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Abstract:  32 

Visual input during the first years of life is vital for the development of numerous visual functions. 33 

While normal development of global motion perception seems to require visual input during an early 34 

sensitive period, the detection of biological motion (BM) does not seem to do so. A more complex 35 

form of BM processing is the identification of human actions. Here we tested whether identification 36 

rather than detection of BM is experience dependent. A group of human participants who had been 37 

treated for congenital cataracts (of up to 18 year duration, CC group) had to identify ten actions 38 

performed by human line figures. In addition they performed a coherent motion (CM) detection task, 39 

which required identifying the direction of coherent motion amidst the movement of random dots. As 40 

controls, developmental cataract reversal individuals (DC group) who had undergone the same 41 

surgical treatment as CC group were included. Moreover, normally sighted controls were tested both 42 

with vision blurred to match the visual acuity of CC individuals (vision matched (VM) group) and with 43 

full sight (sighted control (SC) group). The CC group identified biological actions with an extraordinary 44 

high accuracy (on average ~85% correct) and was indistinguishable from the vision matched control 45 

group. By contrast, CM processing impairments of the CC group persisted even after controlling for 46 

visual acuity. These results in the same individuals demonstrate an impressive resilience of biological 47 

motion processing to aberrant early visual experience and at the same time a sensitive period for the 48 

development of coherent motion processing.  49 
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Significance statement: 50 

Biological motion is a crucial aspect of human vision, which has been shown to emerge early in human 51 

ontogeny. Here we report an astonishing high accuracy in identifying human actions in a unique group 52 

of individuals who had regained vision later in life (until the age of 18 years) after being treated for 53 

congenital cataracts. By contrast the same individuals were markedly impaired in another non-54 

biological motion tasks requiring the detection of motion coherence in dot kinematograms, even after 55 

visual acuity impairments were taken into account. Thus, the present study demonstrates a 56 

remarkable resilience of complex biological motion processing capabilities such as the identification of 57 

human actions to aberrant early visual experience.   58 
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Introduction: 59 

Sensory input during early years of life is essential for normal development of sensory systems (Wiesel 60 

and Hubel, 1965). In humans, studies in individuals treated for congenital cataracts (CC) have revealed 61 

incomplete recovery in many visual functions, including visual acuity (Ellemberg et al., 1999), 62 

stereovision (Tytla et al., 1993), visual feature binding ( Putzar et al., 2007; McKyton et al., 2015), 63 

global motion processing (Ellemberg et al., 2002; Bottari et al., 2018),  and face processing (Le Grand 64 

et al., 2001; Röder et al., 2013) while functions such as color discrimination (Brenner et al., 1990; 65 

Pitchaimuthu et al., 2019) seemed to emerge independently of early visual experience. Biological 66 

motion (BM) processing, e.g. the ability to detect the movement of biological figures with sparse 67 

information (Johansson, 1973), has been shown to recover well following early visual deprivation 68 

(Hadad et al., 2012), that is, both detection thresholds as well as neural signatures have been 69 

observed to be indistinguishable between a CC group and normally sighted controls (SC group) (Bottari 70 

et al., 2015, 2016).  71 

However, it is unclear yet whether more complex aspects of BM processing, such as the identification 72 

of human actions, require early visual experience. BM detection, as  studied with point light displays of 73 

walkers, requires the extraction of the spatial configuration of point lights and its congruent change 74 

over time (Theusner et al., 2014). In contrast, action identification involves knowledge of the meaning 75 

of human postures and how they change over time. Action identification is further complicated by the 76 

large variance from different agents performing the actions and the different viewpoints from which 77 

actions are observed. Action identification, thus, requires extracting action invariant features. 78 

In the present study, we tested individuals with a history of pattern vision loss due to bilateral, total, 79 

dense congenital cataracts on their ability to accurately perceive human actions performed by line 80 

figures. For this purpose, we used the test battery (BMLtest battery) developed by Saunders and Troje 81 

(2011)).  Three potential confounds were additionally investigated: first - unspecific effects related to 82 

cataract surgery; second - the timing of visual deprivation, that is, whether the visual deprivation 83 
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existed at birth or emerged later in development; third -the overall lower visual acuity typical for 84 

individuals with a history of early cataracts. In previous studies  both of these confounds have been 85 

simultaneously controlled for by including individuals who had lower visual acuity compared to 86 

typically sighted individuals due to cataract onset later during development (e.g. individuals with 87 

reversed developmental cataract (DC); Lewis and Maurer, 2009; Röder et al., 2013). Alternatively, the 88 

persisting visual impairments have been controlled for by blurring visual stimuli for normally sighted 89 

controls (e.g. - McKyton et al., 2015). If a sensitive period exists for the development of a specific 90 

function, once visual acuity (VA) is controlled for, the CC group, but not the DC group is expected to 91 

show impaired performance. The normally sighted age matched controls were tested with full sight 92 

and with the visual acuity matched using specialized translucent filters called Bangerter filters, which 93 

