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Sight restoration after congenital 
blindness does not reinstate alpha 
oscillatory activity in humans
Davide Bottari1, Nikolaus F. Troje2,3, Pia Ley1, Marlene Hense1, Ramesh Kekunnaya4 & 
Brigitte Röder1

Functional brain development is characterized by sensitive periods during which experience must 
be available to allow for the full development of neural circuits and associated behavior. Yet, 
only few neural markers of sensitive period plasticity in humans are known. Here we employed 
electroencephalographic recordings in a unique sample of twelve humans who had been blind from 
birth and regained sight through cataract surgery between four months and 16 years of age. Two 
additional control groups were tested: a group of visually impaired individuals without a history 
of total congenital blindness and a group of typically sighted individuals. The EEG was recorded 
while participants performed a visual discrimination task involving intact and scrambled biological 
motion stimuli. Posterior alpha and theta oscillations were evaluated. The three groups showed 
indistinguishable behavioral performance and in all groups evoked theta activity varied with biological 
motion processing. By contrast, alpha oscillatory activity was significantly reduced only in individuals 
with a history of congenital cataracts. These data document on the one hand brain mechanisms of 
functional recovery (related to theta oscillations) and on the other hand, for the first time, a sensitive 
period for the development of alpha oscillatory activity in humans.

The posterior alpha oscillatory activity (8–12 Hz) of the human electroencephalogram (EEG) has been associated 
with the inhibition of task-irrelevant neural circuits1 and has been considered as a mechanism for coordinating 
neural activity in a large number of perceptual and cognitive tasks2. Alpha activity increases (alpha synchroni-
zation) result in an inhibition of task-irrelevant neural circuits, alpha decreases (alpha desynchronization) are 
associated within an engagement of task-relevant neural populations1,2. Moreover, the level of pre-stimulus alpha 
was found to predict visual processing efficiency3,4 and seems to be important for the control of attention5. Alpha 
oscillations dominate in the granular and infragranular layers of the cortex; they most likely result from the 
activity of pyramidal cells modulated by pulsed GABA (Gamma-amino-butyric acid) mediated inhibition of 
fast-spiking inhibitory interneurons1,6.

The EEG of a newborn is characterized by lower frequency activity including theta oscillations7. Posterior 
alpha activity seems to hardly exist in the EEG of newborns7 and shows a protracted developmental time course 
lasting until late childhood8. Posterior alpha activity during rest9,10 and in somatosensory tasks11,12 has been found 
to be markedly reduced or even absent in humans who had been totally blind since birth or who had experienced 
no more than unstructured light sensations. In contrast, oscillatory activity in lower (e.g. delta) and higher fre-
quency bands (e.g. gamma) during rest have been reported to be relatively unimpaired in individuals with per-
manent congenital blindness13. Interestingly, people who had lost their sight as adults showed a gradual decrease 
of alpha activity over the following months11. These findings suggest that alpha oscillations crucially depend on 
structured visual input. However, it is not yet known, whether the emergence of the neural mechanisms generat-
ing alpha oscillations is linked to a sensitive period during which visual experience must be available. Individuals 
who had their sight restored after a congenital total blindness offer the unique possibility to address this question. 
In fact, individuals who were born with dense bilateral cataracts which were removed later in life provide such 
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a model in humans14–16 and allow uncovering sensitive periods analogous to the extensive work in animals17,18.
Strong evidence in favor of a sensitive period for the emergence of the neural mechanisms underlying alpha oscil-
latory activity would be if it could be shown that alpha oscillations do not or not fully recover after restoring sight 
following a congenital blindness while alpha oscillations would be recorded in visually impaired individuals who 
had had some vision at birth.

Here we recorded the electroencephalogram (EEG) from twelve individuals who had been born blind due 
to dense bilateral congenital cataracts (cc) while they were processing intact and scrambled biological motion 
stimuli. Recent evidence has suggested that the behavioral sensitivity to biological motion is indistinguishable 
for congenital cataract-reversal individuals and matched controls19,20. Thus, investigating oscillatory activtiy in 
the context of biological motion processing allows us to identify the neural mechanisms of functional recovery. 
Moreover, by studying alpha activity we were able to assess neural mechanisms related to the control of the excit-
atory/inhibitory balance of neural ciricuits. Since the latter crucuially rely on GABA-mediated mechanisms, we 
consider alpha oscillatory activity as an index for the functionality of inhbitory circuits whose establishment has 
often been postulated to constitute a hallmark of brain development21.

