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Cognitive inflexibility1 and atypical learning2 are key characteristics 
of the ASD phenotype; however, little is known about the mechanisms 
that underlie this behavior and about procedures that might circum-
vent the abnormally restricted learning. It is also unclear whether 
restricted behaviors are unique to the social-cognitive aspect of ASD 
or whether they also affect sensory functions. We characterized learn-
ing in ASD using an established protocol in which the perceptual 
learning parameters of typically developing (TD) observers are well 
documented3. Mainly, it has been shown that over-repetitive stimula-
tion slows down perceptual learning and increases specificity. When 
the detrimental effect of stimulus repetition is attenuated, however, 
generalization is achieved4.

High-functioning ASD adults and matched control observers were 
trained with a texture discrimination task5 consisting of a target dis-
play followed by a patterned mask (Fig. 1). Observers were required to 
judge the orientation of a peripheral target consisting of three diago-
nal bars surrounded by horizontal lines. Performance was measured 
as a function of the time interval between the onset of the target and 
the mask (stimulus onset asynchrony, SOA), with threshold defined 
as the minimal time (SOA) to reach a predefined criterion level of 
performance (Online Methods). Observers completed four daily  
sessions with the target situated in location 1. Generalization of learn-
ing across target locations was assessed by four subsequent sessions 
(days 5–8) with the target appearing at location 2.

A group of ASD observers (ASD standard) and their control group 
(control standard) were trained with this standard training proto-
col. Although substantial ASD learning was achieved during loca-
tion 1 training (Fig. 2a, see Online Methods for statistical analysis),  

performance at the new location (day 5) was poorer than the perform-
ance level at the previous location (day 4), with the threshold equivalent 
to that measured initially on day 1. This reflects specificity of learning.  
Furthermore, additional training at location 2 resulted in slower  
learning relative to that observed for location 1 (Fig. 2b), indicating 
over-specificity of learning. This over-specificity, observed here for the 
first time, to the best of our knowledge, contrasts with the established 
perceptual learning profile3 of TD observers who evince faster learning 
at location 2 than at location 1. Transfer cost (TC), quantified as the aver-
age difference between the transfer thresholds and their corresponding 
training thresholds (Fig. 2c and Online Methods), captures the dif-
ference between the learning curve in the new location relative to the 
learning curve at the original location. Positive values, indicating over-
specificity, reflect hampered ability to learn a new condition following 
prior learning. This was clearly the case for the ASD standard group 
(Fig. 2c), whose TC was substantially higher than that of the matched 
control group. This difference reflects the unique over-specificity  
in the ASD group (Fig. 2 and Supplementary Fig. 1). The control 
standard group showed negative TC, as expected from the literature3, 
indicating faster learning in location 2 relative to location 1. However, 
learning for this group was non-specific, as indicated by the threshold 
on day 5. Given that this group demonstrated weak learning at location 
1 (28 ± 7 ms, P = 0.05), it is difficult to determine whether performance 
on day 5 is truly reflective of generalization or of partial transfer3. This 
behavior might be explained by the easier conditions6 (such as long 
target duration) adopted here (Online Methods) to ensure that ASD 
observers could perform the task.

A second group of ASD observers and their matched control 
group completed the same training protocol, but with ‘dummy’ trials  
consisting of the textured background and no target, interleaved  
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Figure 1  The texture discrimination task. Schematic illustration of 
standard trials (left). The target frame consists of three diagonal bars 
differing in orientation from a background of horizontal identical bars. 
After a blank inter-stimulus interval (SOA), a mask frame appears. 
Observers indicate, using the computer mouse keys, whether a small 
rotated letter at the center of the display is “T” or “L” (fixation target) 
and whether the three-bar arrangement is vertical or horizontal (Online 
Methods). Schematic illustration of dummy trials is shown on the right.
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randomly with the standard trials. We hypothesized that the insertion 
of these dummy stimuli would result in generalization by reducing the 
detrimental effect of stimulus repetition4,7 (Online Methods).

Both dummy groups (ASD and control) showed generalization 
of learning following training (Fig. 2d–f). The ASD dummy group 
achieved better performance at the end of training relative to the ASD 
standard group (84 ± 8 ms versus 127 ± 16 ms; P = 0.03), indicating 
that reducing the effect of stimulus repetition facilitated learning in 
ASD observers. This group subsequently showed (days 5–8) full gen-
eralization of learning in addition to negative TC (TC = −26 ± 8 ms). 
Thus, unlike the ASD standard group, the ASD dummy group did not 
show over-specificity and exhibited transfer of learning. Moreover, 
their learning profile was comparable to that of the control dummy 
group (Fig. 2d–f).