have been regularly used in amblyopia therapy (Agervi, 2011). All participants were tested in two tasks 94 

of the BMLtest battery (Saunders and Troje, 2011): (1) an action identification task, in which subjects 95 

had to name the action performed by an actor shown as stick figures; (2) a coherent motion (CM) 96 

detection task, in which participants judged the direction of the coherent motion of dots among a set 97 

of randomly moving dots (CM task).  98 

We predicted that complex aspects of biological motion, such as the identification of human actions, 99 

would depend less on early visual experience than coherent motion perception. Thus, we 100 

hypothesized that any group difference between the CC group and SC group in the action 101 

identification task can be accounted for by visual acuity differences. By contrast, for the coherent 102 

motion task we predicted that impairments specific for the same CC group emerge even after 103 

controlling for visual acuity. Thus, the present study is aimed at providing non-confounded evidence 104 

for a sensitive phase in early development for global motion processing while showing in the same 105 

individuals a high resilience of complex biological motion functions as the identification of human 106 

actions to aberrant early visual experience.   107 
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Methods: 108 

Participants:  109 

The group of individuals with a transient phase of congenital cataracts (CC group) was comprised of 12 110 

participants (mean age: 16 years, range: 7-34 years; 3 females; all right handed; mean age at surgery: 111 

66.8 months, range: 2-220 months; mean duration since surgery: 120 months, range: 6-396 months; 112 

for detailed demographics of participants refer table 1) who had undergone treatment for bilateral, 113 

dense, congenital cataracts in both eyes. These participants were recruited from LV Prasad Eye 114 

Institute, Hyderabad, India. Congenital cataract individuals qualifying for the present study were 115 

identified among a larger number of patients with the diagnosis “congenital cataract” based on the 116 

following criteria: (1) All patients suffered  nystagmus which is often the result of a lack of pattern 117 

vision for longer than 10-13 weeks after birth (Rogers et al., 1981; Gelbart et al., 1982). Such a 118 

nystagmus persists after surgery, and was present in all CC individuals. (2) The lenticular opacity for CC 119 

individuals was dense prior to surgery which resulted in an inability to have a view of the fundus 120 

during clinical examination (except participants with partially absorbed cataracts). Additionally, (3) a 121 

positive family history of congenital cataract.  (4) Esotropia resulting from equal visual deprivation in 122 

both eyes was used as additional classification criteria. This information was available from the 123 

detailed medical records available at LV Prasad Eye Institute, Hyderabad, India. Patients with an 124 

ambiguous clinical profile were not included. Although a 100% confidence of having included only 125 

congenital cataract-reversal individuals with a history of bilateral, total, dense cataracts is not possible 126 

in a retrospective classification of participants, the likelihood of achieving an accurate CC classification 127 

was maximized in the present sample by having access to extensive clinical data allowing for the use of 128 

strict criteria.  129 

In order to ensure that any observed difference between congenital cataract-reversal individuals and 130 

normally sighted controls was not the result of trivial causes such as the experience of a surgical 131 

procedure at the eyes, and to understand the effects of vision loss immediately after birth vs. later in 132 
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childhood, we tested a group of control participants whose form vision was preserved at birth and 133 

who developed cataracts later during childhood. These participants had undergone the same surgical 134 

procedure as the CC group; 3 out of these 12 individuals had congenital but non-dense cataracts. 135 

These participants were subsumed as developmental cataract group (DC). Similar to the CC group, 136 

these participants had undergone treatment for cataract (mean age at surgery: 116 months, range: 137 

24-434 months; mean time since surgery: 37 months, range: 2-183 months). We tested 12 DC 138 

participants (mean age: 12.6 years, range: 8-37 years, 4 females, all right handed) who were recruited 139 

from LV Prasad Eye Institute, Hyderabad, India. They were classified based on the medical records of 140 

the place of testing (will be revealed later).  The clinical diagnosis of developmental cataract was 141 

mostly based on a number of criteria such as the parents’ or patients'  report of the age of poor vision 142 

onset, lack of nystagmus and a lack of family history of congenital eye pathologies. Additionally, 143 

individuals with incomplete congenital cataract, suggesting preservation of early pattern vision were 144 

included in the DC group (for complete description see table 2).  145 

To control for VA and thus to isolate the effects of prevailing VA loss at the time of testing, a second 146 

control group of 12 participants with normal vision (mean age 15.3 years, range: 8-32 years; 6 females; 147 

all right handed; for the exact visual acuities refer table 1) was tested. Similar to the CC and DC 148 

participants, these individuals were also recruited from Hyderabad, India. They were matched for age 149 

with the CC group (CC) (+/- 1 year, for one adult CC participant -2 years, see Table 1). This control 150 

group performed the task twice: once with normal vision and the second time with the VA being 151 

individually matched to one of the CC individuals. With their vision reduced using the Bangerter filters, 152 

these participants served as the vision matched control group (VM), and without the filters the same 153 

participants served as normally sighted controls (SC).  Hence, with their reduced vision, the control 154 

group was matched for age and visual acuity with that of the CC group.  155 

Participants in all three groups (CC, DC, VM/SC) were healthy (expect the history of cataracts in CC and 156 