In order to control for the impact of factors related to cataract surgery (e.g. seeing with an interocular lense) 
or residual visual impairments, we included six individuals with a history of either developmental or incom-
plete congenital cataracts (refered to as developmental cataract individuals, dc). Moreover an additional group 
of healthy age matched controls (mc) was tested. It was recently shown that congenital cataract individuals and 
matched controls display a similar modulation of the N1 of the ERPs while processing biological motion20. Since 
phase-locked theta oscillatory activity has been related to the N1, we predicted evoked theta oscillatory activity 
to vary as a function of biological motion processing in all groups. By contrast, alpha activity was hypothesized to 
depend on visual input from birth.

Results
Behavioral recovery. We ran the subtest “detection” of the Motion Lab Battery22, which is a standardized 
assessment of the ability to detect biological motion stimuli (point light displays of walking humans) in subgroups 
of our participants since data was not available for all due to time limitations and technical problems (see Material 
and Methods). This test did not reveal any group difference (group effect (F(2, 15) =  1.2, p >  0.3) (Fig. 1a): The 
cc group’s (n =  7, see Table 1) performance did neither differ from the performance of the mc group (n =  7; 
t(12) =  − 1.3, p >  0.2) nor from the performance of the dc group (n =  4, see Table 1; t(9) =  0.1, p >  0.9), and the 
dc group did not differ from the mc group (t(9) =  1.2, p >  0.2).

Biological Motion experiment. Behavioral performance. While recording the EEG, intact and scram-
bled point light displays of walking humans (biological motion, BM, and scrambled biological motion, SBM, 
respectively) were presented intermixed with rare “target” point light displays of a moving cat which had to be 
detected. All groups (cc: N =  12, dc: N =  6 and mc: N =  12, see Table 1) performed at a high level and no differ-
ence in detection rates between groups was observed (mean hit rates: cc =  98.8%, SE =  0.6, dc =  99.3%, SE =  0.7 
and mc =  98.6%, SE =  1.0 and; F(2, 26) =  0.1, p >  0.8, Fig. 1b). The false alarms rate was below 1% in all groups.

EEG results. Oscillatory brain activity in the theta (4–7 Hz) and in the alpha band (8–12 Hz) were analyzed. The 
results for the evoked theta activity replicated previous ERP-N1 findings (see23): Higher theta power was observed 

Figure 1. Behavioral and EEG/event-related brain potential (ERP) results. (a) Thresholds of single 
participants (black diamond =  congenital cataract group, cc; gray dots =  developmental cataract group, dc; 
white triangles =  matched controls, mc) in the behavioral biological motion (BM) detection task22; higher 
values indicate higher sensitivity. The three groups did not differ in detecting BM. (b) Hit rates in the EEG 
biological motion task are separately shown for all groups. The three groups did not differ in their ability to 
detect the visual targets. (c) Relative power change of the evoked theta response (4–7 Hz; averaged across 
posterior electrodes, TP8/9, P7/8, and O1/2). Data are shown separately for each group (cc, dc, mc) and 
condition (BM and scrambled biological motion, SBM). Evoked theta activity was higher for BM than for SBM 
in all three groups; in addition, the mc group showed higher evoked theta response compared to both dc and 
cc groups. (d) Mean amplitudes of the N1 wave of the event-related potentials elicited by BM and SBM stimuli, 
displayed separately for the cc, dc and mc groups. The N1 was enhanced to biological compared to scrambled 
biological motion stimuli irrespectively of group (data of cc and mc groups from20). *indicates significant 
condition and/or group effects.
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for intact than for scrambled biological motion stimuli (main effect of condition F(1, 27) =  10.9, p =  0.003). This 
effect was observed in each group (cc: t(11) =  2.4, p =  0.03; dc: t(5) =  2.5, p =  0.055; mc: t(11) =  3.0, p =  0.01; see 
Fig. 1c and supplementary Figure 1). Theta band power was, however, overall higher in the mc group than in the 
cc group and the dc group (main effect of group F(2, 27) =  6.9, p <  0.01; mc vs. cc: p <  0.01, mc vs. dc: p <  0.03), 
while the cc group and dc group did not differ (p >  0.8).

