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Active vision in sight recovery individuals with a history of long-27 

lasting congenital blindness 28 

 29 

ABSTRACT 30 

What we see is intimately linked to how we actively and systematically explore the world through 31 

eye movements. However, it is unknown to what degree visual experience during early 32 

development is necessary for such systematic visual exploration to emerge. The present study 33 

investigated visual exploration behavior in ten human participants whose sight had been restored 34 

only in childhood or adulthood, after a period of congenital blindness due to dense bilateral 35 

congenital cataracts. Participants freely explored real-world images while their eye movements 36 

were recorded. Despite severe residual visual impairments and gaze instability (nystagmus), 37 

visual exploration patterns were preserved in individuals with reversed congenital cataract. 38 

Modelling analyses indicated that similar to healthy controls, visual exploration in individuals 39 

with reversed congenital cataract was based on the low-level (luminance contrast) and high-level 40 

(object components) visual content of the images. Moreover, participants used visual short-term 41 

memory representations for narrowing down the exploration space. More systematic visual 42 

exploration in individuals with reversed congenital cataract was associated with better object 43 

recognition, suggesting that active vision might be a driving force for visual system development 44 

and recovery. The present results argue against a sensitive period for the development of neural 45 

mechanisms associated with visual exploration.  46 

  47 
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SIGNIFICANCE STATEMENT 48 

Humans explore the visual world with systematic patterns of eye movements, but it is unknown 49 

whether early visual experience is necessary for the acquisition of visual exploration. Here, we 50 

show that sight recovery individuals who had been born blind demonstrate highly systematic eye 51 

movements while exploring real-world images, despite visual impairments and pervasive gaze 52 

instability. In fact, their eye movement patterns were predicted by those of normally sighted 53 

controls and models calculating eye movements based on low- and high-level visual features, and 54 

they moreover took memory information into account.  Since object recognition performance was 55 

associated with systematic visual exploration it was concluded that eye movements might be a 56 

driving factor for the development of the visual system.  57 
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INTRODUCTION 58 

Prolonged visual deprivation from birth has been observed to result in the irreversible impairment 59 

of several visual functions (Lewis and Maurer, 2005; Röder and Kekunnaya, 2021a). These 60 

findings have been taken as evidence for “sensitive periods” in brain development, defined as 61 

epochs during which adequate input is essential for full functional development (Knudsen, 2004; 62 

Hensch, 2005). In humans, sensitive periods have been studied in individuals who had been born 63 

blind or with severe visual impairments due to dense, bilateral cataracts and who later received 64 

cataract-removal surgery at different times during infancy, childhood or even adulthood (Maurer 65 

et al., 2007; Röder et al., 2013; Ganesh et al., 2014). Despite improvements in vision after 66 

congenital cataract removal (Wright et al., 1992), basic visual abilities such as visual acuity 67 

(Ellemberg et al., 1999; Lambert et al., 2006) remain permanently impaired, especially if cataracts 68 

are not treated within the first few weeks of life. Moreover, higher order visual functions such as 69 

feature binding and within-category viewpoint-independent discrimination, particularly of faces, 70 

have been found to only partially recover after congenital cataract surgery, and not to the degree 71 

expected by the recovery of visual acuity (Le Grand et al., 2001; Putzar et al., 2007, 2010; 72 

Ostrovsky et al., 2009). In addition to these perceptual deficits, individuals who had prolonged 73 

congenital bilateral visual deprivation (>8 weeks) typically also suffer from nystagmus (Rogers et 74 

al., 1981; Lambert et al., 2006; Birch et al., 2009). Nystagmus is a disorder of gaze stability that 75 

results in continuous, periodic and involuntary motion of the eyes.  76 

It has recently been shown that despite some distortions due to the superimposed 77 

nystagmus, eye movements to simple visual stimuli were reasonably precise and fast in 78 

individuals with reversed congenital cataract (Zerr et al., 2020). However, it is unclear whether 79 

higher levels of ocular control, such as the ability to generate typical patterns of active visual 80 

exploration of natural stimuli, recover after a transient phase of congenital visual deprivation. 81 

Active visual exploration is crucial for visual functions such as visual search and object 82 
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identification, especially in noisy or ambiguous conditions (Einhauser et al., 2004; Holm et al., 83 

2008; Kietzmann et al., 2011). Furthermore, active visual exploration has been shown to be 84 

relevant for visual memory formation in typically sighted individuals (Hannula, 2010).    85 

Previous research has suggested that visual exploration is guided by both bottom-up 86 

(stimulus-driven) and top-down mechanisms, which jointly define the direction towards which the 87 

eyes move. Stimulus-driven mechanisms use input characteristics such as luminance, color, 88 

orientation and motion (Veale et al., 2017); whereas top-down mechanisms consider goals, 89 

memory, and contextual factors (Eckstein, 2011; Tatler et al., 2011; König et al., 2016). Stimulus-90 

driven “saliency” models  have successfully utilized low- and high-level visual features to predict 91 

human eye movements during free-viewing of scenes (Itti and Koch, 2000; Tatler et al., 2005; 92 

Kümmerer et al., 2017). Additionally, the repeated presentation of the same image has been used 93 

to assess the effects of short-term memory on visual exploration, that is, a non-reflexive aspect of 94 

gaze control (Ryan et al., 2000; Smith et al., 2006; Kaspar and König, 2011). If an image is 95 

repeatedly encountered, the spread of visual exploration decreases (Hannula, 2010). It has been 96 

hypothesized that short-term memory representations provide top-down information, which, 97 

combined with bottom-up stimulus-driven maps in so called priority maps, guide eye movements 98 

(Veale et al., 2017).  99 

The degree to which the development of bottom-up and top-down mechanisms of active 100 

visual exploration depend on typical visual input after birth is unknown. Theories from 101 

developmental psychology have suggested that active visual exploration in infants is instrumental 102 

for the development of object knowledge (Johnson and Johnson, 2000). It remains to be 103 

investigated whether visual recovery after late sight restoration affects bottom-up, stimulus-driven 104 

visual exploration (Einhäuser et al., 2008a; Açık et al., 2009; Nuthmann and Henderson, 2010), 105 

and/or top-down, for instance, memory based visual exploration (Hannula, 2010).  106 
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In the present study, we employed a free-viewing task in a sample of 10 individuals who 107 

had been born with dense, bilateral cataracts which had been surgically removed later in life (CC 108 

group, see Table 1) - in some participants, only in late childhood or adulthood. The distribution of 109 

gazed locations elicited by photographic stimuli (close-up images of different objects, plants, 110 

animals and buildings) were assessed and compared to the typical visual exploration patterns of 111 

age-matched, normally sighted controls (SC group). Further, the CC group was compared to 112 

individuals with nystagmus due to reasons other than congenital cataracts (nystagmus controls, 113 

NC group), and individuals with a history of developmental cataracts (developmental cataract 114 

reversal group, DC group), in order to isolate group differences specific to early visual 115 

deprivation rather than a general history of visual deficits. Additionally, we tested how well visual 116 

exploration in individuals with reversed congenital cataract was predicted by low- and high-level 117 

saliency models. Finally, to explore top-down influences on visual exploration, the effects of 118 

short-term memory on eye movements were assessed by assessing the adaptation of visual 119 

exploration patterns for images which were repeatedly presented.   120 
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Table 1: Participants description  

 

Age at 
testing in 
years 

Age at 
surgery in 
months 

Cataract 
type at 
surgery 

Presurgical 
visual acuity  
(best eye) 

Most recent visual acuity 
(CC/DC: postsurgical)  
(best eye) 

 
Cataract 
Family 
history Decimal logMAR 

Congenital cataract group (CC, N = 10)  
cc-1 16.9 4 dense FFL+ 0.33 0.47 no 
cc-2 13.5 83 absorbed CF 3m 0.15 0.79 no 
cc-3 31.7 168 absorbed unknow 0.1 1 yes 
cc-4 42.9 264 absorbed 0.06 (decimal) 0.16 0.79 yes 
cc-5 16.1 186 absorbed 0.03 (decimal) 0.08 1.1 no 
cc-6 12.3 138 dense CF CF 0.03 1.4 yes 
cc-7 21.7 213 dense CF 0.5m 0.12 0.9 yes 
cc-8 10.7 17 dense PL at 0.5m 0.25 0.6 no 
cc-9 23.5 3 dense FFL– 0.25 0.6 no 
cc-10 17.2 34 dense FFL+ 0.16 0.79 no 
summary M:20.7 

R:10 – 42 
M:111 (9.2 
years) 
R: 4 – 264 

  GM: 0.14 
R: 0.03 – 0.3

M: 0.86 
R: 0.47 – 1.4 

 

 
Developmental cataract control group (DC, N = 9) 

 

dc-1 24.4 31 not dense FFL + 0.5 0.3 no 
dc-2 13.8 89 dense CF 1 m 0.66 0.17 unknown 
dc-3 16.2 130 not dense 0.4 0.8 0.09 no 
dc-4 13.2 71 dense FFL + 0.46 0.33 unknown 
dc-5 17.3 91 not dense 0.16 0.8 0.09 unknown 
dc-6 11.5 91 not dense 0.25 0.8 0.09 unknown 
dc-7 18.8 208 not dense 0.2 0.7 0.13 no 
dc-8 11.6 54 dense CF 1 m 1 0 unknown 
dc-9 13.5 30 dense FFL + 0.66 0.17 unknown 
summary M:15.6 

R:11 – 24  
M: 88.3 (7.4 
years) 
R: 30 – 208 

4 dense  GM: 0.7 
R: 0.46 – 1 

M: 0.16 
R: 0 – 0.33 

 
 