DC individuals) with no history of physical problems by self-report (VM/SC group) and by physical 157 
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examination (CC and DC groups). The study was approved by the institutional ethics boards of 158 

University of Hamburg, Hamburg, Germany and LV Prasad Eye Institute, Hyderabad, India. Informed 159 

consent was obtained from participants, and from legal guardians for minors before the beginning of 160 

experiments. The quality of healthcare received by the participants was not affected by their 161 

willingness to participate in our experiments. 162 

Stimuli and apparatus: 163 

Visual acuity matching using Bangerter filters: 164 

Bangerter filters are translucent light diffusers that can be attached to spectacles and are capable of 165 

causing degradation in vision due to the resultant attenuation of higher spatial frequencies (Pérez et 166 

al., 2010). Although, these filters can reduce the visual acuity in steps on 0.1 logMAR in healthy eyes, 167 

(Odell et al., 2008; Agervi, 2011; Rutstein et al., 2011) an intended degradation of more than 1.0 168 

logMAR of visual acuity cannot be obtained even by the manufacturer’s recommendation. Since our 169 

participants required visual acuity reduction of up to 1.3 logMAR, we used a combination of filters to 170 

achieve visual acuity reductions beyond 1.0 logMAR. For this purpose, we attached the filters to zero 171 

power wide field trial lenses typically used in optometric eye examinations. Similar to the use of trial 172 

lenses during an eye examination to arrive the correct refractive correction, combinations of these 173 

“trial filters” were in turn used to arrive at the desired visual acuity. Using the manufacturer’s 174 

recommendations and previous reports (Odell et al., 2008) as starting filter strengths, different 175 

combinations of filters were tried until the desired visual acuity was obtained. Although not tested 176 

with Bangerter filters, the neural system is generally prone to blur adaptation (Clifford et al., 2007; 177 

Webster, 2015), and hence, the participants were asked to stay with the filters for a few minutes for 178 

the visual system to get adapted to the blur, and visual acuity estimation was repeated after 179 

adaptation. If the pre and post visual acuity varied widely, the filter strength was assessed again until a 180 

stable filter strength was obtained. While combining multiple filters, the “microbubbles” (Pérez et al., 181 

2010) of a given filter aligning with that of the preceding/following one might potentially be an 182 
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important factor in maintaining image degradation. But in our experience, we noticed that the 183 

alignment was robust to small variations in head movements. All visual acuity measurements were 184 

done using the Landodt’s C optotype of the Freiburg Visual Acuity Test (FrACT) (Bach, 1996). The 185 

optotypes were shown on a 20” Dell monitor with a resolution of 1600X900 (refresh rate 60 Hz) and a 186 

testing distance of 240 cm controlled by a Dell laptop.  187 

Stimuli: 188 

The biomotion test battery (BMLtest) by Saunders and Troje (2011) was used. The test battery consists 189 

of a number of tests, of which we used the “coherence” and “action” experiments. All stimuli were 190 

shown on a 20’’ Dell IN2030M LCD monitor with a refresh rate of 60 Hz using a Dell laptop with a 191 

resolution of 1600 X 900. Participants were seated at a distance of 60 cm from the screen, and viewed 192 

the stimuli with their best refractive correction. They were allowed to switch between the segments of 193 

their bifocals (in case of the CC and DC participants), and were additionally allowed to get a closer look 194 

at the stimuli in cases where the stimuli were not sufficiently visible at the testing distance. For the VM 195 

participants the Bangerter filters were placed over their refractive correction. 196 

Procedure: 197 

 Coherent Motion task:  198 

The “Coherency test” of BMLtest battery, originally based on Newsome and Paré (1988), and used by 199 

Bottari et al. (2018) was adapted to obtain global motion coherence thresholds (CM task). In a 10 200 

degree circular field, 15 dots, each of 15 pixel size moved either randomly or were displaced by 0.15 201 

degree in a particular direction (right or left; the direction of motion was randomized on each trial). 202 

Each trial lasted 1000 ms and was preceded by a black screen with white fixation cross for the same 203 

amount of time. After each trial, participants gave a verbal response indicating the direction of motion 204 

(towards left or towards right). Younger children waved the appropriate hand to indicate the direction 205 

instead of providing an oral response. In all cases, the experimenter pressed the response button. The 206 
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next trial did not start until participants had given a response for the current trial. The test used a 207 