Alpha desynchronization (that is, post-stimulus onset alpha oscillatory activity compared to baseline) signifi-
cantly differed between groups (main effect of group; F(2, 27) =  10.6, p <  0.001; Fig. 2a–c). The alpha desynchro-
nization was stronger in both the mc and the dc group compared to the cc group, (t(22) =  − 4.9, p <  0.001 and 
t(16) =  − 2.7, p <  0.02, respectively). By contrast, the mc and the dc group did not differ (t(16) =  − 1.4, p >  0.1). 
As seen in the scalp topographies (Fig. 2b), the dc and the mc groups displayed an extended posterior alpha 
desynchronization while a similar modulation was not observed in the cc group at any of the recording sites.

Finally, comparing post-stimulus alpha power to zero in each group revealed a significant desynchronization 
in the mc group (t(11) =  − 5.4, p <  0.001, one tailed) as well as in the dc and the cc groups (t(5) =  − 2.3, p <  0.05, 
one tailed; t(11) =  − 1.8, p <  0.05, one tailed respectively).

The degree of alpha desynchronization in the cc group was independent of the duration of visual deprivation 
(r =  0.2, p >  0.5, see Fig. 3), the time since surgery (r =  0.2, p >  0.4) and the achieved visual acuity (r =  − 0.06, 
p >  0.8).

In none of the three groups an effect of condition (BM vs. scrambled BM) was observed for the degree of alpha 
desynchronization (main effect of condition F(1, 26) =  0.2, p >  0.6). To test whether overall alpha activity was 
reduced in the cc group or whether only the degree of alpha desynchronization (baseline vs. post-stimulus alpha 
level, the “alpha blocking”) was altered, the average alpha activity recorded in the pre-stimulus period [-200-0ms] 
was compared between groups. The marginally significant group effect (F(2, 27) =  2.6, p =  0.09) was due to a 
reduced pre-stimulus alpha activity in the cc compared to the mc group (t(22) =  2.7, p <  0.01; one-tailed) and the 
dc group (t(16) =  1.9, p <  0.04; one-tailed; Fig. 2d). By contrast the dc and mc group did not differ (t(16) =  − 0.6, 
p >  0.5).

Discussion
The present study evaluated neural mechanisms of sensitive period plasticity in humans. We assessed oscillatory 
activity in the human electroencephalography within the theta and alpha band during the processing of intact 
and scrambled biological motion stimuli. The alpha desynchronization as well as the pre-stimulus alpha activity 
was significantly reduced in congenital cataract-reversal individuals (cc) compared to both control groups, that is, 

Participant
Age 

(years) Gender Cataract onset
Age at surgery 

(months)