The efficient learning that occurred when the target was in loca-
tion 1 is consistent with findings of intact implicit8 and statistical9  
learning in ASD. What has not been seen previously is the  

inflexibility to a contextual change (location). This inflexibility cannot 
be attributed to an overall difficulty of the ASD observers in perform-
ing the task6; in location 1, the same performance difference was 
shown between the ASD and control across standard (27 ± 4 ms) and 
dummy (28 ± 8 ms) training conditions. Notably, this atypical over- 
specificity of learning in ASD could be avoided by attenuating the 
effects of stimulus repetition. Thus, the dummy training method, pre-
viously shown to reduce specificity in TD observers, serves as a useful  
procedure in counteracting over-specificity in ASD.

In accordance with previous findings10, reaction times (RTs) of 
our TD observers showed generalization of RT gains across locations  
(Fig. 3). This suggests that RT improvement is mainly explained 
by general factors, such as motor response, information transmis-
sion time or learning the temporal properties of the stimulus10,11. 
However, ASD observers trained in the standard condition do not 
improve at the new location beyond the level achieved at day 4. This 
was evident by the absence of RT gains from days 4–8 (Fig. 3a,b). 
ASD observers trained with dummy stimuli did improve in location 2  
(Fig. 3c,d), similar to the matched control group. The ASD dummy 
group showed a training-independent slowdown (274 ms, s.d. = 38 ms)  
that might be attributable to the randomly mixed dummy trials. 
Overall, the reaction times analysis supports over-specificity in the 
ASD standard group, but not in the ASD dummy group.

These findings have both theoretical and practical implications 
for our understanding of ASD. In the field of perceptual learning,  
specificity and the experimental parameters affecting it have been 
extensively documented with typically developing observers3. 
According to learning theories, extended learning with a fixed target 
is expected to result in narrow learning, restricted to the exact trained 
target (as a result of over-fitting; see refs. 3,12). We found a lack of gen-
eralization when the same trained target was moved to a new location. 
This suggests that location specificity of learning depends on spatial 
heterogeneity in early visual representations3,4. With repetitions,  
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cFigure 2  Over-specificity in ASD visual learning and its elimination 
following the dummy training. (a) Learning curves for standard training. 
Blue indicates the ASD group (n = 10; day 1, 170 ± 17 ms; day 4, 127 ± 
16 ms; Student’s two-tailed t test, P = 0.01; day 5, 177 ± 23 ms; P = 0.016  
compared with day 4) and green indicates the matched control group (n = 9;  
P = 0.05 between days 1–4, P = 0.12 between days 4–5). (b) Thresholds 
at location 2 (days 5–8) versus the corresponding thresholds (days 1– 4) 
at location 1. Each data point represents the thresholds for one individual 
observer on corresponding days (for example, day 5 versus day 1 or day 8  
versus day 4). The black line is the identity line. (c) Individual TC of 
learning for ASD and matched controls (corresponding to the mean 
difference between the ordinate and abscissa values of the data points in b; 
ASD standard,18 ± 12 ms d−1; control standard, −32 ± 8 ms d−1; one-way 
ANOVA, *P = 0.003). Error bars represent s.e.m. (d–f) Learning curves 
for dummy training. Data are presented as in a–c, but for the groups of 
observers tested with the dummy trials interleaved (ASD, n = 10; control, 
n = 10; P < 0.01 between days 1–4, P = 0.54 between days 4–5,  
P = 0.05 for the TC comparison).
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Figure 3  RT analysis. (a,c) RT during training for the standard (ASD,  
n = 10; control, n = 9) and dummy (ASD, n = 10; control, n = 9)  
groups. (b,d) RT gains from days 4–8 for the standard groups (ASD,  
−24 ± 58 ms; control, 175 ± 33; two-sample t test, **P = 0.01) and  
dummy groups (ASD, 130 ± 86 ms; control, 150 ± 38 ms; P = 0.08). 
Error bars represent s.e.m.
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effects such as sensory adaptation13 (reduced sensitivity following 
repetitions) may cause distinct subpopulations of neurons (for exam-
ple, those that respond to location 1 versus those that respond to  
location 2) to encode stimuli differently5. Over-specificity in ASD 
may be a consequence of such heterogeneity in the visual cortex, pos-
sibly combined with a failure of higher levels of processing to handle 
the perturbed input. The dummy trials were effective in both ASD and 
controls, revealing that reduced sensory adaptation promotes greater 
spatial invariance in the neural representations of the stimuli4,14.