QUEST staircase procedure to obtain the threshold for detecting the direction of motion with a 208 

likelihood of 82%.  209 

Biological action identification task: 210 

The “Action” subtest of the BMLtest battery was used to assess participants’ ability to accurately 211 

recognize an action performed by a moving line figure (see figure 1). The suite consisted of 10 212 

different actions presented from three different viewpoints – straight ahead (0 degree view angle), 213 

oblique (30/45 degree view angle) and profile (90 degrees view angle) totalling to 30 trials. The line 214 

figure was formed by connecting 14 dots located at different joints and extremities of a typical human 215 

body (see figure 1). Each dot of the line figure was 15 pixels in size with the full figure being 280 pixels 216 

in size. The order of these trials was randomized on each participant. Participants were made aware of 217 

the 10 possible actions prior to the experiment, but were encouraged to respond intuitively. The 10 218 

possible actions presented were catching, climbing stairs, jumping, jumping jacks, kicking, lifting, 219 

running, sitting, throwing, and walking. If participants, particularly children, did not have a word to 220 

describe the action performed by the biological motion figure, they were asked to imitate the action. 221 

On a number of occasions, participants who found it hard to give a verbal response for an action were 222 

able to recognise the action by imitating it, which was still taken as correct response. Participants 223 

reported the action verbally in Hindi, Telugu or English, and the experimenter pressed the response 224 

button. Reaction times were not recorded.  225 

Figure 1 to be inserted here 226 

 227 

The CC and DC group performed the coherent motion and biological action identification task in a 228 

random order once. The normally sighted controls performed both tasks twice - with (vision matched 229 
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control group - VM) and without (sighted control group - SC) the Bangerter filters; again, the order was 230 

randomized.  231 

Data analysis: 232 

Visual acuity as measured using FrACT was recorded in logMAR units and the ability to detect coherent 233 

motion was measured as the percentage of coherently moving dots needed to achieve 82% correct 234 

responses. The “Action” task consisted of 10 actions presented from three different view angles. The 235 

number of correct responses obtained out of 30 was used to calculate the proportion of correct 236 

responses for each participant. Visual acuity (logMAR units), biological action identification 237 

(proportion of correct responses) and coherent motion detection (threshold) were taken as 238 

dependent variables for separate group comparisons (CC, DC, VM/SC). One-way analysis of variance 239 

(ANOVA) was used to compare the CC group with the DC and VM group.  A separate analysis was run 240 

comparing the CC group with the DC and the SC group.  Planned comparisons between SC and VM 241 

groups were run using paired t- test. Homogeneity of data was tested using Levene’s test, and when 242 

violated, the ANOVA was conducted assuming unequal variance.  243 

The effect of viewpoint on the proportion of correct responses was additionally added as a repeated 244 

measurement factor in a 2-way analysis of variance with CC vs. VM as group factor.  The number of 245 

correct responses was averaged for all the 10 trials from a given viewpoint and the average score was 246 

taken as the proportion of correct responses for this view angle.  All analyses were done with RStudio 247 

(RStudio Team, 2016) using appropriate packages. An effect was considered significant if the resulting 248 

p-value for the statistical test was less than 0.05. 249 

Result: 250 

Visual acuity comparison between groups:  251 

A one way analysis of variance (ANOVA) comparing the mean visual acuity between the CC, DC and 252 

VM groups was not significant F(2,33) = 1.11; p =0.34. However, the comparison of the mean visual 253 
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acuity between CC, DC and SC groups using a one way ANOVA was found to be significant F(2,16.45) = 254 

41.2; p <0.001. Posthoc pairwise t-tests using Bonferroni corrections showed that the visual acuity 255 

score for the SC group (mean logMAR VA = -0.13, Standard Deviation (SD) = 0.11) was significantly 256 

higher than the visual acuity scores of both the CC (mean logMAR VA = 0.753, SD=0.33; p <0.001) and 257 

the DC (mean logMAR VA = 0.556, SD=0.63; p=0.001) group. Further, a within group comparison using 258 

paired t-test demonstrated the successful match of the Bangerter filters: The SC group had 259 

significantly better visual acuity (t (11) = -10.13; p <0.001), than the VM group (mean logMAR VA = 260 

0.82, SD=0.34). (Figure 2) 261 

Figure 2 to be inserted here 262 

 263 

Biological action identification task: Comparison between groups 264 

The one way ANOVA  with participant groups CC, DC, VM as between groups factor and proportion of 265 

correct responses as dependent variable found no significant effect of group F(2,33) = 1.44; p =0.24, 266 

whereas the analogous ANOVA with  the participant groups CC, DC and SC groups was found to be 267 

significant F(2,33) = 4.34; p =0.02. Posthoc pairwise t-tests using Bonferroni corrections for the latter 268 

showed that the CC group (mean score = 0.85, SD=0.08) performed significantly worse in the task than 269 

the SC group (mean score = 0.95, SD=0.04; p =0.019), but the performance of CC group was not 270 

significantly different from the DC group (mean score = 0.91, SD=0.11; p =0.25) (Figure 3a). As seen in 271 

Figure 3b, performance varied across action type but the CC group achieved a mean accuracy of 66.7% 272 

(SD= 0.3) for the action they were least able to identify. 273 

Figure 3 to be inserted here 274 

 275 

Effect of viewpoint on biological action identification: 276 



 