Fundus visibility 
pre-surgery best 
eye Nystagmus

Presurgical 
visual acuity 
in best eye*

Last postsurgical 
visual acuity in 

best eye
Mean 

accuracy 
in BM EEG 

task, %

BM 
detection 

task, noise 
dots n**Decimal logMar

cc-a 23 M congenital 48 Unknown yes Unknown 0.16 0.80 100.0 46.3

cc-b 35 M congenital 24 Unknown yes Unknown 0.50 0.30 93.8 13.7

cc-c 17 F congenital 168 No view yes FC:0.5 0.13 0.90 100.0 –

cc-d 17 F congenital 192 No view yes PL +  , PR +  0.02 1.78 97.8 –

cc-e 10 M congenital 108 No view yes PL +  , PR +  0.02 1.78 100.0 –

cc-f 11 F congenital 120 No details yes FC:0.5 0.05 1.30 96.4 0.2

cc-g 31 M congenital 72 Unknown yes No vision 0.05 1.30 100.0 27.4

cc-h 11 F congenital 120 No view yes PL +  , PR +  0.16 0.80 100.0 10.2

cc-i 11 M congenital 96 No view yes PL +  , PR +  0.32 0.50 100.0 22.7

cc-l 13 M congenital 120 No view yes PL+ , PR+ 0.02 1.78 100.0 28.7

cc-m 21 M congenital 4 Unknown yes Unknown 0.13 0.90 100.0 –

cc-n 13 M congenital 60 No view yes Unknown 0.13 0.90 97.4 –

Mean 17.8 94.3 0.14 1.09 99.8 21.3

dc-a 19 F Developmental 24 Unknown yes PL+ , PR+ 0.80 0.10 100.0 20.1

dc-b 8 M developmental 84 Unknown no 0.25 0.25 0.60 100.0 0.9

dc-c 22 F congenital not dense 252 Haze but Visible yes FC:0.5 0.08 1.10 100.0 –

dc-e 38 F congenital not dense Not operated Visible yes 0.08 0.30 1.10 100.0 –

dc-g 10 F congenital not dense 72 No view no FC:2 0.13 0.90 95.8 30.6

dc-h 9 M congenital not dense 96 Haze but Visible yes FC:1 0.08 1.10 100.0 28.9

Mean 17.6 88.0 0.27 0.82 99.3 20.1

Table 1.  Description of participants and performance in the four different tasks. *PL+ : able to perceive 
light; PR+ : able to report the location of light; FC: able to count fingers at n meters. BM: Biological motion; GM: 
Global motion. **Degree if noise at which a hit rate of 82% was reached (high values indicate high sensitivity) 
in the behavioral BM task. ***Percentage of coherence level necessary to reach a hit rate of 82% (high values 
indicate low sensitivity) in the behavioral GM task. Note patient dc-a was categorized as dc due to parents’ 
reports supported by a low nystagmus and the achieved high visual outcome.
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individuals with a history of developmental or incomplete congenital cataracts (dc) and normally sighted controls 
(mc). By contrast, evoked theta oscillatory activity varied with biological motion processing in all three groups. 
Overall, theta activity was lower in the cc and dc group compared to the mc group. At the behavioral level the 
three groups were indistinguishable in their sensitivity to detect biological motion stimuli.

The lack of group differences in biological motion processing has now been demonstrated in two independent 
studies, in which intact performance has been found after a short period of visual deprivation of a few weeks to 
months19 and s after long periods of deprivation lasting for several years20. To increase the power, Hadad et al.19 
employed a control group comprising 80 healthy individuals. Nevertheless, zero results are always tentative and 
need additional replication in independent and if possible larger samples. Moreover, other types of biological 
motion stimuli need to be tested.

In the cc group as well as the dc and mc groups evoked theta band power varied with biological motion pro-
cessing. This result confirms recent findings of our group (in normally sighted controls and in cc individuals20) 
demonstrating, as previously reported in healthy individuals24–27 larger N1 amplitudes for intact compared to 
scrambled biological motion stimuli. It is known that the evoked theta oscillatory activity and the N1 amplitude 
are highly correlated23 and that evoked theta oscillations partially show up as the P1-N1 complex observed in the 
ERPs23. Since we did not observe a difference between groups in detecting biological motion stimuli, the present 
results suggest that the recovery of biological motion processing19,20, at least the features assessed in the present 
tasks, might or might partially be associated with a recovery of visually evoked theta activity and related neural 
mechanisms. We further conclude that these mechanims are not related to a sensitive phase in visual develop-
ment. The only group difference we found for the theta activity was an overall lower power in both the cc and 
the dc group compared to the mc group. Although we had not observed similar group differences in the ERPs20, 
we speculate that these differences are possibly due to prevailing visual impairments in the cataract groups (both 
the cc and dc group). Importantly, the effects of the experimental manipulation were indistinguishable across all 

Figure 2. Alpha activity. (a) Time frequency representation of the relative power signal change (4–30 Hz, 
total power, see methods; averaged across posterior electrodes and hemispheres, TP8/9, P7/8, and O1/2) with 
respect to baseline. Data are shown separately for each group (cc, dc, mc) and condition (biological motion, BM 
and scrambled biological motion, SBM). (b) Scalp topographies of the alpha desynchronization (decrease of 
the power between 8–12 Hz with respect to baseline in time epoch 0.3–1 sec) after the stimulus onset is plotted 
separately for each group. (c) Bar plots of the mean alpha desynchronization (8–12 Hz; time window: 0.3–1 sec, 
see red dotted box in (a)), with standard errors is displayed for each group. The dc and mc groups showed a 
significantly higher alpha desynchronization compared to the cc group. (d) Pre-stimulus alpha level (non-
baseline corrected) with standard errors plotted separately for each group. The alpha activity of the cc group was 
significantly reduced. *indicates significant condition and/or group effects.
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groups suggesting, in accord with the behavioral results, that all participants were able to distinguish the scambled 
and intact biological motion stimuli.

Both, stimulus induced alpha desynchronization as well as overall prestimulus alpha activity were significantly 
impaired in the cc group compared to both the dc and the mc group. First, this result pattern allows us to exclude 
any unspecific factors such as having a history of cataracts, cataract surgery, the use of interocular lenses and 
remaining visual impairments as possible accounts for the observed group differences. Moreover, since the cc and 
dc individuals were recruited from the same population and examined in the same laboratory space, we are able 
to discount any unspecific effects of ethnicitiy, social brackground and recording environment.