 
Nystagmus control group (NC, N = 10) 

 

summary M:15 
R: 8 – 37 

 
 

 
 

 
 

GM: 0.45 
R: 0.25 – 0.8

M: 0.35 
R: 0.1 – 0.6 

 
 

 
Normally sighted control group (SC, N = 13) 

 

summary M: 23.7 
R: 11 – 40 

 
 

 
 

 
 

1 (all) 0 (all)  
 

PL: perception light; CF: counting finger, equivalence with logMAR acuity has been reported to be 1.7-2.0 at 30 cm 
(Schulze-Bonsel et al., 2006); CF CF: counting finger close to face; FFL: fixate and follows light;  M: mean; GM: 
geometric mean, R: range. 
Extended data Table 1-1 shows the relationship between visual acuity and age of surgery (CC and DC groups) and age of 
testing (all groups). 
 121 

  122 



 

                                                                   Active vision despite congenital blindness                                                     Page 7 of 48 

MATERIALS AND METHODS 123 

Participants  124 

A total of 42 participants from four different populations were recruited at the LV Prasad Eye 125 

Institute and the local community of Hyderabad (India).   126 

(1) Congenital cataract reversal individuals (CC group): Individuals were selected from a 127 

large number of patients who had been treated with the diagnosis of congenital cataracts. Based 128 

on medical records, a clinical history of bilateral congenital cataracts and a history of patterned 129 

visual deprivation were confirmed. A lack of fundus view and a lack of retinal glow were 130 

considered as evidence for the absence of patterned input reaching the retina prior to cataract 131 

surgery. Additionally, the presence of nystagmus, sensory strabismus, positive family history as 132 

well as absorbed lenses aided in the classification of CC participants.  133 

The CC group consisted of 10 participants (2 females; mean age: 20.7 years; range: 10.7 – 134 

42.9) who had received cataract removal surgery at a mean age of 9.2 years (range: 3 months – 22 135 

years). These individuals were tested on average 11.4 years after cataract removal surgery (range: 136 

7 months – 23.2 years). Of the 10 participants, 5 had a documented history of strabismus (2 137 

esotropia/3 exotropia), 7 had implanted intraocular lenses, and the remaining 3 used corrective 138 

glasses. Four CC individuals had a documented family history of congenital cataracts, and 4 CC 139 

individuals had absorbed cataracts when presented at the LV Prasad Eye Institute. Absorption of 140 

cataracts in middle to late childhood has been regularly observed in individuals born with dense 141 

congenital cataracts. Absorbed cataracts can be unambiguously differentiated from non-dense or 142 

partial cataracts by, for instance, the morphology of the lens, anterior capsule wrinkling, as well 143 

as plaque or thickness of the stroma. Absorbed cataracts strongly imply dense cataracts, and 144 

therefore blindness, at birth. Pre-surgical visual acuity measurements in severely visually 145 

deprived individuals confirmed that at least 7 out of 10 CC individuals were blind (i.e. had a 146 

visual acuity of less than 3/60) (World Health Organization, 2019).The remaining three CC 147 
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individuals had absorbed lenses; their pre-surgery vison corresponded to severe visual 148 

impairment, as defined by the WHO. All CC participants additionally suffered from nystagmus, 149 

which is strong evidence for the absence of patterned vision at birth. CC participants’ post-150 

surgical visual acuity of the better eye ranged from 0.03 to 0.33 decimal units (geometric mean: 151 

0.14; logMar: 0.47 – 1.4, logMar mean: 0.86). A detailed description of CC participants is 152 

presented in Table 1 (and Extended data Table 1-1). 153 

 (2) Developmental cataract reversal group (DC group): This control group allowed us to 154 

estimate the role of vision at birth for the acquisition of visual exploration behavior. The DC 155 

group consisted of nine individuals (4 females, mean age: 15.6 years, range: 11.6 – 24.4) with a 156 

history of bilateral cataracts, but not dense and/or congenital cataracts. These individuals allowed 157 

us to control for task independent effects on eye movements due to cataract surgery (e.g., 158 

exploring the images with intraocular lenses). Cataract removal surgery had been performed at a 159 

mean age of 7.4 years (range: 2.8 – 17.3 years); they were tested on average 8.2 years (range: 1.5 160 

– 21.8 years) post-surgery. DC participants’ post-surgical visual acuity ranged from 0.46 to 1 161 

decimal units (geometrical mean: 0.7; logMar: 0 – 0.33, logMar mean: 0.16). All DC participants 162 

were fitted with intraocular lenses.  163 

Retrospective classification of CC and DC participants comes with some degree of 164 

uncertainty. However, the use of the classification criteria as implemented in the present study 165 

have recently been confirmed by an electrophysiological biomarker (Sourav et al., 2020). 166 

 (3) Nystagmus group (NC group): To disentangle the effects of congenital visual 167 

deprivation from the effects of prevailing sensory nystagmus, which was present in all CC 168 

participants, individuals with nystagmus due to conditions other than congenital cataracts were 169 

tested as additional controls. Individuals in this group did not have experience a phase of severe 170 

visual deprivation. Therefore, this group allowed us to distinguish which changes in visual 171 

exploration behavior can be attributed to the effects of nystagmus vs congenital visual 172 
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deprivation. This group comprised of 10 participants (1 female, mean age: 15.0 years, range: 8.7 – 173 

37.3) with Infantile Nystagmus syndrome (9 idiopathic, 1 oculocutaneous albinism), without a 174 

history of cataracts, severe visual impairment or blindness. NC participants’ visual acuity ranged 175 

from 0.25 to 0.8 decimal units (geometrical mean: 0.45; logMar: 0.1 – 0.6, logMar mean: 0.35).  176 

 (4) The sighted control group (SC group) consisted of 13 individuals (3 females, mean 177 

age: 23.7 years, range: 11.2 – 40.6) with normal or corrected-to-normal vision. This group was 178 

partially age-matched to the CC group (no significant difference in age at testing, t(21) = -0.84, p = 179 

0.41). The SC group allowed us to establish typical eye movement parameters for healthy 180 

individuals, in the current experimental setting and for the employed images. 181 

 All individuals were tested at the LV Prasad Eye Institute. None of the participants had 182 

any other sensory deficit or neurological disorder, diagnosed or self-reported. Expenses associated 183 

with taking part in the study were reimbursed. Minors additionally received a small present. 184 

Participants, and if applicable, their legal guardians, were informed about the study and received 185 

the instructions in one of the languages they were able to understand (in most cases Telegu, 186 

Hindi, or English). All participants gave written informed consent before participating in the 187 

study; in case of minors, legal guardians additionally provided informed consent. The study was 188 

approved by the ethics board of the Faculty of Psychology and Human Movement Science of the 189 

University of Hamburg (Germany) and by the ethics board of the LV Prasad Eye Institute. 190 

 191 

Stimuli  192 

Forty-nine images from the Natural Face and Object Stimuli image set were used in this study 193 

(Rossion et al., 2015) (https://face-categorization-lab.webnode.com/resources/natural-face-194 

stimuli/). The images displayed objects representing 7 different categories: animals, chairs, fruits, 195 

guitars, houses, plants, and telephones. Objects were located close to the center of the image. 196 

Images were displayed in gray scale at an 800 x 800 pixel resolution, subtending 19.6 x 19.6 197 
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visual degrees. Stimuli were generated in MATLAB (The MathWorks, Natick, MA) using 198 

Psychtoolbox 3 (Brainard, 1997; Kleiner et al., 2007) on a Windows 7 PC and presented with an 199 

24’’ Eizo FG2421 LCD monitor at a resolution of 1920 x 1080 @ 120 Hz.  200 

Due to copyright concerns, the figures shown here use line drawings of the actual images 201 

presented during the experiment.  202 

 203 

Eye-tracking and calibration 204 

Eye movements were recorded with a video-based binocular eye-tracking system at 500 Hz 205 

(Eyelink1000 Plus, SR Research Ltd, Canada). Subjects were seated in a darkened room and 206 

placed their heads on a chin rest such that their eyes were at a distance of 60 cm from the screen. 207 

Due to several participants presenting nystagmus, it was not possible to use the built-in standard 208 

online calibration method of the eye-tracker system. Instead, a custom-made calibration routine 209 

was employed. This calibration routine used 5 screen positions as points (presented at the screen 210 

center, 15° right and left of the center and 8.5° above and below the center). Each participant was 211 

asked to look at these 5 points. Next, the screen center position was displayed again, in order to 212 

estimate calibration error. The experimenter manually controlled the calibration. During the 213 

presentation of each calibration position, the experimenter decided whether an eye movement was 214 

performed to the corresponding point and selected low-velocity periods of the nystagmus at each 215 

calibration point. These low-velocity periods typically follow the corrective saccade of the 216 

nystagmus, that is, they are aligned with the target position. The online calibration was performed 217 

to visually confirm that calibration points aligned with the 5 position patterns. This confirmation 218 

was necessary to decide whether the procedure had to be repeated, or if the calibration was 219 

sufficiently precise to continue. During offline calibration, low velocity periods of nystagmus 220 

were selected as described for online calibration.  221 
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The median positions of the selected gaze samples were fitted with a polynomial function 222 

(Stampe, 1993) to the corresponding screen positions. This is the same algorithm as the one 223 

implemented in the Eyelink eye-tracker software. The same calibration procedure was applied to 224 

all participants irrespective of whether they suffered from nystagmus or not. Calibration error was 225 

calculated only for the central position of the screen, and did not differ between groups (robust 226 

linear model contrasts, all contrasts p > 0.05; mean CC group: 0.83º, SD: 0.95;  mean SC group: 227 