 13 

A mixed ANOVA with the between subject factor group (CC, VM) and the repeated measures factor 277 

viewpoint (straight, oblique, profile viewpoints) was run to test for the effect of viewpoint on action 278 

identification. There was neither a main effect of group (F(1,22) = 1.577, p =0.22; pooled means: CC = 279 

0.85, SD=0.08; VM = 0.89, SD=0.08) nor a main effect of viewpoint (F(2,44) = 1.18, p =0.317, pooled 280 

means: straight ahead = 0.85, SD=0.11; oblique = 0.89, SD=0.11; profile=0.87,SD=0.09). Further, the 281 

interaction of group and viewpoint was non-significant (F(2,44) = 0.942, p =0.397) (Figure 4).  282 

Figure 4 to be inserted here 283 

 284 

Effect of duration of visual deprivation on task performance: 285 

A partial correlation between the duration of visual deprivation and the performance in biological 286 

action identification task after controlling for the duration of sight recovery following cataract surgery 287 

was not significant (Pearson’s r (10) = -0.43; p =0.18) (Figure 5a). In contrast, the corresponding partial 288 

correlation for the coherent motion task was significant (Pearson’s r (10) =0.63, p =0.03) (Figure 5b). 289 

Figure 5 to be inserted here 290 

 291 

Effect of visual acuity on coherent motion detection thresholds: 292 

Detection thresholds for coherent motion were compared between CC, DC, VM groups using a one 293 

way ANOVA (Figure 4). The group difference was found to be significant (F(2,19.1) = 8.87; p =0.001). 294 

Posthoc group comparisons using Bonferroni corrected t-tests showed that the CM threshold for the 295 

CC group (mean threshold = 56.9, SD=22.9) was significantly higher than both for the DC (mean 296 

threshold = 33.9, SD=25.4; p =0.03) and the VM group (mean threshold = 25.5, SD=11.1; p =0.002), 297 

while the DC and the VM group did not differ (p =0.98). In a separate analysis, the one way ANOVA 298 

comparing the CC, DC and SC groups revealed a significant group effect (F(2,33) = 7.95; p =0.001). 299 
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Bonferroni corrected group comparisons found significantly higher CM thresholds for the CC group 300 

than for the SC group (mean threshold = 20.9, SD=18.2; p =0.001). Again, the DC group did not 301 

significantly differ from the SC group (p = 0.49). Blurring the visual stimuli did not significantly reduce 302 

CM thresholds in the normally sighted control group (t(11) = 0.98, p =0.34) as tested using a paired t-303 

test comparing the VM and SC groups. (Figure 6) 304 

Figure 6 to be inserted here 305 

 306 

Discussion: 307 

Biological motion detection thresholds in sight recovery individuals with a history of congenital 308 

cataract have been found to be indistinguishable compared to both typical sighted controls and 309 

individuals with a history of developmental cataracts (Hadad et al., 2012; Bottari et al., 2015). In the 310 

present study we tested a group of individuals with congenital cataracts (CC group) after cataract 311 

removal surgery (a few of whom had had long lasting visual deprivation of up to ~18 years) in a more 312 

complex biological motion task, that is, the identification of human actions. Three control groups were 313 

employed: to test for unspecific effects of cataract surgery and for the importance of visual pattern 314 

input at birth, we ran a group of developmental cataract reversal individuals (DC group); to test for the 315 

effects of persisting visual acuity loss, we included normally sighted controls both with (VM group) and 316 

without (SC group) a blurring of their sight. Additionally, a coherent motion task was performed by the 317 

same individuals. Despite some CC individuals still suffering severe acuity loss after cataract removal 318 

surgery they were able to recognize human actions with an impressive precision (mean accuracy of 319 

85%). The VM group’s results demonstrated that the slightly but statistically significant lower 320 

performance of the CC compared to the SC group could be accounted for by overall lower visual 321 

acuities at the time of testing.  This finding for action identification was in stark contrast to the results 322 

in the coherent motion task: CC individuals performed worse than all three control groups. This 323 
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pattern of results in the same individuals provides strong evidence for an impressive resilience of 324 

complex biological motion processing, such as recognizing human actions to aberrant visual 325 

experience after birth.  326 

Detecting biological motion has been shown to be present in human infants (Bertenthal et al., 1987; 327 

Simion et al., 2008) and other animals such as chicks (Vallortigara et al., 2005). Biological motion 328 

processing does not seem to rely on typical temporal motion processing areas, since lesions in these 329 

areas do not affect participants’ ability to perceive  biological motion (Vaina et al., 1990), and their 330 

ability to identify actions performed by human point light displays (McLeod, 1996). Here we tested 331 

specific actions, almost exclusive of human beings such as bipedal climbing stairs and kicking. Neurons 332 

responding to biological motion and actions have been observed in a number of brain areas such as F5 333 

of the premotor cortex in  macaque monkeys  (Giese and Poggio, 2003). In macaques, neurons of the 334 

superior temporal sulcus (STS) have been shown to respond to full body movement (Oram and Perrett, 335 

1994), and these neurons have been found to be multisensory (Bruce et al., 2017). The action-related 336 