Animal studies have shown that even minimal visual experience is sufficient to induce a typical functional 
and structural organization of the brain, whereas the lack of such inputs immediately after birth seems to result 
in permanent impairments28. This finding is in accord with our results: We demonstrate that the, though limited, 
patterned visual input available to individuals with a history of congenital but incomplete cataracts was sufficient 
to set up the neural mechanisms for alpha generation and thus the neural mechanisms important for the control 
of visual cortex activity1,2. Indeed, Novikova11 reported a lack of alpha activity only in individuals with a con-
genital visual impairment allowing for no more than light perception. Thus, we assume that the individuals with 
incomplete congenital and the individuals with developmental cataracts all had set up the neural circuits impor-
tant for alpha generation whereas the cc individuals, had been lacking any structural visual input from birth, had 
not. In this context, it is important to stress that the assignment of congenital cataract individuals to the cc and the 
dc group was based on the medical records and was completed prior to the start of the data analysis.

Since alpha oscillations depend on inhibitory circuits that allow for the control of the excitatory/inhibitory 
balance of neural networks, the present data might additionally support the conclusion that this hallmark of 
functional brain development21 is experience dependent in humans as well. Implementing and stabilizing inhi-
bition in neural circuits are known as crucial mechanisms of sensitive phase plasticity18 and go together with the 
functional specialization of neural networks29. Initial evidence has demonstrated that after a period of visual dep-
rivation from birth the neural systems engaged in face processing in healthy individuals were similarly activated 
by other visual stimulus categories (e.g. houses) in cc individuals29,30. Possibly, as a result of this lack of functional 
specialization, deficits in face processing, known for several years31, emerged. It may even be speculated that other 
deficits observed in cc individuals, including deficits in visual acuity16,32 and contrast sensitivity33, visual feature 
binding34,35 as well as in the recognition of static objects36,37, might result from a similar lack of functional special-
ization of the associated brain regions.

Since alpha activity was reduced in the prestimulus baseline as well, we speculate that reduced posterior alpha 
activity in cc individuals as known for permanently blind individuals9–12 indicates a general processing deficit in 
the congenitally visual deprived visual cortex even after restoring sight.

Figure 3. Degree of alpha desynchronization (upper panel, see Fig. 2) and degree of alpha pre-stimulus 
(lower panel, see Fig. 2) in single participants. The data of the cc are shown as a function of the age at surgery 
(left part of the panels). For comparison the data of the dc and mc participants are displayed on the right.
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As previously shown38,39 alpha activity did not vary with biological motion processing in the normally sighted 
control group of the present study. Given this observation along with the typical modulation of theta activity in 
the cc group, it is, thus, not surprising that we did not observe behavioral deficits in this group. However, we pre-
dict that every visual task that depends on the activity regulation of alpha oscillatory activity should be impaired 
to some degree in the cc but not to the same degree in the dc group. Indeed, cc individuals display impairments in 
global motion processing19, which has been related to alpha activity40.

Furthermore, alpha activity has often been demonstrated to play a role in the control of overt and covered 
attention41. Interestingly, the pyramidal cells in layer V of the primary visual cortex maintain strong connections 
to the superior colliculi (SC), which plays an essential role in the control of eye movements42. In animals, the 
direct visual input to the SC was found to be largely reduced after total visual deprivation from birth. Moreover, 
the cortico-tectal connectivity seemed to have completely failed43. Indeed, visual responses in the SC were mark-
edly reduced after congenital visual deprivation44. Therefore, we expect the cc group to show impaired in both 
overt and covert visual attention control. Indeed, there is first evidence from a visual-spatial attention task sup-
porting this hypothesis45.

Finally, it must be wondered why posterior alpha activity was more strongly impaired in cc individuals than 
visually evoked theta activity, considering that they both depend on GABA-mediated inhibition. There is evi-
dence, however, that different and partially independent inhibitory circuits exist for the generation of low (theta) 
and higher frequency oscillations46. Our data, thus, suggest that these different inhibitory circuits show different 
degrees of experience-dependence and that particularly the setting up of fast spiking PV (Parvalbumin) interneu-
rons, which are important for alpha generation1 and possibly gain control47, are experience-dependent during 
a sensitive phase of development (see48). In this context, it is important to remember that the newborn EEG 
includes theta oscillations7 while posterior alpha activity does not seem to emerge before late childhood8.

