation 388 

predicted the differential first saccadic target pattern better than the inverted face representation in 389 

V2/3 (p = 0.005), while no difference was found in V1 (p = 0.4) (Figure 3C). Similar results were 390 

obtained using the other two criteria for defining the high-priority areas (V1 upright face AUC < 391 

V1 inverted face AUC: p = 0.37 (top 6%), p = 0.25 (top 4.5%); V2/3 upright face AUC < V2/3 392 

upright face AUC: p = 0.005 (top 6%), p = 0.012 (top 4.5%); Figure 4). Together, these findings 393 

suggested that the V1 representations were mainly driven by the physical and local information of 394 

the face images. In comparison to V1, the representations in V2/3 were more behavioral relevant 395 

and were more profoundly modulated by face configuration, which might be related to feedback 396 

signals from higher-order cortical regions that are specialized for processing faces.  397 

Discussion 398 

We identified attention priority maps of faces in early retinotopic areas by testing whether 399 

population activity pattern in these areas were topographically related to the differential first 400 

saccadic target pattern. We found that the differential first saccadic target pattern could be 401 

predicted from neural activities in primary (V1) and extrastriate (V2/3) visual cortices, suggesting 402 

that these activities are behaviorally relevant. Moreover, in V2/3, cortical representation of upright 403 

faces exhibited enhanced behavioral relevance in comparison to that of inverted faces, suggesting 404 

that attention priority map could be strongly modulated by image configuration in areas beyond 405 

V1. Different from previous studies of attention priority maps that mainly involved artificial 406 

stimuli, our study is the first to investigate the attention priority map of complex natural stimuli by 407 

directly examining the topographic correspondence of stimuli representation with respect to the 408 

pattern of attention-guided behavior.  409 

In the present study, we reconstructed the topographic representations of the face stimuli in 410 

V1 and V2/3 and established the link between these representations and the differential first 411 

saccadic target patterns. Moreover, we showed that the coupling between the topographic 412 

representation and the differential first saccadic target pattern was strengthened as stimulus 413 

information was relayed up in the visual hierarchy. It appears as if the upright face representation 414 

is further “sculpted” in extrastriate visual cortex such that the attention deployment is more precise 415 

in terms of guiding task-related behavior. These reconstructed representations thus exhibit several 416 

properties compatible with the attention priority map theories that casts attention signals as a 417 
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series of interacting, hierarchical priority maps in the visual system (Liu & Hou, 2013; Serences & 418 

Yantis, 2006), including: 1) the correspondence between perceptual behavior and neural activity 419 

patterns during attention process; 2) a closer link between perceptual behavior and neural activity 420 

patterns in higher visual cortex and 3) the interaction between higher- and lower-level 421 

representations in the form of inter-cortical enhancement of behavioral relevance. Hence, one 422 

promising interpretation of our findings is that attention priority maps of natural stimuli exist in 423 

both primary and extrastriate visual cortices. Our findings of enhanced behavioral relevance of the 424 

reconstructed representations in extrastriate visual cortex echo the earlier findings by Sprague and 425 

Serences (2013). In their study, they reconstructed the topographic representation of a circular 426 

checkerboard patch presented at different spatial positions in multiple visual areas using 427 

multivariate forward encoding model. They found that the amplitude of these topographic 428 

representations systematically increased from low- to high-level visual areas as a result of 429 

attention modulation. Together with Sprague and Serences’s study, our findings significantly 430 

extend the classical view that attention priority representations are mainly hosted in higher-order 431 

brain regions, including parietal regions that are important for integrating top-down and bottom-up 432 

signals (Bisley & Goldberg, 2010; Toth & Assad, 2002), FEF that is believed to be a critical neural 433 

site for controlling eye movement (Fecteau & Munoz, 2006), and LO (lateral occipital area) that is 434 

strongly modulated by top-down signals relevant to object detection (Peelen et al., 2009; Peelen & 435 

Kastner, 2011, 2014; Seidl, Peelen, & Kastner, 2012) and target location in scenes (Preston et al. 436 