(Grossman et al., 2004) and multisensory nature (Bidet-Caulet et al., 2005; Nath and Beauchamp, 337 

2011) of the superior temporal sulcus (STS)  have been demonstrated  in humans too.  Hence, it could 338 

be speculated that during development, these neurons acquire their functional tuning by means of 339 

auditory and proprioceptive cues of self-motion. After sight restoration, CC individuals might associate 340 

the cues of self-motion from the multisensory neurons with the newly available visual cues, which in 341 

turn allows them to learn to recognize visual actions. This idea is compatible with  brain imaging 342 

studies in congenitally blind humans which observed an activation of premotor and parieto-temporal 343 

areas to sounds produced by human actions; the activation overlapped with that found in sighted 344 

people for both auditory and visual actions (Ricciardi et al., 2009). Alternatively, it could be argued 345 

that the recognition of visual actions is an innate ability of humans possibly due to its high relevance 346 

for survival. This idea is expressed in the concept of perceptual life detectors (Troje and Westhoff, 347 

2006). The finding that newborns as young as two days preferentially look at biological movement 348 

(Simion et al., 2008) is compatible with this idea. However, detecting biological motion does not mean 349 
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that infants were able to recognize actions. In particular, actions which involve some artefacts, such as 350 

kicking or catching a ball seem to be unlikely innate. A third alternative is that the ability to identify 351 

human actions was predominantly visually learned after sight restoration. We did not find a significant 352 

correlation between duration of deprivation and performance in the biological action identification 353 

task after taking the duration since cataract removal into account (partial correlation Pearson’s r 354 

(10)=-0.43; p= 0.18). Though we hesitate to interpret a null finding in a relatively small sample size, 355 

this finding is at least compatible with the idea that the exact time of vision restoration does not 356 

matter for learning to recognize human actions as would be predicted by the existence of a sensitive 357 

period.  Humans might thus be predisposed to learn biological actions. It might be argued that 358 

remaining pre-surgery vision had allowed CC individuals to acquire knowledge of typical biological 359 

motion patterns for human actions. However, most CC participants did not have useful pre-surgery 360 

vision and the one with useful vision had absorbed lenses (suggesting that the lenses had been dense 361 

at birth). Moreover, this participant (CC12) and a second participant with more than light sensation 362 

prior to surgery (CC4) belonged to the worst performing CC individuals (76 % and 73 % correct, 363 

respectively), likely due to their relatively low post-surgery visual acuity (see table 1). 364 

Another astonishing finding of the present study was the ability of CC individuals to recognize human 365 

actions independent of the viewpoint similarly as found for the control groups. This is a remarkable 366 

finding, since it has been reported that CC individuals have impairments in recognizing faces from 367 

different viewpoints (Putzar et al., 2010; de Heering and Maurer, 2014). In fact, the latter causes a 368 

severe impairment in CC individuals in recognizing people by their face in everyday situations. 369 

Neuroscience studies have provided evidence that neural systems typically specialized for face 370 

processing, including the extraction of face invariant features, lack the functional specificity in CC 371 

individuals (Röder et al., 2013; Grady et al., 2014). Since face processing improves with functional 372 

differentiation of the fusiform gyrus, a core area of the face processing system (Cantlon et al., 2011), it 373 

was speculated that a non-specialized neural system allows for simple functions like face detection 374 

and matching but not for the extraction of face invariant features which would allow for the face 375 
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identity recognition in different contexts. Interestingly, Bottari et al. (2015) demonstrated in the same 376 

CC individuals who did not show a face specific neurophysiological response, a selective event-related 377 

potential response for intact vs. scrambled biological motion, suggesting that the neural systems of 378 

biological motion processing acquired a functional specialization despite early visual deprivation. 379 

These lines of evidence suggest that the neural system for face and biological motion processing can 380 

be dissociated. In fact, a recent study in patients with lesions in the ventral temporal cortex including 381 

the fusiform gyrus found that they had intact biological motion perception (Gilaie-Dotan et al., 2015) 382 

including action identification despite their severe impairments in face processing. Further, controlling 383 

for visual acuity, the present study suggests that low vision somewhat attenuates action identification 384 

but that action identification is still high even under low visual acuity conditions. 385 

In contrast to biological motion processing, coherent motion processing was impaired in the CC group. 386 

In accordance with previous reports (Burton et al., 2015) we found that coherent motion processing 387 

threshold did not decrease by blurring the stimuli in the VM group. Thus, the deficit observed in CC 388 

individuals cannot be explained by trivial visual acuity differences. Moreover, coherent motion 389 

thresholds varied with the age at surgery in the CC individuals: the longer their visual deprivation had 390 

lasted, the worse their performance in the coherent motion task. In the context of indistinguishable 391 

coherent motion thresholds in the SC and VM group, the present results suggest that the coherent 392 

motion processing deficits of the CC individuals must be due to changes in the neural circuits 393 

associated with coherent motion processing. In fact, a previous EEG study reported that alpha 394 

oscillations which have been associated with global motion processing (Händel et al., 2007) were 395 

greatly reduced in CC individuals (Bottari et al., 2016). It could be argued that the selective deficit in 396 

coherent motion perception of CC individuals was predominantly due to the presence of nystagmus in 397 

this group. Such deficits for nystagmus patients (with other aetiologies than congenital cataract) have 398 

mostly been found for slower motion velocities than used in the present study (Neveu et al., 2009; 399 