In sum, our results demonstrate that the recovery of biological motion processing goes together with a rein-
statement of visually evoked theta activity suggesting that the acquisition of the involved neural mechanisms is 
not linked to a sensitive phase in development. By contrast, the emergence of posterior alpha oscillations and 
their underlying neural circuits seem to require visual input during a sensitive phase in development. Thus based 
on the present findings new experiments can be designed to test the specific functional consequences of altered 
oscillatory brain activity following a transient phase of congenital blindness.

Material and Methods
Participants. The group of individuals with a transient phase of blindness from birth comprised a total of 12 
individuals (4 females) with a history of congenital, bilateral, dense cataracts (congenital cataract individuals, cc; 
mean age: 17.8 years, range: 11–35, see Table 1), recruited at the LV Prasad Eye Institute in Hyderabad (India). 
The history of cataracts was confirmed by medical records. Since the cataracts were diagnosed at different ages, 
additional criteria were applied to guarantee that only individuals with congenital total cataracts entered this 
group. These criteria included: the presence of nystagmus, density of the lenticular opacity, invisibility of the fun-
dus prior to surgery, family history and family reports. Most of the participants had only light perception prior to 
surgery (see Table 1). On average cc individuals underwent surgery at the mean age of 94 months (range: 4–192). 
The duration since surgery was on average 119 months (range: 12–396). The visual acuity at the time of testing 
(as assessed during the same visit in 8 participants, within 4 months prior of testing in 3 participants and within 
18 months in 1 participant) was 0.14 decimals (range: 0.05–0.50). Due to incomplete datasets, a subset of 7 indi-
viduals (3 females, mean age: 18.5 years, range: 10–35, mean visual acuity: 0.2 decimals, range: 0.05–0.50; mean 
age at surgery: 86 months, range: 4–168, see Table 1) were tested in a behavioral biological motion detection task.

An additional group of 6 individuals who had suffered from developmental cataracts (cataracts were not 
present at birth and developed later) or congenital but incomplete cataracts (cataracts were not fully dense at 
birth and allowed patterned light to reach the retina) was recruited (dc) at the same institute (4 females, mean 
age: 17.4 years, range: 8–38, mean visual acuity: 0.2 decimals, range: 0.08–0.80; mean age at surgery: 106 months, 
range: 24–252; see Table 1). The mean age at surgery was 88 months (range: 24–252); duration since surgery 
was 68.5 months (range: 12–204). The mean achieved acuity (as assessed at the time of testing in 3 participants, 
within 4 months prior of testing in 2 participants and within 18 months in 1 participant) was 0.3 decimals (range: 
0.08–0.80). Due to incomplete datasets, a subset 4 individuals were tested behaviorally in the biological motion 
detection task (2 females, mean age: 10.8 years, range: 8–17, mean visual acuity: 0.3 decimals, range: 0.08–0.80, 
mean age at surgery: 69 months, range: 24–96; see Table 1). Post-surgical visual acuity at the latest assessment 
did not differ between the cc and the dc groups in any of the subsamples participating in the two tasks (biological 
motion EEG: t(17) =  1.6, p >  0.14; biological motion detection behavioral experiment: t(9) =  0.9, p >  0.41). Note, 
that individuals were assigned to the cc or dc groups prior the data analysis.

Incomplete data sets resulted from technical errors or time constraints of the participants.
All cc and dc participants were right handed and neurologically healthy according to self-report and medical 

examination by a physician.
For each of the two experiments, a sample of healthy control (matched controls, mc) participants matched 

in age sex and handedness was recruited in Hamburg, Germany. All mc participants had normal or corrected 
to normal vision and were neurologically healthy according to self-report. A sample of 12 control individuals 
participated in the biological motion EEG experiment (6 females, mean age: 18 years, range: 8–37); an additional 
sample of 7 individuals (in order to match the cc group) participated in the behavioral biological motion detec-
tion task (3 females mean age: 19.0 years, range: 10–27).

Participants and, for minors, their legal guardians gave written informed consent after the nature of the study 
was explained. The methods were carried out in accordance with the approved guidelines and the study was 
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approved by the ethical committee of the German Society of Psychology and the ethical committee of the LV 
Prasad Eye institute.