0.31º, SD: 0.12; mean DC group: 0.59º, SD: 0.37; mean NC group: 0.78º, SD: 0.83).   228 

 A certain proportion of gaze data was missing when the gaze fell outside of the image, or 229 

during periods when the eye tracker lost the pupil. On an average, 9.9% of CC participants’ gaze 230 

data were missing, compared to 3.69% for SC, 4.27% for DC, and 9.93% for NC participants.  231 

To guarantee a sufficiently reliable estimate, only the visual exploration data from images 232 

with at least 50% valid recordings (i.e., gaze location values within the image) were included for 233 

analyses. Under this criterion, 7, 1, 1, and 6 image explorations had to be disregarded for the CC, 234 

SC, DC and NC group, respectively. In total, we discarded less than 0.6% of the data. 235 

Procedure 236 

After the calibration was completed, the experiment was carried out in 2 blocks of 14 trials each. 237 

A trial consisted of 2 images presented sequentially. Each trial started with a white fixation dot 238 

(diameter ~ 1.8°) presented in the center of the screen for 1 s, followed by the presentation of the 239 

first image for 4 s. Next, a central white fixation dot was shown a second time for 1 s which was 240 

followed by the presentation of the second image for 4 s. Participants were instructed to visually 241 

explore the images, and report the names of the objects they had encountered in the two images at 242 

the end of the trial. After participants provided the names of the two images, the experimenter 243 

decided whether each image was correctly named.  The experimenters knew about the possible 244 

categories and were instructed to accept responses at the exemplar level (e.g. banana) and 245 

categorical level (e.g. fruit). 246 
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 In 7 of the 28 trial image pairs, the same image was presented as the first and second 247 

image. In another 7 trial pairs, the two images were different, but from the same object category. 248 

In the remaining 14 trial pairs, the images were from different categories. Image presentation 249 

order was randomized across subjects with respect to pair type (repeated image, repeated 250 

category, different category). Order of presentation within a pair in the repeated- and different 251 

category pairs was randomized across subjects. The experiment took around 15-20 min, 252 

depending on the duration of the eye-tracker calibration procedure. 253 

 254 

Data analysis and statistics 255 

The common procedure in eye-tracking research is to use fixation positions as the unit of analysis. 256 

However, the nystagmus of the CC and NC individuals made it impossible to define fixations by 257 

employing typical velocity and acceleration thresholds. Hence, the dependent variables for all 258 

participants were calculated with respect to the position of all eye-tracking data samples 259 

(subsequently referred to as “gaze” data, obtained at a 500 Hz sampling rate). Several studies 260 

have shown that individuals with nystagmus gather information during the complete period of the 261 

nystagmus, and not only during the low-velocity phase (Jin et al., 1989; Goldstein et al., 1992; 262 

Waugh and Bedell, 1992; Dunn et al., 2014). Therefore, for uniformity of the analysis across 263 

groups, all gaze data were used, including high-velocity samples which would normally be 264 

considered saccades.  265 

 266 

Instantaneous Gaze Velocity 267 

The extent of gaze instability in all participants was estimated by deriving “instantaneous gaze 268 

velocity”. Usually, gaze velocity is calculated from multiple samples to remove high frequency 269 

noise inherent to oculomotor recordings (Stampe, 1993; Holmqvist et al., 2011). In the present 270 

study, we employed a modified version of the 2-point central difference algorithm (Bahill et al., 271 
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1982) that is standard in the literature (e.g., Engbert, 2003; Dimigen et al., 2009; Otero-Millan et 272 

al., 2014), and used as the default by the EyeLink eye-tracker (SR Research, 2019). For a sample 273 

point n, the corresponding instantaneous gaze velocity (visual degrees per second, °/s), is defined 274 

as the sum of 6 non-consecutive eye-tracking gaze samples (position in screen pixels): 275 

𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦( ) =  𝑆𝑅 ×  (𝑔𝑎𝑧𝑒( ) + 𝑔𝑎𝑧𝑒( ) + 𝑔𝑎𝑧𝑒( ) − 𝑔𝑎𝑧𝑒( ) − 𝑔𝑎𝑧𝑒( ) − 𝑔𝑎𝑧𝑒( ))18 × 𝑃𝑃𝐷  

 SR is the eye-tracker sampling rate (500 Hz), PPD the pixels-per-degree resolution (~ 40.6), and 276 

18 corresponds to the sum of the number of samples in the intervals used in the calculation ( 277 4−– 4 + 3−– 3 + (2−– 2)). This calculation was done separately for the horizontal and 278 

vertical eye movement components. 279 

 280 

Entropy 281 

To assess the spread or dispersion of visual exploration, the informational entropy of the spatial 282 

distribution of gazed locations was calculated for each image and participant (Açık et al., 2010; 283 

Wilming et al., 2011; Shiferaw et al., 2019). Informational entropy is defined as the average 284 

amount of information of a random variable. Entropy is higher when uncertainty of an outcome is 285 

high and thus when events carry relatively more information. Entropy is maximal for variables 286 

with a uniform distribution. In terms of visual exploration patterns, a higher spread or a broader 287 

spatial distribution of gazed locations results in higher entropy. Conversely, a narrow spatial 288 

distribution results in lower entropy values.  289 

To calculate entropy values for each subject and image, first, a discrete spatial distribution 290 

of gazed locations was constructed by dividing each image into a 20 x 20 matrix of 2° x 2° cells. 291 

Next, we counted how many times each cell was gazed at by a given participant. Finally, the 292 

entropy value of each spatial distribution was calculated by: 𝐻(𝑃) =  − ∑ ∗log ( )( )  , 293 
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where 𝑝  is the probability of gazing at a given cell. Coverage is a correction term suggested by 294 

Chao and Shen (2003) as a modification of the original entropy formula of Shannon in order to 295 

avoid biases due to limited sampling (Wilming et al., 2011).  296 

In order to confirm the robustness of the results, entropy values were additionally 297 

calculated based on gaze distributions for a smaller (1° x 1°) and larger (4° x 4°) cell size. Results 298 

did not differ, and thus we report the results based on a cell size of 2° x 2°. 299 

 300 

Predictor maps for visual exploration patterns 301 

We evaluated how well each participant’s exploration patterns were explained by (1) the 302 

exploration pattern of other participants; (2) by the low-level features; and (3) by the high-level 303 

visual features of the presented images. Three different predictor maps were correspondingly 304 

generated: (1) the visual exploration pattern for each image as assessed in the SC control group; 305 

(2) images’ low-level Intensity Contrast Feature (ICF) model (Kümmerer et al., 2017); and (3) 306 

images’ high-level feature map as defined by the DeepGaze II (DG-II) model (Kümmerer et al., 307 

2016).  308 

The first predictor was derived from the empirical distribution of gaze locations across all 309 

participants of the SC group. A two-dimensional spatial probability distribution was constructed 310 

for each image by pooling all the gaze eye-tracking samples of SC individuals for each image. For 311 

predictions within the SC group, the SC predictor map was constructed in a leave-one-out cross-312 

validation procedure. Pixel-level gaze counts were spatially smoothed with a two-dimensional 313 

Gaussian unit kernel (full width at half maximum = 2 degrees) and normalized by dividing by the 314 

total count of gaze samples.  315 

The second predictor map, ICF, consisted of a two-dimensional spatial distribution 316 

constructed based on the images’ low-level features (luminance contrast). Different low-level 317 
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features are known to be highly correlated (Onat et al., 2014), and simple models based on 318 

contrast features seem to perform as well as more complex models that include multiple low-level 319 

visual features (Kienzle et al., 2009). Thus, we used a low-level model based solely on luminance 320 

contrast.  321 

The third predictor map, DG-II, consisted of a two-dimensional spatial distribution 322 

constructed based on features derived by a deep neural network optimized for object recognition 323 

(Simonyan and Zisserman, 2014). The DeepGaze II model is currently considered the best 324 

performing model for free viewing according to the MIT Saliency Benchmark 2019 325 

(http://saliency.mit.edu/). The DG-II model selects local features that serve as a basis for object 326 

classification, but it does not segment or tag objects. Note that the DG-II model typically 327 

performs the best at predicting eye-movement behavior for images depicting text or faces, which 328 

our stimuli dataset did not include. Nevertheless, the DG-II model has been shown to outperform 329 

the ICF model even in the absence of such features (Kümmerer et al., 2017).  330 

ICF and DG maps were computed for each image using the python code made available 331 

by Matthias Kümmerer and the Bethge Lab (https://deepgaze.bethgelab.org). ICF and DG maps 332 

were generated for each original image, as well as for three low-pass filtered image versions. The 333 

latter were obtained by filtering the images using a 2D Gaussian kernel with frequency cutoffs 334 