Our results suggest that repetition, a technique widely used in inter-
vention and education for ASD, may lead to inflexibility. The adverse 
consequences of repetition may apply to an even greater degree as the 
complexity of learning and behavior increases, such as in the domain 
of social behavior. Counterintuitively, reducing stimulus repetition 
may enhance learning and foster generalization in ASD.

Methods
Methods and any associated references are available in the online 
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE METHODS
Subjects. 23 high-functioning observers with ASD (1 female, mean age of 26, 
range of 19–41 years) and 19 age- and gender-matched controls (mean age of 28,  
range of 24–35 years) participated in this study. All observers had normal or 
corrected-to-normal vision and provided written informed consent. Carnegie 
Mellon University Institutional and the Weizmann Institute of Science Review 
Board approved the protocol. The diagnosis of autism was established using the 
Autism Diagnostic Observation Schedule-G15, and confirmed by expert clini-
cal diagnosis (N. Minshew and D. Israeli) and, in Pittsburgh, by the additional 
use of the Autism Diagnostic Interview-Revised16. The ASD individuals were 
medically healthy, had no identifiable genetic, metabolic or infectious etiology 
for their disorder, and had no history of traumatic brain injury, seizures, attention 
deficit disorder or depression. IQ was assessed in the ASD individuals using the 
Weschler Abbreviated Scales of Intelligence (WASI) and all ASD participants 
had Full Scale IQ scores above 85. About 50% of all ASD individuals score 85 
and above on IQ measures15; thus, examining learning in this high-functioning 
ASD sample is likely to be representative of at least half of the ASD population. 
The observers were randomly assigned to the standard or dummy group. Subsets 
of participants completed different training methods, but each group completed 
8 d of testing and each individual participant yielded large amounts of data for 
fine-grained analysis. Two data points of one ASD observer were excluded due 
to the onset of medical treatment. One observer from the control dummy group 
completed only 6 d of training due to schedule constrains, thus his data was 
excluded from the RT analysis.

The data of the non-matched control group shown in Supplementary  
Figure 1 is reproduced from ref. 4.

Stimuli and procedure. Observers were tested individually in a quiet room. 
They were seated comfortably in front of a computer screen. A display appeared 
on the screen and the participant reported whether a “T” or an “L” appeared 
at the center of the display (Fig. 1). Next, the participant reported whether the 
texture target (array of three peripheral bars embedded in the background) was 
oriented horizontally or vertically. Responses were provided by pressing one of 
two preassigned mouse keys for each of the two reports (first response: left click 
“L”, right click “T”; second response: left click “horizontal”, right click “verti-
cal”). For example, for a stimulus presenting a “T” and “Horizontal” target the 
correct response would be one right click followed by one left click. Auditory 
feedback was provided to indicate an incorrect response for the fixation (T/L) 
task only (no feedback was provided for the peripheral horizontal/vertical texture 
task). Performance on the texture discrimination task was measured as a func-
tion of the time-interval between target and mask onsets (SOA, ranging from 
target duration to 800 ms). The SOA was randomized across trials. Based on the 
results of a pilot study, we modified several parameters relative to our previously 
reported protocol4 to ensure that the ASD individuals would be able to complete 
the task well: the target presentation time was 40 ms (instead of only 10 ms), 
fixation target (T/L) was slightly enlarged, and two easier SOA’s were added to 
the SOA range in the training phase. Each trial was self-initiated by the observer,  
resulting in ~2-s intertrial interval. Discrimination thresholds were estimated 
by fitting a Weibull function to the psychometric data (performance accuracy 
at the peripheral task versus SOA)4. In the dummy condition, background-
only stimuli (no texture target) were randomly interleaved with the test trials  
(Fig. 1), but observers responded to both the fixation target and the texture tar-
get on all trials, guessing the second response if not detecting the presence of a 
texture target. The dummy trials were hypothesized to minimize adaptation to 
the target since the background horizontal bars presented on those trials were 
oriented 45° relative to the targets’ local orientation on the standard trials4,7. Each 
observer participated in a number of pre-training trials on day 1. The number 
of trials during this pre-training phase was adjusted for each observer. The cri-
terion for this pre-training phase was 100% correct for a short session of 10 
trials at a high and constant SOA (800 ms), and this pre-defined performance 

criterion was selected to ensure that all participants started the experiment at  
the same level of performance. On day 5, observers were verbally informed about 
the change in location but no pre-training was performed at the untrained location.  
Each daily session consisted of 288 target trials with an additional 288 trials in 
the dummy condition.