EEG experiment. Three categories of dynamic motion stimuli were randomly presented: (1) intact walkers, 
(2) scrambled walkers, and (3) a walking cat (for a detailed description of the stimuli see49. The point-light dis-
plays were presented in profile view, facing either to the left or to the right. The walker was created by the move-
ment of 11 white squares presented on a black background. Each point-light had a width of 0.3°. The height of the 
walker subtended 8.6°, and the width was 4.3°. In the scrambled motion version, each single point-light trajectory 
was randomly swapped with the location of another trajectory, so that, for instance, a marker that featured the 
movement of an elbow appeared at the location of the knee marker etc. This scrambling procedure preserves the 
overall shape of the walker while scrambling local motion and insures that the size of the two stimulus categories 
matches. The starting phase of each walker was randomized as well, so that incidental shape differences between 
intact and scrambled walkers were averaging out. Eight different walkers were created, four facing left, four right. 
During the locomotion the walker remained at the same central location. Point-light displays depicting the profile 
view of a walking cat (four facing left, four right) were used as behavioral targets. The target’s height subtended 
4.2° and the width was 7.9°. Each stimulus category was presented for 2000 ms. The inter-trial interval (ITI) 
ranged pseudo-randomly from 2000 to 2700 in steps of 100 ms. A total of 48 target trials (p =  0.17) were ran-
domly intermixed with 240 trials (p =  0.83), half with intact and half with scrambled walkers. A total of 6 blocks 
were presented (48 trials each). Participants were asked to detect the walking cat, responding via mouse button 
press or verbally.

Behavioral biological motion detection task. Biological motion detection thresholds were assessed 
with an adapted version of the subtest “Detection test” of the Biological Motion Perception Test Battery (BML test 
battery22). Larger dot and display sizes were implemented (15 pixels and 10.5 ×  10.5°). One stimulus consisted of a 
walker made out of point-lights50 superimposed by a mask of scrambled walker noise. The walker was shown with 
an offset from the center point of the mask that varied randomly between − 0.5 and 0.5 degrees of visual angle 
horizontally and between − 1.5 and 1.5 vertically. The second display comprised the same number of dots but only 
scrambled walker motion was presented. Participants’ task was to indicate whether a walker was presented in the 
first or in the second display. After the response, blank screen was displayed for 1 sec before the next trial started. 
The number of masking noise dots was set by a QUEST procedure51. The detection threshold was defined as the 
number of noise dots at which the participant achieved a hit rate of 82%. The test terminated after 40 trials52.

Stimuli and apparatus. Stimuli were presented with a Dell laptop on a Dell 22 inches LCD monitor with a 
refresh rate of 60 Hz and were created with MatLab© and the psychotoolbox 3 software53,54. Stimulus presentation 
in the EEG experiment was controlled using the Presentation®  software (http://www.neurobs.com/) Participants 
sat at a distance of 60 cm from the screen and were instructed to keep their head and eyes oriented towards fix-
ation throughout testing (one experimenter was always sitting beside the participant to ensure compliance with 
the task instructions. If necessary a translator instructed the participants in their native language. Prior to the 
experimental trials, one additional block was run as practice. The total experiment, including the EEG task, EEG 
application and removal, and the behavioral task, took on average 2 h.

EEG recording. The EEG was continuously recorded (analog bandwidth: 0.01–200 Hz, sampling rate: 
500 kHz, BrainAmp, http://www.brainproducts.com/) with 30 Ag/AgCl electrodes attached to an elastic cap 
(Easy cap) at standard 10–20 sites including Fp1-Fp2-F7-F3-Fz-F4-F8-T7-C3-Cz-C4-T8-P7-P3-Pz-P4-P8-O1, 
and O2. Additional electrodes at intermediate sites were mounted at FC5-FC1-FC2-FC6-TP9-CP5-CP1-CP2-T
P10-F9 and F10. All scalp recordings were performed against the right ear lobe. Horizontal eye movements 
were monitored with a bipolar montage comprising two electrodes close to the left and right outer canthi of 
the eyes (F9-F10) and Vertical eye-movements with frontal electrodes (Fp1-Fp2). Offline, data were down sam-
pled to 250 Hz and re-referenced to an average reference for the time-frequency analysis (theta and alpha) and 
to Fz for the ERP analysis55,56. To eliminate artifacts related to eye movements and heart beat we performed 
an Independent Component Analysis57 runica version, implemented on EEGLAB57 (running in MatLab® ). In 
addition, trials with signals exceeding 100 μV (130 μV for participant cc-e and f) were eliminated prior to aver-
aging. For all participants, at least 40% artifact free trials for both ERP and EEG analyses remained after the 
artifact elimination. EEG analyses were conducted for the standard stimuli which did not require any response. 
Electrophysiological recordings were analyzed with the EEGLAB58 and fieldtrip software59.