(0.67 reduction) at 0.5, 1, and 2 visual degrees, respectively.  335 

  336 

Area under the curve (AUC) 337 

To determine how well a given predictor map explained participants’ visual exploration patterns, 338 

we tested whether the values of the predictor map allowed a classification of image locations as 339 

gazed versus non-gazed. For non-gazed locations, values were taken from gazed locations in other 340 

images by the same participant. This procedure to define non-gazed locations was introduced  to 341 

avoid an inflated classification success due to possible spatial biases (Tatler et al., 2005; Wilming 342 
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et al., 2011; Bylinskii et al., 2016), in both humans visual exploration patterns and photographic 343 

image features (Tatler et al., 2005; Tatler, 2007; Einhäuser et al., 2008b). For each participant, 344 

gazed and non-gazed values were pooled across images. These values were used to estimate the 345 

classification success of a predictor map by calculating the Area Under the Curve (AUC) of the 346 

receiver operator characteristic curve (Green and Swets, 1988; Fawcett, 2006). AUC values can 347 

be calculated by first taking the Mann-Whitney U statistic (also called Wilcoxon rank-sum test) 348 

between gazed and non-gazed values of the predictor map: 349 

 𝑈 =  𝑅 − 𝑛 (𝑛 + 1)/2, where 𝑛   is the sample size of gazed locations and 350 𝑅  is the sum of ranks in the sample of gazed location, obtained by assigning a numeric rank 351 

to every gazed and non-gazed values, beginning with 1 for the smallest value. AUC values are 352 

directly derived from U by normalizing with the product of the number of gazed and non-gazed 353 

locations (Bamber, 1975): 354 

 𝐴𝑈𝐶 = 𝑈/(𝑛 ∗ 𝑛 _ ). AUC values range between 0 and 1, with 0.5 corresponding to 355 

chance discrimination and 1 indicating perfect classification. In some analyses, AUC values were 356 

obtained per image rather than per subject: gazed and non-gazed values were pooled across 357 

participants for each image instead across images for each participant.  358 

To further control for any additional potential analyzing bias, control AUC values were 359 

calculated as follows: instead of using the predictor map for a given image, images were shuffled, 360 

that is, the predictor map of another randomly selected image was used to predict visual 361 

exploration of a given image. 362 

 363 

Statistical tests 364 

Group differences in instantaneous gaze velocity, entropy and AUC values were evaluated with 365 

robust linear regression models using a categorical group factor. The models employed an 366 
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iteratively reweighted least square method using a bi-square weight function as implemented in 367 

the MATLAB R2019b function fitlm (Holland and Welsch, 1977). As there were 6 possible 368 

between-group comparisons, group contrasts were tested at a Bonferroni-corrected significance 369 

level of 0.05/6.  370 

Moreover, AUC values for the SC, ICF and DG-II predictor maps were evaluated for 371 

different time periods after image presentation. This analysis tested whether classification success 372 

depended on the phase of visual exploration. AUC values were computed from data partitions 373 

obtained by dividing each participant’s gaze data into 8 non-overlapping 500 ms intervals, from 374 

the beginning to the end of the trial. These sets of AUC values, excluding the first interval, were 375 

entered in a linear mixed-effects model with group as a categorical factor, a time-interval 376 

covariate as a fixed effect (7 levels), and participant identity as a random effect.  377 

In the CC and NC groups, we additionally evaluated differences in AUC values generated 378 

from gaze locations, obtained by dividing each participant’s gaze data into ten bins according to 379 

the magnitude of instantaneous gaze velocity. This analysis tested whether classification success 380 

of the SC predictor map depended on gaze stability in the CC and NC group. The new set of AUC 381 

values were entered in a linear mixed-effects model with group as a categorical factor, a velocity 382 

quantile covariate as a fixed effect, and participant identity as a random effect.  383 

 To assess the effects of short-term memory on visual exploration patterns, the repetition 384 

effect was evaluated by comparing the entropy values between the first and the second image of 385 

trial pairs. Entropy values for each image were entered in a linear mixed-effects model, with 386 

participant group (4 levels: CC, SC, DC, NC) and image order within a pair (2 levels: 1st or 2nd) as 387 

fixed effect predictors, and participant identity as a random effect. This analysis was done 388 

separately for each type of trial pair (repeated identity, repeated category, unrelated new image).  389 

Linear mixed-effect models were calculated in R (version 3.6.3), using restricted 390 

maximum likelihood estimation as implemented in the lme4 package (Bates et al., 2015). The 391 
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reported p-values were based on the t-distribution using degrees of freedom calculated with the 392 

Satterthwaites method, as implemented by the lmerTest package (Kuznetsova et al., 2017).  393 

Differences between groups in object recognition performance were evaluated with a 394 

generalized linear model using a binomial distribution and a logit link function, as implemented in 395 

the R stats package. The same procedure was employed to evaluate the association between visual 396 

acuity and the AUC values in CC participants. All models’ detailed specifications and output 397 

summaries are described in the corresponding figures’ Extended data. 398 

 399 

Open data and code accessibility 400 

The code for the statistical analyses, figures, and the anonymized, pre-processed data are 401 

available at the Research Data Repository of the University of Hamburg 402 

(DOI:10.25592/uhhfdm.1520). Original eye-tracking datasets are available upon request from the 403 

corresponding author. 404 

  405 
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RESULTS  406 

Gaze stability is severely affected in CC participants  407 

As expected from the prevailing sensory nystagmus, eye movement trajectories were considerably 408 

altered in the CC group. Fig. 1a displays examples of a single trial eye-tracking recording from 409 

one participant of each group (see Video 1 and Video 2 and Extended data Fig. 1-1,1-2). SC and 410 

DC participants showed the prototypical gaze kinematics of visual exploration of static images: 411 

their gaze movements were characterized by periods of high stability (i.e. fixations) interrupted by 412 

short periods of displacement at a high velocity (i.e. saccades). By contrast, CC and NC 413 

participants’ gaze movements were in a continuous, periodic displacement, as is typical of 414 

nystagmus. Participants’ gaze stability was quantified in terms of instantaneous gaze velocity, that 415 

is, how fast and in which direction the eyes moved from one moment to another (see Data 416 

analysis and statistics – Instantaneous gaze velocity). The magnitude of instantaneous gaze 417 

velocity was significantly higher in CC as compared to SC individuals (robust linear model 418 

contrast, p < 0.001, see Fig. 1b and Extended data Fig. 1-3 for the full statistic results) and DC 419 

individuals (p < 0.001), but lower than in NC individuals (p = 0.004). Gaze velocities showed no 420 

clear direction in CC individuals, whereas for NC individuals, gaze velocities were mostly along 421 

the horizontal direction (see Fig. 1c). Such a pattern in NC individuals is typical of horizontal jerk 422 

nystagmus (Abadi and Bjerre, 2002).  423 

In sum, these results confirm that in contrast to SC and DC participants, the gazes of CC 424 

and NC participants were in a state of continuous motion, that is, gaze stability was reduced in 425 

these two groups. 426 

 427 

 428 

  429 
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Visual exploration patterns of CC participants are stimulus-driven and similar to those of 430 

controls 431 

Four examples of group-pooled exploration patterns overlaid over line drawings of the original 432 

grayscale images are depicted in Fig. 2. These images illustrate the resemblance of visual 433 

exploration patterns across groups.  To quantitatively evaluate whether visual exploration patterns 434 

for natural scenes were stimulus-driven in CC participants and to what degree they followed the 435 

same principles as in normally sighted controls, informational entropy was derived to parametrize 436 

the width of the spatial distribution of gazed locations (Shiferaw et al., 2019). Low entropy scores 437 

indicate a low degree of randomness of visual exploration patterns (see Data analysis and 438 

statistics – Entropy). 439 

As expected from the nystagmus-related gaze instability, visual exploration by CC 440 

individuals covered a wider area of the images than visual exploration by SC individuals. CC 441 

participants’ entropy values were higher than for SC and DC participants (robust linear model 442 

contrasts, both p < 0.001, see Fig. 3a and Extended data Fig. 3-1 for statistics), but not different 443 

from those of the NC participants (p = 0.27). Thus, higher entropy values in the CC group were a 444 

consequence of nystagmus, rather than of congenital visual deprivation.  445 

Importantly, the CC group’s entropy values for individual images were significantly 446 

correlated with entropy values of the same images for the three control groups (Pearson’s r, all > 447 

0.5 with p < 0.003, see Fig. 3b). Thus, the relative extent of visual exploration of images was 448 

correlated across groups. This correlation suggests that visual exploration by CC individuals was 449 

strongly dependent on the characteristics of the images, and that this dependency was 450 

qualitatively similar to the dependency on image characteristics which guided visual exploration 451 

in control individuals.  452 

Since stimulus entropy assesses the extent of visual exploration, but not the precise 453 

locations of gaze shifts, similar entropy values across groups do not unambiguously indicate the 454 
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same visual exploration patterns. Therefore, we additionally evaluated whether the exploration 455 

patterns of the CC group were predicted by the corresponding visual exploration patterns of the 456 

SC group. For each image and participant, we used the pooled spatial distribution of gaze 457 

locations from the SC group to create an SC predictor map. We then used the latter to predict 458 

whether or not an image location was visually explored by CC individuals. Classification success 459 

was quantified by the area under the receiver operator characteristic curve (AUC; values larger 460 

than 0.5 indicate correct prediction, see Data analysis and statistics – AUC) (Swets, 1988; 461 

Fawcett, 2006).  462 

SC predictor maps discriminated the CC group’s gazed vs not-gazed locations above 463 

chance (all groups AUC values > 0.5, one-sample t-tests, p < 0.001, see Fig. 3c). In order to 464 

exclude the possibility that common image characteristics or spatial biases artificially enhanced 465 

prediction success, we ran a control analysis in which images were shuffled and AUC values from 466 

arbitrarily assigned images were derived. No successful prediction was achieved with these values 467 

(none of the AUC values in either group differed from 0.5, p > 0.05). Although CC participants’ 468 

AUC values were overall lower than those for SC and DC participants (robust linear model 469 

contrasts, both contrasts p < 0.001, see Extended data Fig. 3-2 for statistics), they did not differ 470 

from those of the NC participants (p = 0.93).  471 

In the CC group, AUC values were not correlated with visual acuity (Pearson’s r(8) = -472 

0.19, p = 0.59, see Extended data Figure 3-3), age at testing (r(8) = -0.05, p = 0.87), age at cataract 473 

surgery (r(8) = -0.28, p = 0.42) or time since sight restoration (r(8) = 0.2 , p = 0.56). 474 