2013). Interestingly, however, our data showed that the behavioral relevance of the inverted face 437 

representation does not increase from primary to extrastriate visual cortex. This suggests a novel 438 

property of attention priority maps that, at least for face images, the increase in the strength of 439 

functional coupling between neural activities and perceptual behavior along the visual pathway is 440 

contingent on stimulus configuration.  441 

Our data showed that, in extrastriate visual cortex, the attention priority representation of 442 

upright faces is better than that of inverted faces in terms of predicting the differential first 443 

saccadic target pattern. This finding provides a remarkable extension to the conventional view of 444 

attention priority map theories that physical salience and task goal relevance are the only major 445 

factors constraining attention priority (Fecteau & Munoz, 2006; Serences & Yantis, 2006), as we 446 

have demonstrated another critical factor that strongly influences attention priority maps, namely 447 

the stimulus configuration. Notably, the distinct attention priority patterns of upright and inverted 448 

faces suggest that the impaired ability of recognizing inverted faces might be related to the 449 

inefficient attention deployment that impedes the early extraction of critical face features (Sekuler 450 

et al., 2004), which extends the previous finding that fusiform face area (FFA) is the primary 451 

neural source of the behavioral face inversion effect (Yovel & Kanwisher, 2005). On the other 452 

hand, we found no significant difference in behavioral relevance between the upright and the 453 

inverted face representations in V1. Since physical salience of the upright and inverted face 454 

images should be identical, the absence of behavioral relevance difference suggests that V1 455 



 

13 
 

neurons are largely driven by the physical salience of visual inputs. This is consistent with 456 

previous findings that V1 creates the saliency map of visual inputs that are not consciously 457 

perceived by subjects (Zhang, Zhaoping, Zhou, & Fang, 2012; Chen, Zhang, Zhou, Wang, & Fang, 458 

2013; Li, 1999, 2002). Neurally, it has been suggested that lateral connections between V1 459 

neurons suppress the neuronal response to image parts with homogenous visual features and thus 460 

renders the region containing inhomogeneous visual features (i.e., the salient regions) more 461 

strongly represented (Gilbert & Wiesel, 1983; Rockland & Lund, 1983). This is also consistent 462 

with the 'bar code' hypothesis, which postulates that a significant portion of physical information 463 

of face images conforms to a horizontal structure consisting of vertically co-aligned clusters 464 

(Dakin and Watt, 2009). Since the inversion of face images does not alter the horizontal structure, 465 

the ‘bar code’ hypothesis would predict similar behavioral relevance for the upright and inverted 466 

face representations mediated by neurons encoding physical salience, which is consistent with our 467 

findings in V1. In extrastriate visual cortex, attention priority representations might arise from the 468 

competitive circuits in which visual items compete for neural resources. Top-down signals bias the 469 

competition in favor of the behaviorally relevant item by increasing its efficacy in driving visual 470 

neurons whose receptive fields contain that item (Desimone & Duncan, 1995; Reynolds & 471 

Chelazzi, 2004; Reynolds, Chelazzi, & Desimone, 1999; Reynolds & Desimone, 2003). Together, 472 

our findings suggested a critical dissociation between primary and extrastriate visual cortex in 473 

terms of the underlying neural mechanism linking the topographic stimulus representations with 474 

the task-related behavior. Lateral connection might play a critical role in representing physical 475 

salience that constitutes the bulk of the information encoded in attention priority maps in V1, 476 

whereas attention priority maps might be mediated by competitive circuits in extrastriate visual 477 

cortex that are more susceptible to influences of top-down signals. 478 

 A possible explanation of the enhanced behavioral relevance of the upright face 479 

representation in V2/3 could be due to increased sensitivity to face features in a typical retinotopic 480 

location during normal gaze behavior. In a recent study (de Haas et al., 2016), subjects were 481 

presented with isolated face features (e.g., eyes, mouth) either at the typical or the inverted 482 

retinotopic location and performed a recognition task. They found that observers performed better 483 

at recognizing face features when presented at the typical visual field location than those presented 484 

at the inverted location. These findings suggest that the brain representation of face features is not 485 