Shallo-Hoffmann et al., 1998). One study (but see Shallo-Hoffmann et al., 1998) observed deficits 400 

particular for vertical motion velocity discrimination, that is, motion perpendicular to the direction of 401 
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the nystagmus (Neveu et al., 2009). However, vertical motion processing deficits would predict a 402 

particular impairment of CC individuals for biological motion tasks as used in the present and in a 403 

previous study (Bottari et al., 2016) which unlike the coherent motion task comprised vertical motion 404 

components. However, this is not what was found in the present study. Further, despite the presence 405 

of nystagmus in all participants coherent motion thresholds considerably varied in the CC group.    406 

Therefore, while it is not possible to entirely exclude some effect of nystagmus on coherent motion 407 

processing, it seems rather unlikely that the presence of nystagmus could explain the current pattern 408 

of results. Finally, given the relatively low number of dots used in the coherent motion detection task, 409 

it could be claimed that the CC group did not use motion cues as effectively as the SC group. This is 410 

unlikely because the VM group used such cues similarly efficiently as the SC group. Additionally, in 411 

order to use a dot size compatible with the participants' visual acuity, the number of dots in the 412 

coherent motion display was much lower than in most previous studies investigating the motion 413 

coherence thresholds. This may have limited the lowest thresholds that could have been measured in 414 

the SC and VM groups. However, the higher thresholds of the CC group would not have been subject 415 

to this limitation, and so the difference of coherence thresholds between groups as observed in the 416 

present study, if affected, might be an underestimate.  417 

It might be argued that the performance in the biological action identification task was at ceiling and 418 

thus the task was much easier than the coherent motion task resulting in the simple dissociation 419 

observed in the present study. Of course, it is not possible to compare the outcome of the two tasks 420 

on the same scale. However, we consider this account for the pattern of results in the present study as 421 

unlikely: First, the biological action identification task, unlike the coherent motion task worsened by 422 

blurring. Moreover, some items were more difficult than others (e.g. “catching” was the most difficult) 423 

demonstrating that performance was not at ceiling. Interestingly, the relative ease or difficulty of 424 

action identification for each item was consistent across groups, suggesting the involvement of similar 425 

processing mechanisms. Second, the high performance in the biological action identification task of CC 426 

individuals was in accordance with indistinguishable thresholds to detect biological motion (Hadad et 427 
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al., 2012; Bottari et al., 2015). Third, global motion processing has been shown to be impaired in a 428 

number of developmental disorders such as fragile X, preterm infants, dyslexia, amblyopia and 429 

hemiplegia (reviewed in Braddick et al., 2017), and these findings have led to the suggestion that  430 

dorsal stream functions are highly vulnerable during development (Braddick et al., 2003). The present 431 

results of the CC group are in line with this idea. Vulnerability to visual deprivation is the downside of 432 

high experience dependence and plasticity. Therefore, we would expect that individuals who 433 

particularly rely on visual motion processing from early on, such as congenitally deaf individuals, make 434 

use of this enhanced plasticity to acquire an extraordinarily high ability in visual motion processing. In 435 

fact, lower thresholds for global motion detection (Neville and Lawson, 1987) and enhanced neural 436 

processing (Hauthal et al., 2013; Retter et al., 2018) have been observed in deaf humans (Neville et al., 437 

1983). As suggested by Stevens and Neville (Stevens and Neville, 2009), sensitive periods are a double 438 

edged sword: the lack of experience results in permanently impaired functioning and a particularly 439 

challenging stimulation results in enhanced functioning. 440 

In sum, we demonstrate an impressive sparing of a complex visual function, that is, the identification 441 

of human actions in a group of sight recovery individuals who had suffered a congenital loss of pattern 442 

vision for up to 18 years. By controlling for visual acuity as well as for unspecific effects of cataract 443 

surgery and the onset of visual deprivation, we furthermore provide in the same individuals strong 444 

additional evidence for an experience dependent development of coherent motion processing during 445 

a sensitive period in early ontogeny. 446 
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Table 1 – Clinical information of the congenital cataract reversal group (CC group) and age/sex matching with the vision matched control group (VM group) 447 

 448 

 449 

*=subject with partially absorbed cataract; VA – visual acuity; VM – Vision Matched control group; abbreviations used in VA columns: NA - Not available in 450 
records; PL = Perception of light; PR – Perception of the direction of light rays; HM – Hand movement close to face; m – metres; #=M=male, F=female 451 

 452 

 453 

454 

Participant Strabismus Family 
history 

VA at surgery 
(better eye) Dense Nystag- 

mus 

Age at 
surgery 

(months) 