The previous analyses were based on the complete duration of a trial (4 s). To evaluate 475 

possible group differences in the temporal dynamics of visual exploration, we additionally ran the 476 

same analyses for the SC predictor maps separately for consecutive, non-overlapping 500 ms time 477 

intervals. For the first interval (0 to 500 ms after image presentation), all groups had low AUC 478 

values (AUC values around 0.5, see Fig. 3d). This result is consistent with previous findings and 479 



 

                                                                   Active vision despite congenital blindness                                                     Page 22 of 48 

is most likely due to the starting position being forced to be at the center of the image and thus 480 

independent of image content (Schütt et al., 2019). After the first interval, CC participants’ AUC 481 

values increased, and remained at the same level throughout image presentation. By contrast, SC, 482 

DC and NC participants reached their highest AUC values in the second interval (500 to 1000 483 

ms), following which AUC values that progressively decreased until the end of image 484 

presentation. This group difference in the dynamics of visual exploration was confirmed by a 485 

mixed-effects model with a categorical predictor participant group, a time interval covariate 486 

(excluding the first interval), and participant identity as random effect: CC participants’ estimate 487 

of a time interval covariate was not different from 0 (p = 0.9, see Extended data Fig. 3-4 for 488 

statistics). In other words, there was no relationship between time interval and AUC values in the 489 

CC group.  By contrast, all the other groups showed a significantly more negative estimate of the 490 

time interval covariate than CC participants (all contrasts p < 0.006), indicating a decrease of 491 

AUC values as exploration progressed in the control groups.  492 

Previous research suggested that visual acuity depends on the extent of the stable, 493 

“foveation”, period of the nystagmus (Dell’Osso and Daroff, 1975; Dell’Osso and Jacobs, 2002; 494 

Felius et al., 2011). Therefore, it is possible that CC and NC participants mainly explore the 495 

image during low-velocity periods of their nystagmus. To test this hypothesis in CC and NC 496 

participants, AUC values were separately calculated for ten data partitions according to the 497 

magnitude of the gaze instantaneous velocity (see Fig. 3e). AUC values were above chance for 498 

each velocity bin. A mixed-effects model with the categorical predictor group (run only with CC 499 

and NC groups), a velocity quantile covariate, and participant identity as random effect, revealed  500 

a significant effect of speed quantile (p = 0.002, see Extended data Fig. 3-5 for statistics), without 501 

a significant main effect of group (p = 0.6) and without a significant interaction of group and the 502 

velocity quantile covariate (p = 0.83). Therefore, across both groups, slower gaze velocities 503 

resulted in higher AUC values. The first two gaze velocity quantiles of CC and NC individuals 504 
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were roughly comparable to SC and DC individuals’ instantaneous gaze velocity during fixations 505 

(see Extended data Fig. 3-6). This result suggests that CC and NC individuals were able to 506 

systematically adjust visual exploration in order to gaze at the most relevant parts of an image 507 

during the low-speed phase of the nystagmus, when visual discrimination seemed to be best in 508 

individuals with nystagmus.  509 

Entropy and AUC values were correlated in all groups, demonstrating that the lower the 510 

spread of visual exploration, the higher the agreement of visual exploration patterns across 511 

participants (see Fig. 3f for the results of the CC group and Extended data Figure 3-7 for the 512 

corresponding results of the other groups). This correlation did not differ between any of the four 513 

groups (comparison of Fischer’s Z-transformed r values, all p > 0.05).  514 

In summary, CC individuals gazed at similar locations of the image as normally sighted 515 

controls. These results support the hypothesis that the CC individuals’ visual exploration was 516 

based on the same underlying mechanisms. Thus, neither the acquisition of these representations, 517 

nor their use for visual exploration via eye movements, seem to require patterned vision at birth.  518 

 519 

Exploration patterns of CC participants are guided by both low-level and high-level visual 520 

features 521 

Next, we evaluated to what degree visual exploration patterns were guided by low-level versus 522 

high-level visual information. For this purpose, predictor maps from two different saliency 523 

models were computed for each image: A first, low-level predictor map was constructed from 524 

local contrast as defined by the Intensity Contrast Feature model (ICF) (Kümmerer et al., 2017). 525 

The second, high-level predictor map was constructed from features resulting from a deep neural 526 

network trained for object recognition, as defined by the DeepGaze II model (DG-II) (Kümmerer 527 

et al., 2016, 2017; Schütt et al., 2019). 528 
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In all groups, visual exploration patterns were classified above chance by both the low-529 

level ICF and high-level DG-II predictor maps (see Fig. 4 a,b, all AUC > 0.5, p < 0.001). The 530 

high-level DG-II model predicted the visual exploration patterns better (i.e., resulted in higher 531 

AUC values) than the low-level ICF model for all groups (paired t-test: CC group :  p = 0.01; SC 532 

group: p < 0.001; DC group: p < 0.001) except for the NC group (p = 0.13). We confirmed that 533 

this classification accuracy was not an artifact of general image characteristics or spatial biases: 534 

neither of the two models significantly predicted gaze patterns in either group after images were 535 

shuffled. These results suggest that CC individuals were able to make use of both low-level and 536 

high-level visual information for guiding visual exploration, similar to SC individuals. 537 

AUC values were overall lower in the CC group compared to the SC and DC group for 538 

both low- and high-level predictor maps (robust linear model contrasts, all p < 0.004, see Fig. 4 539 

a,b and Extended data Fig. 4-1 and 4-2 for statistics), while they did not significantly differ from 540 

the corresponding AUC values of the NC group (both p > 0.05). Importantly, the relative 541 

predictive power of the two models (ratio of the ICF and DG-II AUC values) was 542 

indistinguishable between the CC group and the three control groups (all p > 0.05, see Fig. 4c and 543 

Extended data Fig. 4-3 for statistics). This confirmed that CC individuals weighted low- and high-544 

level visual information for guiding visual exploration similar to the SC, NC and DC groups. 545 

As in the analysis for the SC predictor map, we ran the analyses for the ICF and DG-II 546 

predictor maps separately for consecutive time intervals (see Extended data Fig. 4-4). For the 547 

low-level ICF predictor, the time interval covariate was not significant in any group (estimate not 548 

different from 0, all p > 0.1, see Extended data Fig. 4-5 for statistics). For the high-level DG-II 549 

predictor, the SC group showed an effect of interval (p < 0.001). By contrast, this effect was non-550 

significant in the CC (p = 0.29), DC (p = 0.06) or NC (p = 0.12) groups. Nevertheless, the 551 

estimate of the time interval covariate was more negative in the SC and DG group than in the CC 552 

group (p < 0.0002 and p < 0.04 respectively, see Extended data Fig. 4-6 for statistics).  553 
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Additionally, AUC values obtained from saliency predictor maps computed from low-pass 554 

filtered images explained visual exploration in the CC and NC groups better than in the SC and 555 

DC groups (see Extended data Figure 4-7, and 4-8 and 4-9 for statistics). This is consistent with 556 

CC and NC individuals’ reduced visual acuity and reduced sensitivity to higher spatial 557 

frequencies (Ellemberg et al., 1999; Bedell, 2006; Hertle and Reese, 2007). Thus, it is justified to 558 

conclude that CC and NC individuals’ visual exploration predominantly made use of the low 559 

rather than high spatial frequency components of visual stimulus features.  560 

In sum, these results demonstrate a highly preserved ability of CC individuals to use both 561 

low-and high-level visual information to guide visual exploration.  562 

 563 

Changes in visual exploration patterns for repeated images indicate visual short-term 564 

memory effects in CC individuals 565 

Visual exploration patterns narrow down after an image has been repeatedly encountered (Noton 566 

and Stark, 1971; Ryan et al., 2000; Smith et al., 2006; Kaspar and König, 2011). This result has 567 

been taken as evidence for visual exploration being guided not only by stimulus-driven but 568 

additionally by top-down factors. In order to assess such short-term memory effects, we analyzed 569 

differences in gaze entropy for two consecutive images, for which the second image was either (1) 570 

identical to the first image, (2) a different image but displaying an item of the same category as 571 

the first image or (3) a different, unrelated image.   572 

 Entropy values decreased between the first and second presentation of the same image in 573 

all groups, including the CC group (see Fig. 5a). Furthermore, this reduction in the spread of 574 

visual exploration between repeated images did not differ between groups (no significant 575 

interaction between image repetition and group, p > 0.05, see Extended data Fig. 5-1 for 576 

statistics). Importantly, in all groups, the reduction in entropy for consecutive images was specific 577 
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for repeated images and did not generalize to category repetitions or different images (see Fig. 5a 578 

and Extended data Figure 5-2,3 for statistics).  579 

In summary, CC individuals’ visual exploration patterns showed the same short-term 580 

memory related reduction in spread as found in the control groups and demonstrated in previous 581 

research (Noton and Stark, 1971; Ryan et al., 2000; Smith et al., 2006; Kaspar and König, 2011). 582 

This result suggests that CC individuals are able to integrate both stimulus-driven and top-down 583 

information from short-term memory, in order to guide visual exploration.  584 

 585 

Object recognition performance is linked to systematic visual exploration in CC individuals 586 

Object recognition performance was high in all groups (see Fig. 5b). All SC participants, 587 

independent of their chronological age at testing, performed at 100%. Overall, the performance of 588 

the CC group (mean: 84,2% correct, range 30.3-100%) was lower than in the three other groups 589 