homogeneous across the entire visual field, but rather depend on their retinotopic location 486 

regardless of face context. However, if the difference in behavioral relevance between the upright 487 

and inverted face representations in V2/3 is indeed caused by the retinotopic position advantage of 488 

individual face features, then one might predict such a difference also in V1. This was not 489 

observed in our study. Hence, our findings might be better explained by top-down signals rather 490 

than the location-dependent advantage of face features.  491 

The preference for the left eye region in the differential first saccadic target patterns found 492 

here is different from the bias of first fixations towards the right eye region in previous findings 493 
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(Peterson & Eckstein, 2012, 2013, 2015). Three factors might account for this difference. First, in 494 

studies by Peterson & Eckstein, the starting fixation point was placed outside the face, while in 495 

our study the starting fixation point was placed at the center of the face image. The starting 496 

fixation point difference might have a strong influence on the target of the first saccade. Second, 497 

Peterson and Eckstein asked subjects to recognize face identity, emotion, or gender, while we 498 

asked subjects to perform a simpler one-back matching task. Third, Peterson and Eckstein 499 

presented a face for only 200 ms. The first saccadic target served to optimize information 500 

integration for better behavioral performance during this very brief presentation. In our study, a 501 

face image was presented for 2 seconds, in which case the differential first saccadic target pattern 502 

might reflect subjects’ priority map as we claim. 503 

In summary, our study demonstrates that attention priority maps of complex natural stimuli, 504 

such as faces, could be found in both primary and extrastriate visual cortices. We show that 505 

attention selection not only occurs among multiple objects in a scene, but also occurs within a 506 

complex object by prioritizing diagnostic object features. Moreover, we show that attention 507 

allocation is influenced not only by physical salience and task goal relevance, but also by image 508 

configuration. Our findings contribute to filling the long existing blank of attention priority maps 509 

of natural stimuli and make headways towards unraveling the mechanisms underlying visual 510 

attention selection.  511 
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Figure Legends 629 

Figure 1. Stimuli and experimental protocol. (A) Exemplar stimuli of three stimulus types. (B) 630 

Protocol of the eye tracking experiment. Subjects initiated a trial by fixating at the central fixation 631 

point. The endpoint of the first fixation change after stimulus onset was recorded as the first 632 

saccadic target. (C) Protocol of the fMRI experiment. Subjects performed a one-back image 633 

matching task with all three types of stimuli in different blocks of a run.  634 

 635 

Figure 2. Population receptive field mapping. (A) Stimuli used for pRF mapping. Blue arrows 636 

indicate the moving directions of the checkered bar in pRF mapping runs. Each bar moved in one 637 

direction and switched to the opposite direction when it reached the boundary of the mapped area. 638 

(B) Relationships between pRF size and pRF eccentricity in the whole (left panel), the upper 639 

(middle panel), and the lower visual field (right panel), respectively. The solid lines denote the 640 

linear fits relating the pRF eccentricity and the pRF size across subjects. Standard errors were 641 

estimated using a bootstrapped method (Kay et al. 2013), as indicated by the shaded band around 642 

each line. 643 

 644 

Figure 3. Reconstructed topographic representations of face stimuli and their behavioral relevance. 645 

(A) Visualization of the spatial patterns of the first saccadic target (left) and the reconstructed 646 

representations in V1 (middle) and V2/3 (right). (B) Precision-Recall curves corresponding to the 647 

reconstructed representations from which the behavioral relevance of these representations was 648 

measured as the area under curve (AUC). (C) Bootstrapped distributions of behavioral relevance 649 

(AUC) difference between the upright and inverted face representations and between the V1 and 650 

V2/3 representations. The red dotted line indicates the AUC difference of zero. The gray dotted 651 
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line indicates the median of the bootstrapped distribution.   652 

 653 

Figure 4. Differences in behavioral relevance obtained using two additional thresholds for 654 

defining the high-priority areas. (A) Bootstrapped distributions of AUC difference using the 655 

threshold of 4.5%. (B) Bootstrapped distributions of AUC difference using the threshold of 6%. 656 
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