The TC was quantified as the average difference between the transfer thresh-
olds and their corresponding training thresholds (specifically, Thday5–Thday1, 
Thday6–Thday2, Thday7–Thday3, Thday8–Thday4).

The observers were requested to respond as accurately as they can. The RTs 
of the peripheral texture task (horizontal/vertical) were analyzed. The daily RT 
median was calculated for each observer. Only RTs in the range of 400–4,000 
ms were included in the RT analysis (98.7% of total trials). The across-observers 
means of these daily medians are plotted in Figure 3.

Statistical analysis. A three-way repeated measures ANOVA was used to 
reveal a significant effect of day (F(3,99) = 22, P < 0.001), and a significant day × 
group (ASD/control) × condition (standard/dummy) interaction (F(3,99) = 5.8,  
P = 0.003). Non-significant interactions were found for day × group  
(F(3,99) = 2.7, P = 0.06) and for day × condition (F(3,99) = 0.7, P = 0.5).

Figure 2, upper panel, standard training. A two-way repeated-measures 
ANOVA (Greenhouse-Geisser) revealed a significant effect of day (F(3,48) = 7.7, 
P = 0.001) and a significant day × group interaction (F(3,48) = 5.2, P = 0.008). 
Subsequently, the effect of day was examined for each group independently. One 
way-ANOVA with repeated-measures found a significant effect of day in each 
group (ASD, F(3,24) = 4.8, P = 0.02; control, F(3,24) = 9.9, P = 0.003). A subsequent 
pairwise t test comparison (two tailed, Bonferroni corrected) revealed that the 
ASD standard group improved significantly during training (from day 1 to day 4, 
t(9) = 3, P = 0.01) unlike the control standard group in which minimal improve-
ment was shown (t(8) = 2.2, P = 0.05). Of interest, whereas the ASD standard’ 
group showed significant specificity of learning (poorer thresholds day 5 relative 
to day 4, t(9) = 2.9, P = 0.016), this was not true of the control standard group 
(t(8) = −1.7, P = 0.12). The TC was compared using one-way ANOVA showing 
a significant effect of group (F(1,17) = 11.5, P = 0.003).

Figure 2, lower panel, dummy training. A two-way repeated-measures ANOVA 
(Greenhouse-Geisser corrected) revealed a significant effect of day (F(3,51) = 16.4, 
P < 0.001) and a non-significant day × group interaction (F(3,51) = 2.8, P = 0.09). 
Subsequently, the effect of day was examined, revealing significant learning (from 
day 1 to day 4, t(19) = 4.6, P < 0.01, Bonferroni corrected), and generalization 
(day 4 relative to day 5, t(19) = 2, P = 0.54). The TC was compared using one-
way ANOVA showing a non-significant group effect (F(1,18) = 4.4, P = 0.05). 
The distribution of the data was assumed to be normal, but this was not formally 
tested. Sphericity violations were corrected using Greenhouse-Geisser procedure. 
No randomization or blinding was employed during data analysis.

Figure 3, standard training. In order to compare the RT gains from day 4 to day 8  
across ASD and control groups, a two-sample t test (two-tailed) was performed, 
revealing a significant difference (t(17) = −2.9, P = 0.01).

Figure 3, dummy training. In order to compare the RT gains from day 4 to day 8 
across ASD and control groups, a two- sample t test (two-tailed) was performed, 
revealing a non-significant difference (t(17) = −0.2, P = 0.8).

No statistical methods were used to pre determine sample size but our sample 
sizes are similar to those generally employed in the field.

A Supplementary Methods Checklist is available.

15.	Lord, C. et al. J. Autism Dev. Disord. 30, 205–223 (2000).
16.	Lord, C. et al. J. Autism Dev. Disord. 24, 659–685 (1994).
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