Duration 
since 

surgery 
(months) 

Age 
at 

test 
(years) 

VA at 
test 

(logMAR) 

Sex 
# 

Age 
VM 

(years) 

VA 
VM 

(logMAR) 

Sex 
VM 
# 

CC1 Exotropia No Fixates Light Yes Yes 4.5 103.5 9 0.48 M 9 0.53 M 

CC2 Exotropia Yes Fixates and follows light Yes Yes 5 139 12 0.48 M 12 0.5 M 

CC3 Esotropia Yes Fixates and follows light Yes Yes 2 106 9 0.3 F 9 0.39 F 

CC4 Exotropia Yes Finger counting at 0.5m Yes Yes 165 27 16 0.9 F 16 0.91 F 

CC5 Esotropia Yes NA Yes Yes 24 396 34 0.3 M 32 0.37 F 

CC6 No Yes NA Yes Yes 72 348 30 1.3 M 29 1.38 F 

CC7 Esotropia No PL/PR accurate Yes Yes 121 11 11 0.8 F 11 0.85 F 

CC8  No Yes HM+ Yes Yes 86 34 10 0.5 M 11 0.55 M 

CC9  No No PL/PR accurate Yes Yes 220 6 18 1.08 M 19 0.9 F 

CC10  No Yes 1.77 logMAR Yes Yes 74 22 7 1.1 M 8 1.2 M 

CC11 Esotropia Yes NA Yes Yes 4 236 20 1 M 19 1.09 M 

CC12*  No  Yes Finger Counting at 3m Yes Yes 84 12 8 0.8 M 9 0.9 M 
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Table 2 – Clinical information of the developmental cataract group (DC group)  455 

 456 

 457 

 458 

 459 

 460 

 461 

 462 

 463 

 464 

 465 

 466 

§ = Individuals with incomplete congenital cataract; VA – visual acuity; VM – Vision Matched control group; abbreviations used in VA columns: NA - Not 467 
available in records; PL = Perception of light; PR – Perception of the direction of light rays; HM – Hand movement close to face; m – metres; #=M=male, 468 
F=female 469 

Participant Strabismus Family 
history 

VA at surgery 
(better eye) Dense Nystag- 

mus 

Age at 
surgery 

(months) 

Duration 
since 

surgery 
(months) 

Age 
at 

test 
(years) 

VA at 
test 

(logMar) 

Sex 
# 

DC1§ NA NA NA No NA 59 45 8 0.7 M 

DC2 NA NA NA NA NA 102 43 12 0.18 M 

DC3 Exotropia No fixates and follows objects No Yes 24 183 17 0.18 F 

DC4 NA NA NA NA NA 120 20 11 0.18 F 

DC5 NA NA NA NA NA 73 48 10 0.18 F 

DC6 NA NA NA No NA 83 44 10 0.4 M 

DC7§ NA Yes 20/200 No Yes 434 9 36 1 M 

DC8 No No PL+ PR accurate Yes Yes 110 10 10 1.7 M 

DC9 No No 20/100 No No 97 6 8 0 M 

DC10 NA No 20/80 No No 84 11 7 0.3 M 

DC11 Exotropia No CF 2 m No No 96 25 10 0 F 

DC12§ Exotropia No CF 1 m No Yes 105 2 8 1.3 M 
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Figure legends: 591 

Figure 1 - Still frames from three actions of the biological action identification task. The three actions 592 

are walking, climbing and kicking (left to right). 593 

Figure 2 – Bar plots displaying the visual acuities of each of group. Shown are the mean VA and the 594 

error bars indicate the standard error mean (SEM). CC – Congenital Cataract; DC – Developmental 595 

Cataract; VM – Vision Matched controls; SC – Sighted Controls. 596 

Figure 3 –Results of the biological action identification task. (a) Bar plots display the proportion of 597 

correct responses for each group: CC, DC, VM, SC (see Figure 1 for definition). (b)  Same as (a) but 598 

proportion correct responses separately averaged for each of the 10 actions. Shown are group mean 599 

scores; error bars indicate the standard error of the mean.   600 

Figure 4 - Biological action identification task. Bar plots show the proportion of correct responses 601 

separately averaged for the three viewpoints and CC- and the VM participants (see Figure 1 for 602 

definitions). Error bars indicate the standard error of the mean. 603 

Figure 5 - Scatter plot showing the performance of CC group in the (a) biological action identification 604 

task and (b) coherence motion detection task as a function of the duration of visual deprivation. Data 605 

points indicate single subjects. The data were fitted with a linear regression line (see Figure 1 for 606 

definitions). 607 

Figure 6 – Coherent motion thresholds. Bars display coherent motion thresholds in each group – CC, 608 

DC, VM, SC (see Figure 1 for definition). The Y-axis specifies the percentage of dots moving coherently 609 

in order to detect the coherent motion with an accuracy of 82%. Shown are mean scores and the error 610 

bars indicate the standard error of the mean.  611 
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