(p < 0.001; see Extended data Fig. 5-4 for statistics). For CC participants, a logistic regression 590 

model analysis revealed that object recognition performance was associated with better visual 591 

acuity (visual acuity predictor, p < 0.001, see Fig 5c and Extended data Fig. 5-5 for statistics) but 592 

not with age at testing (see Extended data Figure 5-6,7). Crucially, object recognition was 593 

additionally related to how well the CC individuals’ exploration patterns were predicted by the 594 

exploration patterns of SC participants (AUC predictor, p < 0.001). According to AIC and Tjur R2 595 

model-fit metrics (see Extended data Fig. 5-5), a model with both the visual acuity and AUC 596 

predictors performed better at explaining the object recognition scores of CC individuals than a 597 

model with either predictor in isolation. While high overall object recognition performance in CC 598 

individuals is in accordance with previous findings (Ostrovsky et al., 2009; Röder et al., 2013), 599 

this result further suggests that object recognition performance in CC individuals might benefit 600 

from systematic visual exploration.  601 

 602 
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DISCUSSION  603 

Visual exploration of natural scenes by means of eye movements is guided by stimulus-driven 604 

mechanisms that make use of low- and high-level visual features as well as by top-down 605 

mechanisms such as explicit goals and memory representations. The present study investigated 606 

the degree to which the development of the bottom-up and top-down mechanisms guiding 607 

systematic visual exploration of natural stimuli relies on early visual experience. Here, we tested 608 

visual exploration patterns in 10 individuals who had received delayed treatment for total dense 609 

bilateral congenital cataracts (CC group), some of whom only in late childhood or adulthood. 610 

Participants watched close-up photographic images of different objects, plants, animals and 611 

buildings. The visual exploration patterns of CC individuals were compared to those of a group of 612 

normally sighted controls (SC group), individuals treated for late-onset cataracts (DC group), and 613 

a group of individuals with pathological nystagmus, but without a history of congenital cataracts 614 

or visual deprivation (NC group). We found remarkably preserved visual exploration behavior in 615 

the CC group, despite an absence of visual experience early in life. Indeed, CC individuals’ visual 616 

exploration patterns were successfully predicted by those of the SC group. The application of 617 

modelling approaches to identify the visual features guiding visual exploration revealed that CC 618 

individuals employed both low-level and high-level visual information, and did so with a similar 619 

relative weighting as observed in the control groups. Furthermore, by analyzing the effects of 620 

short-term memory on visual exploration patterns, we demonstrated that CC individuals were able 621 

to integrate recently acquired memory representations with stimulus-driven visual information. 622 

Finally, despite the high object recognition scores of CC individuals, residual deficits were 623 

associated not only with their persistent lower visual acuity, but additionally were associated with 624 

the degree to which their visual exploration patterns resembled those of typically sighted 625 

individuals.  626 
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While most studies in sight-recovery individuals have focused on visual perceptual 627 

functions, the interaction of the visual and oculomotor system has hardly ever been investigated in 628 

this population. On one hand, this is surprising, given that visual perception crucially depends on 629 

overt exploration to align the gaze with the most relevant regions of the visual world. On the other 630 

hand, eye movements of sight-recovery individuals born with severe visual impairment or 631 

blindness are highly distorted due to a superimposing involuntary nystagmus, making them harder 632 

to assess (Abadi et al., 2006). The emergence of nystagmus in CC individuals is a direct 633 

consequence of visual deprivation within the first 8-12 weeks of life; the first 12 weeks of life are 634 

considered a sensitive period for the development of gaze stability control (Rogers et al., 1981; 635 

Gelbart et al., 1982; Lambert et al., 2006; Birch et al., 2009). We observed more irregular 636 

nystagmus in CC individuals than in NC individuals, whose nystagmus patterns of horizontal jerk 637 

movements with accelerating slow phases were characteristic of Infantile Nystagmus syndrome. 638 

While Abadi et al. (2006) did not directly demonstrate such irregularities in the nystagmus pattern 639 

of CC individuals, their study reported that, in accordance with our observations, more irregular 640 

nystagmus, that is, with multiplanar rather than uniplanar patterns, seems to emerge in severe 641 

cases of congenital cataracts.  642 

To the best of our knowledge, the present study is the first demonstration that individuals 643 

with nystagmus, regardless of etiology, are able to systematically explore natural images despite 644 

nystagmus related distortions. Previous research suggested that visual acuity in individuals with 645 

nystagmus depends on the duration of the “foveation” periods within their nystagmus (Dell’Osso 646 

and Daroff, 1975; Dell’Osso and Jacobs, 2002; Felius et al., 2011). In both the CC and NC 647 

groups, we observed that exploration was more predictable during low-velocity periods, that is 648 

during periods which by and large resemble foveation periods. Thus, individuals with nystagmus 649 

are capable of taking into account their idiosyncratic nystagmus pattern while exploring an image.  650 

However, it needs to be stressed that visual exploration was predictable in both the CC and the 651 
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NC groups for the complete range of gaze velocities. This result is in agreement with more recent 652 

research on visual acuity during nystagmus, which indicated that visual perception is possible 653 

throughout the nystagmus cycle (Dunn et al., 2014).  654 

While a qualitative assessment of simple ocular orienting to light is routinely performed in 655 

CC individuals during clinical examination, the presence of nystagmus has made it difficult to 656 

quantitatively study systematic eye movement behavior in this group. It was only recently that 657 

visually guided behavior was successfully assessed with eye tracking in CC individuals (Zerr et 658 

al., 2020). In this study, participants followed a salient, single, visual target which abruptly but 659 

regularly changed location. CC individuals showed intact visually guided eye movements, which 660 

were as precise and as fast as can be expected after taking their nystagmus into account. While 661 

such visually guided eye movements are likely a prerequisite for the exploration of natural scenes, 662 

they might be accounted for, to a large degree, by a simple reflexive mechanism based on 663 

luminance contrast. By contrast, real-world visual exploration is not just driven by low-level 664 

information such as luminance contrast, but additionally uses high-level features, and integrates 665 

top-down influences such as goals and prior knowledge retrieved from memory (Tatler et al., 666 

2011; König et al., 2016; Veale et al., 2017). Since previous research has documented better 667 

recovery of low-level than high-level visual processing in CC individuals (McKyton et al., 2015; 668 

Sourav et al., 2020; Pitchaimuthu et al., 2021), we expected that visual exploration of natural 669 

images would be mostly guided by low-level visual features. Contrary to this hypothesis, CC 670 

individuals relied on high-level information, and used both low- and high-level information in a 671 

similar manner to SC and DC control groups.  672 

For all three predictor maps (SC group predictor maps, ICF and DG-II predictors), the 673 

AUC values were significantly higher than chance in predicting the gaze patterns of CC 674 

individuals. However, they were overall lower than what has often been reported in similar 675 

studies (Wilming et al., 2011; Bylinskii et al., 2016; Kümmerer et al., 2017). This might be due to 676 
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the characteristics of the images and constraints of the present study. First, all images featured a 677 

single central object, which might have reinforced a visual exploration bias towards the center. 678 

Since our analysis procedure controlled for this potential central bias, it might have lowered AUC 679 

values in the present study. Second, grayscale images were presented, which attenuated features 680 

that strongly guide typical visual exploration (Onat et al., 2014). Third, our analysis was not based 681 

only on fixations, but rather considered all eye-tracking gaze samples of the complete trial, 682 

including saccades. This was necessary due to the prevailing nystagmus in the CC and NC 683 

groups, and for a uniformity of the analysis across groups. By contrast, almost all previous studies 684 

that evaluate free-viewing behavior are based on fixations excluding saccades, and often 685 

excluding the first fixation following image presentation.  686 

Although we found overall broader and less well-predicted visual exploration patterns in 687 

the CC group than in the SC and DC group, CC participants’ visual exploration was overall 688 

comparable to visual exploration in the NC group. A difference between the CC and NC groups 689 

was however detected in a time interval resolved analysis: Whereas in SC, DC, and NC 690 

participants exploration was more predictable at the beginning of visual exploration (500 to 1000 691 

ms interval) than during later phases, CC participants showed consistent AUC values throughout 692 

the exploration period. Decreasing predictability of visual exploration has been observed in 693 

previous research (Onat et al., 2014; Schütt et al., 2019). This has been interpreted as an initial 694 

bottom-up orienting response, followed by a gradual broadening of visual exploration (Schütt et 695 

al., 2019). The initial strong bottom-up response has been shown to be a consequence of the use 696 

of  high-level, rather than primary low-level features (Onat et al., 2014; Schütt et al., 2019). 697 

Indeed, this is the pattern of visual exploration that was observed in the SC group. In contrast to 698 

the SC group, prediction accuracy driven by high-level features did not vary with time in the CC 699 

individual. Thus, we speculate that despite using high level features for visual guidance, high-700 

level information did not interact with the initial phase of bottom-up exploration in the CC group. 701 
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Future research might confirm this observation, since the dynamic change of predictability of the 702 

high-level model was not significant in the DC and NC groups.   703 

It is unclear to which degree CC individuals are capable of visually exploring more 704 

complex scenes, e.g. images with multiple items, or images which are generally harder to perceive 705 

for them. In fact, as a recent study has reported that CC individuals conduct fewer eye movements 706 

to the eyes region (Zohary et al., 2022). In the present study we also avoided high stimulus 707 

eccentricities due to well-known deficits in peripheral vision of CC individuals (Lewis and 708 

Maurer, 2005), which is  likely enhanced by the effects of nystagmus (Chung and Bedell, 1995; 709 

Pascal and Abadi, 1995) .   710 

Stimulus-driven guidance of visual exploration is thought to emerge from topographical 711 