Spectral analysis. The data analyses concentrated on the alpha oscillatory activity (8–12 Hz; total power) 
since we had clear a priori predictions. The evoked theta activity (4–7 Hz) was assessed as well, since it allowed 
us to link our findings to the event-related potential literature on biological motion processing23. A reliable 
assessment of higher frequency bands (such as gamma activity) was not possible because we had to record in an 
unshielded room at the LV Prasad Eye Institute and because it was not possible to record a sufficient number of 
trials per condition due to the limited available time for recording.

The continuous EEG was segmented into 3000 ms epochs, including 1000 ms preceding the stimulus onset.

Total power. Spectral changes in oscillatory activity were analyzed using a wavelet transform, which provides 
a good compromise between time and frequency resolution60. Time–frequency analyses were performed for each 
channel by convolving the data with a complex Morlet wavelet (t,f0) which had a Gaussian shape in time (σ t) and 
in frequency (σ f) around the center frequency (f0). Non-constant wavelets with Q increasing from f0/σ f =  4 to 
8.5 for frequencies from 2 to 40 Hz (step size 1 Hz) were employed. The wavelet transform was performed between 
− 800 to 2000 ms post stimulus in steps of 20 ms. Importantly, the transformation of the data was done before 

http://www.neurobs.com/
http://www.brainproducts.com/
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averaging the single trials, separately for each frequency. For this reason the total power represents both the phase 
locked (evoked) and the non-phase locked signal with respect to the event. The resulting power was baseline 
corrected for each frequency to obtain the relative signal change: P(t,f)corrected =  (P(t,f)post-stimulus −  P(f)baseline)/
P(f)baseline. The pre-stimulus period between − 700 to − 300 ms served as baseline for all spectral analyses. This 
baseline prevented including slow frequency activity emerging immediately before the stimulus onset. Grand 
mean time-frequency representations were computed across all participants to illustrate the relative change of 
activity with respect to the baseline across frequencies. Total power activity was calculated for each electrode to 
assess alpha desynchronization.

Evoked power. The same time-frequency transformation was applied after averaging across trials. The aver-
age signal represents only the phase locked signal. To compute the relative signal change of evoked power, data 
were normalized with respect to the total power baseline as follows: P(t,f)evoked =  (P(t,f)evoked −  P(f)evoked-baseline)/
P(f)total-baseline. The evoked power time frequency decomposition provided the data for the analysis on the evoked 
theta (see supplementary Figure 1).

Statistical approach. Spectral analysis of the alpha activity. Post-stimulus onset (alpha desynchroniza-
tion): baseline corrected alpha total power was extracted for each individual and averaged within a 700 ms time 
window [300–1000ms]. Since the alpha desynchronization is observed over a large area of the posterior scalp, 
the relative change in alpha power with respect to baseline was averaged separately for each hemisphere across 
the posterior electrodes TP8/9, P7/8, and O1/2. Relative alpha power was then used as dependent variable for 
a repeated measurement ANOVA with the between participant factor group (cc, mc and dc) and the repeated 
measurement factors hemisphere (left and right) and condition (BM and SBM). Main effects of group were fol-
lowed up by two tailed (one-tailed t-tests are explicitly marked) t-tests (mc vs. cc; dc vs. cc; mc vs. dc).

Additionally, it was tested whether a significant desynchronization existed in each group by comparing the 
post-stimulus alpha power against zero.

Pre-stimulus alpha activity, BM EEG: For each participant, the alpha power (without baseline correction) was 
extracted and averaged across a 200 ms time window [-200-0 ms]. The alpha power was averaged across poste-
rior electrodes (see post-stimulus alpha desynchronization). This score was entered as dependent variable to a 
repeated measurement ANOVA analogue to the analysis performed on post-stimulus onset data.

BM evoked theta activity. To evaluate the evoked theta activity, we adopted a similar analysis strategy as for the 
ERP. The most prominent positive peak was identified across all electrodes for each individual within the time 
window of 160 to 260 ms. The theta response was then averaged within a 64 ms time window centered at the indi-
vidual evoked theta peak. The average was computed for each electrode and condition for each participant. Mean 
theta power served as dependent variable in a repeated measurement ANOVA with the between participant factor 
group (cc, mc, and dc) and the repeated measurement factors electrode location (temporo-occipital (TP9/10), 
parieto-occipital (P7/8), and occipital (O1/2)), hemisphere (left and right) and condition (BM and SBM).
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