“feature maps” representing visual features such as color, orientation, luminance, and motion (Itti 712 

and Koch, 2001; Veale et al., 2017). It is assumed that these feature maps serve as a source for 713 

“saliency maps.” Saliency maps represent how conspicuous or “salient” different regions of the 714 

visual field might be (Koch and Ullman, 1985; Itti and Koch, 2000). Our results indicated that the 715 

emergence of both of these mechanisms - the extraction of visual feature maps as well as the 716 

computation of saliency maps - do not seem to depend on early visual experience during a 717 

sensitive period.  718 

The computation of feature and saliency maps has been proposed to be followed by the 719 

derivation of a “priority map” (Bisley and Goldberg, 2010). Priority maps are thought to combine 720 

bottom-up stimulus-driven information and top-down constrains, in order to select the next gaze 721 

location (Bisley and Goldberg, 2010; Veale et al., 2017). Top down influences have often been 722 

studied by manipulating task instructions. A special case of a non-reflexive, implicit top-down 723 

influence on visual exploration is the effect of short-term memory: If an image is repeated, the 724 

distribution of gazed locations narrows down (Hannula, 2010). Short-term memory effects on 725 

visual exploration due to image repetition have been reported to be unrelated to changes in low-726 
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level visual features (Kaspar and Konig, 2011), suggesting that these effects are neither due to 727 

low-level adaptation, nor due to a reweighting of low- and high-level image features. Whether or 728 

not the CC group would show memory-based gains on visual exploration over longer delay 729 

periods, as used in previous studies (Hannula, 2010), or other task based top-down effects, might 730 

be investigated in future studies.  731 

CC participants were able to recognize the visual stimuli, in agreement with previous 732 

reports showing that even after a long period of congenital blindness, sight-recovery individuals 733 

were able to correctly name everyday objects (Maurer et al., 2005; Ostrovsky et al., 2009; Röder 734 

et al., 2013) and to recognize artificial objects through temporal integration (Orlov et al., 2021). 735 

In contrast to normally sighted participants who performed at ceiling, the CC group’s 736 

performance on object recognition was not perfect in the present study. Crucially, better image 737 

recognition in CC individuals was associated not only with better visual acuity, but additionally 738 

with how much CC participants’ gaze patterns resembled those of normally sighted controls. 739 

Although this association must be considered preliminary due to the limited sample size in the 740 

present study, this finding is compatible with previous research. For ambiguous or noisy stimuli, 741 

visual exploration of diagnostic features precedes explicit recognition, rather than object 742 

recognition guiding exploration (Holm et al., 2008; Kietzmann et al., 2011). The currently 743 

available data do not allow us to draw conclusions about whether object recognition is as fast in 744 

CC individuals as in controls. However, similar latencies of the N170 wave of event-related 745 

potentials, an electrophysiological component which has been associated with the structural 746 

encoding of objects, speaks in favor for a recovery of typical object recognition times in CC 747 

individuals (Röder et al., 2013). Since the overall low visual acuity in CC individuals can be 748 

considered analogous to noise, we speculate that visual exploration aided rather than interfered 749 

with object recognition in CC individuals.  750 
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 The idea that visual exploration promotes object recognition is reminiscent of theories 751 

from developmental psychology on how infants learn to recognize objects. For example,  752 

information processing accounts assume that object recognition emerges in an active interaction 753 

with the visual world (Johnson and Johnson, 2000; Johnson, 2001; Johnson et al., 2008). Object 754 

recognition advances with an improvement in active sampling, that is, in visual exploration. It has 755 

been hypothesized that newborns’ preference for edges and motion, as well as their ability for 756 

figure-ground segregation, acts as an initial guide for where to look (Slater et al., 1990; Johnson 757 

and Johnson, 2000; Johnson, 2001). Further, it was proposed that object-defining higher-level 758 

features are acquired while continuously exploring the visual world (Johnson and Johnson, 2000). 759 

For example, the level of object knowledge in  2-3.5 month old infants (Johnson et al., 2004) and 760 

the ability to process facial expressions in 6-11 month old infants (Amso et al., 2010) were found 761 

to depend on visual exploration patterns. Our results are consistent with the idea of active visual 762 

exploration being instrumental for the acquisition of object knowledge. We speculate that CC 763 

individuals’ post-surgery visual exploration might initially have made use of the same preferences 764 

for edges and motion as suggested for newborns (Johnson and Johnson, 2000; Johnson, 2001). 765 

This additionally requires functioning oculomotor control in CC individuals, capable of taking 766 

nystagmus related trajectories into account. As children refine visual exploration to rely more on 767 

high-level features (Açık et al., 2010; Helo et al., 2014), we assume the same for CC individuals 768 

following cataract removal surgery. Indeed, CC individuals of the present study who had acquired 769 

the most typical visual exploration patterns were those who performed the best at object 770 

recognition.  771 

None of the measures tested (i.e., entropy, AUC, and performance) showed an association 772 

with age at testing or time since surgery in CC participants. At first glance, this result seems 773 

surprising given the large range of ages at testing and of time passed since surgery. However, the 774 

lack of such a significant association requires replication, since our sample size was limited by the 775 
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availability of a rare population. Further, all CC participants were older than 10 years of age. 776 

Previous research has reported adult like visual exploration in terms of entropy and AUC 777 

measures in children older than 7 years of age (Açık et al., 2010; Helo et al., 2014). Finally, we 778 

tested CC individuals at least 7 months post-surgery. Thus, the duration since surgery within 779 

which visual input was available might have been sufficient to acquire visual exploration 780 

strategies, and the associated object knowledge. In fact, previous research in cataract-reversal 781 

individuals who underwent a long period of visual deprivation has provided evidence that 782 

knowledge of object shape emerges within this time period (Wright et al., 1992; Ostrovsky et al., 783 

2009; Held et al., 2011; Chen et al., 2016).  784 

In conclusion, the remarkably preserved exploration patterns of sight-recovery individuals 785 

with a history of a transient phase of congenital patterned visual deprivation suggests that the 786 

development of visual exploration mechanisms does not depend on experience within a sensitive 787 

period. In contrast to prevailing deficits in visual acuity, gaze stability, and other high-level visual 788 

functions (Röder and Kekunnaya, 2021b), visual exploration mechanisms seem to emerge after 789 

sight restoration. We speculate that similar to infants, the newly available, low spatial frequency 790 

information might initiate recovery in individuals with reversed congenital cataract; followed by 791 

refinement, as in typical ontogenetic development. Finally, it might be hypothesized that visual 792 

exploration after sight restoration surgery might stimulate the acquisition of visual object 793 

knowledge despite visual acuity deficits and nystagmus.   794 

  795 
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Video 1 and Video 2. Examples of visual exploration patterns. Each subpanel shows the 1019 

exploration of one participant for the complete period of image presentation. Each red dot 1020 

represents one eye-tracking gaze sample (down sampled from 500 Hz to 125 Hz for better 1021 

visualization) overlaid on a line-drawing sketch of the original photographic grayscale image; 1022 

note that participants watched the original grayscale images. 1023 

 1024 

Figure 1. Eye movement kinematics during the visual exploration of an example image. (a) 1025 

Examples of eye movement recordings of one participant from each group. Images were explored 1026 

for 4 seconds. The left panels depict the gaze traces overlaid on a line-drawing sketch of the 1027 

original photographic grayscale image; note that participants watched the original grayscale 1028 

images. The right panels show eye movement traces as they progress over time and space along 1029 

the horizontal (dark lines) and vertical (light lines) dimension. See Extended data Fig. 1-1 and 1-2 1030 

which show two other examples of eye movement recordings.  (b) Distribution of the magnitude 1031 

of instantaneous gaze velocity. Light lines indicate each participant’s distribution and dark lines 1032 

each group’s average distribution. Colored circles display each participant’s median value, and 1033 

the yellow dots and error bars display the group’s mean and s.e.m. See Extended data Fig. 1-3 for 1034 

statistics. (c) Distribution of instantaneous gaze velocity (bin size = 16 º/s, densities were 1035 

individually generated for each participant and then averaged across the participants of each 1036 

group). The color scale indicates the probability of a given gaze velocity in log10 scale. Yellow 1037 

and white contours indicate areas that span approximately 75% and 90% of the distribution. In all 1038 

figures, significant contrasts among groups are indicated with one, two or three “*” corresponding 1039 

to p-values of < 0.01, < 0.001, and < 0.0001, respectively. CC – congenital cataract group; SC – 1040 

normally sighted controls; DC – developmental cataract controls; NC – nystagmus controls.  1041 

  1042 
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Figure 2. Examples of visual exploration by group. The subpanels show, for different images 1043 

and the four groups of participants (see Figure 1 for description) the spatial distributions of the 1044 

probabilities to gaze different locations (pooled across participants and smoothed with a 2D 1045 

Gaussian unit kernel), superimposed over line-drawing sketches of the original images. Warmer 1046 

colors indicate higher probability to gaze a location. Yellow contours indicate areas that span the 1047 

top 50%, 75% and 95% of the spatial distribution. As this distribution are constructed from all 1048 

gaze eye-tracking samples (each occurring every 2 ms), these maps are equivalent to the spatial 1049 

distributions of dwell time. The mean of entropy and AUC values for each of the four images are 1050 

indicated by the corresponding symbol (star, square, and left and right pointing triangles) in Fig. 1051 

3b,d. The last column shows the DG-II and ICF predictor maps for each image. Extended data 1052 

Fig. 2-1 show the grand average of the spatial distributions of the probability to gaze a certain 1053 

location across all images separately for each of the four groups. In addition, the corresponding 1054 

grand average DG-II and ICF predictor maps are displayed. 1055 

 1056 

Figure 3. Spatial spread and predictability of visual exploration patterns. (a) Mean gaze 1057 

entropy for each group (yellow dot with error bars, indicating the standard error of the mean) as 1058 

well as for individual participants (colored dots). See Extended data Fig. 3-1 for statistics. (b) CC 1059 

participants gaze entropy per image compared to the gaze entropy values of the other three control 1060 

groups. Colored continuous lines indicate a linear regression line for entropy values of the CC 1061 

group (x-axis) and each one of the three control groups (SC: blue; DC: green; NC: orange). The 1062 

top left inset depicts the corresponding Pearson’s correlation values (in a red scale, upper right 1063 

corner) and the corresponding p-values (in green, lower left corner). Asterisks indicate significant 1064 

correlations after controlling for multiple comparisons (alpha = 0.05/6). (c) AUC values of the SC 1065 

predictor map per participant and group. Dark colored dots indicate AUC values for individual 1066 

participants as derived by the SC group’s predictor maps to classify gaze and non-gazed location. 1067 
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Light colored circles from the corresponding AUC values for the control analysis in which image 1068 

correspondence was shuffled. Bottom colored stars indicate that actual and control analysis values 1069 

significantly differed. The control analysis values were not different from 0.5 (chance level). See 1070 

Extended data Fig. 3-2 for statistics and Extended data Fig. 3-3 for the relationship between AUC 1071 

values and different CC participants’ characteristics. (d) AUC values of the SC predictor map 1072 

across time. Curves show, for each group, AUC values calculated from consecutive 500 ms data 1073 

partitions. See Extended data Fig. 3-4 for statistics. (e) AUC values of the SC predictor map as a 1074 

function of instantaneous gaze velocity. SC predictor maps were used to calculate gaze in CC 1075 

individuals separately for ten quantiles of instantaneous gaze velocity. See Extended data Fig. 3-5 1076 

for statistics. Extended data Fig. 3-6 show the relationship between gaze velocity during fixations 1077 

(SC and DC groups) and CC and NC participants’ 1st and 2nd instantaneous gaze velocity 1078 

quantiles (f) Correlations of entropy and AUC values across all images for the CC group. 1079 

Different object categories are color coded. Extended data Figure 3-7 show the same correlation 1080 

for SC, NC, and DC groups.  1081 

  1082 

 1083 

Figure 4. Degree of explained visual exploration behavior for low- and high-level visual 1084 

information and context.  (a) AUC values resulting from the low-level ICF predictor maps. See 1085 

Extended Data Fig. 4-1 for statistics. (b) AUC values resulting from the high-level DG-II 1086 

predictor maps. See Extended Data Fig. 4-2 for statistics. (c)  Ratio between ICF and DG-II AUC 1087 

values. See Extended Data Fig. 4-3 for statistics. Extended data Fig. 4.4-6 show AUC values of 1088 

the ICF and DG-II predictor map across time and the corresponding statistics. Extended data 1089 

Figure 4-7 shows the ratio between ICG and DG-II AUC values obtained from low-pass filtered 1090 

versions of the images and the AUC values obtained from the non-filtered images. See Extended 1091 

data Fig. 4-8 to 4-9 for statistics.  1092 
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 1093 

Figure 5. Effect of stimulus repetition and object recognition performance. (a)  Gaze entropy 1094 

for the first vs. the second presentation of the same image (si), different images from the same 1095 

object category (soc), and different images from different object categories (doc). See Extended 1096 

data Fig. 5-1,2,3 for statistics.  (b) Percentage correct images recognized for in each group (mean 1097 

group performance in black with error bars indicating the standard error of the mean). See 1098 

Extended data Fig. 5-4 for statistics (c) Recognition performance, visual acuity (logMar) and 1099 

AUC values (obtained using SC predictor maps) for each CC individual. The blue shade mesh 1100 

depicts the generalized logistic fit. Black lines starting at the red dots indicate the discrepancy 1101 

between actual performance of a CC participant and model predictions. See Extended data Fig. 5-1102 

5 for statistics Extended data Figure 5-6,7 show the relationship between Performance vs. age at 1103 

testing.  1104 

  1105 
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Extended data Table 1-1. (a) Visual acuity (in decimal) vs. age of surgery for the CC and DC 1106 

individuals. (b) Visual acuity (in decimal) vs age at testing for all groups. 1107 

 1108 

Extended data Figure 1-1. Examples of eye movement recordings of one participant from each 1109 

of the four groups. 1110 

Extended data Figure 1-2. Examples of eye movement recordings of one participant from each 1111 

of the four groups. 1112 

Extended data Figure 1-3. Instantaneous gaze velocity statistical result. 1113 

 1114 

Extended data Figure 2-1. Exploratory and feature bias. (a) Grand average, across all image 1115 

and participants (per group), of the spatial distributions of the probability to gaze. (b) Grand 1116 

average, across all images, of DG-II and ICF predictor maps. 1117 

 1118 

Extended data Figure 3-1. Entropy statistical result 1119 

Extended data Figure 3-2. AUC (SC predictor map) statistical result 1120 

Extended data Figure 3-3. Relationship between SC predictor map AUC values in CC 1121 

individuals and (a) logMAR visual acuity, (b) age at testing, (c) age at surgery, and (d) time from 1122 

surgery. 1123 

Extended data Figure 3-4. AUC (SC predictor) per time interval statistical result 1124 

Extended data Figure 3-5. AUC (SC predictor) per velocity quantile statistical result 1125 

Extended data Figure 3-6. Fixational gaze velocity SC and DC groups and 1st and 2nd 1126 

quantiles of gaze velocity in the CC and NC groups. Top panel show the grand average 1127 

distribution, for the SC and DC groups, of the magnitude of instantaneous gaze velocity for 1128 

samples corresponding to fixations. The lower panel show gaze instantaneous velocity first and 1129 

second decile values for each CC and NC participant. 1130 
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 Extended data Figure 3-7. Correlation across images between entropy values and AUC 1131 

values. (a) SC, (b) NC, and (c) DC groups. 1132 

 1133 

Extended data Figure 4-1. AUC (ICF predictor map) statistical result 1134 

Extended data Figure 4-2. AUC (DG-II predictor map) statistical result 1135 

Extended data Figure 4-3. ICF/DG-II AUC ratio statistical result 1136 

Extended data Figure 4-4. AUC values across time. Curves show, for each group, AUC values 1137 

calculated from consecutive 500 ms data partitions. (a) ICF predictor. (B) DG-II predictor. See 1138 

Extended data Fig. 4-5 and 4-6 for statistics. 1139 

Extended data Figure 4-5. AUC (ICF predictor) per time interval statistical result 1140 

Extended data Figure 4-6. AUC (DG-II predictor) per time interval statistical result 1141 

Extended data Figure 4-7. Ratio between AUC values for saliency predictor map obtained from 1142 

low-pass filtered versions of the images and the AUC values obtained from the non-filtered 1143 

images, for (a) the ICF and (b) DG-II predictor maps. ICF and DG-II saliency models were run 1144 

with low-pass filtered versions of the images using a 0.5, 1, and 2 visual degrees spatial frequency 1145 

cut-off. Group differences were evaluated separately per predictor map and filtered version with 1146 

robust linear model contrasts. The ratio between ICF predictor map AUC values from images 1147 

filtered at 0.5° and non-filtered images was higher in the CC group compared to the SC group 1148 

(t(38)= -2.82, p = 0.007, see Extended data Fig. 4-8 for statistics ) and the DC group (t(38)= -3.51, p 1149 

= 0.001) , but not significant different from the NC group (t(38)= -1.06, p = 0.29). No difference 1150 

between groups was found for the 1° ratio or 2° ratio AUC. The ratio between DG-II predictor 1151 

map AUC values from images filtered at 0.5° and non-filtered images was higher in the CC and 1152 

NC groups compared to the SC and DC group (all four contrast, p < 0.007, see Extended data Fig. 1153 

4-9), but not different in the comparison between CC and NC (p = 0.79). The ratio between AUC 1154 

values from images filtered at 1° and non-filtered images was higher in the CC compared to the 1155 
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DC group (p = 0.005). No other group contrast was significant.  No group difference was found 1156 

for the DG-II 2°. In summary, compared to SC and DC participants for CC and NC participants   1157 

gazed- and non-gazed locations were to a larger degree predicted by the low spatial spectral 1158 

content of the images. 1159 

Extended data Figure 4-8. AUC (ICF predictor map low pass 0.5 filtered) statistical result  1160 

Extended data Figure 4-9. AUC (DG-II predictor map low pass 0.5 filtered) statistical result 1161 

 1162 

Extended data Figure 5-1. Entropy values for the first vs. second image of a pair of identical 1163 

images statistical result 1164 

Extended data Figure 5-2. Entropy values for the first vs. second image of a pair of images from 1165 

same category statistical result 1166 

Extended data Figure 5-3. Entropy values for the first vs. second image of a pair of images from 1167 

different category statistical result 1168 

Extended data Fig. 5-4. Performance for each group statistical result 1169 

Extended data Fig. 5-5. CC participants’ performance statistical result. 1170 

Extended data Fig. 5-6. Performance vs. age at testing. Age at testing was not correlated with 1171 

performance across all participants (r = 0.06, p = .69) nor when tested only for the CC group (r = 1172 

.1, p = .78). For CC participants, a logistic regression model analysis showed no association 1173 

between object recognition performance and age at testing (p = 0.17, see Extended data Fig. 5-7). 1174 

Extended data Fig. 5-7. CC participants’ performance and age statistical result. 1175 

 1176 

 1177 












