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Perceptual learning, known to improve visual perception, demonstrates the plasticity of brain 
processes underlying vision. Early studies, using the backward-masked texture discrimination task 
(TDT), focused on the lack of generalizing learning to stimulus features, relating learning specificity 
to the selectivity of the brain networks involved in the visual task. Learning was found to be highly 
specific to the stimulus features, as expected from the processing selectivity found in early visual 
areas as well as to the task employed in training, pointing to top-down effects. More recent studies 
demonstrate the generalization of learning to untrained features under specifically designed training 
procedures. Here we suggest that transfer of learning takes place when the trained and untrained 
stimuli and task activate overlapping brain processes. We tested the effect of TDT learning, under 
conditions with and without visual adaptation, on the contrast detection (CD) of localized Gabor 
targets, either alone or backward masked (BM). At the TDT peripheral-target location, we found that 
the transfer of learning between TDT to CD and BM occurs under the TDT adaptation condition, but not 
under the no-adaptation condition, whereas at the TDT center-target location we found that transfer 
occurs for both conditions. Our results suggest that learning generalization across experimental 
conditions depends on overlapping neural processes within brain networks, here dominated by the 
inhibitory effects involved in adaptation and in spatiotemporal masking. Importantly, increased 
adaptation during training, due to increased stimulus consistency, enabled the transfer of learning to 
other tasks limited by sensory adaptation.
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Perceptual learning has been established as a method for improving visual perception and processing. Early 
studies1–3, using the backward-masked (BM) texture discrimination task (TDT), focused on the specificity of 
learning to the trained stimulus. It was shown that in standard TDT training, learning is specific to the trained 
target’s retinal location, suggesting that visual learning occurs at a lower level of the visual cortex4. Surprisingly, 
recent TDT studies indicate that under some conditions, learning is generalized, and that performance gains at 
one learning location are transferred to another location5–7. A major condition that affects the transfer is repetition 
of trials8. In TDT, repetition of the same visual task leads to decreased performance within a training session 
due to adaptation9. In Harris et al.10–12 the experiments include two training conditions: the standard condition: 
all trials of the experiment include the standard stimuli, and a dummy condition, where trials are conducted 
without the texture target, and only with the background texture (see Fig. 3) added to reduce adaptation to the 
target orientation. The “dummy” trials, without a peripheral target, but with texture elements diagonally oriented 
toward the target, prevent sensory adaption13, thus leading to better performance10. Additional research5,9,14,15 
has tried to determine the connection between perceptual learning and adaptation, as well as which condition 
can prevent this adaptation11. Studies2,3 have shown sleep to play a critical role in TDT learning16,17. Censor and 
Sagi14 demonstrated that sleep may help to recover from extensive exposure to the trained stimuli, possibly via 
synaptic normalization8,15,18.

Plasticity of spatial interactions, suggested to underlie texture learning, was studied using localized contrast 
stimuli19,20. In these experiments, contrast-detection thresholds were measured for a foveally viewed, oriented 
Gabor target, when flanked by oriented high-contrast Gabor patches. Polat & Sagi20 showed that target visibility 
depends on the target-flankers’ spatial separations; thresholds increased (suppression) at small separations 
and decreased (facilitation) when flankers were separated from the target by three Gabor wavelengths (3λ). 
These effects were found to depend on the temporal delay between the target and the flankers21,22; when the 
flankers appear after the target (BM) with short stimulus onset asynchrony (SOA), the facilitation is replaced by 
suppression23(masking), whereas longer SOAs show no effect. It is assumed that masking is caused by excitatory 
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and inhibitory interactions within neural networks responding to the visual stimuli. Thus, the masking effect is 
determined by the spatial and temporal parameters of these interactions24,25.

Later research has suggested that the predominant aspect of the backward masked TDT learning is location-
specific temporal learning26. Accordingly, TDT training may be considered as a task that improves temporal 
resolution and processing speed27 at the target location. Indeed, Censor et al.28 using TDT training combined 
with EEG recording, showed that the temporal resolution of the target and mask-evoked potentials is correlated 
with TDT thresholds. Texture target- and mask-evoked potentials with lower SOA stimuli were initially 
integrated, but differentiable after training.

In this study, we used TDT training to explore how learning can be generalized to other visual functions. 
Based on the literature reviewed above, we assume that inhibitory processes triggered by pattern adaptation 
and spatial-temporal context (masking) reduce learning efficiency. Thus, visual texture learning is limited by 
visual processes that are not specific to texture stimuli, possibly also involved in backward masking (BM). More 
specifically, we suggest that the improved temporal resolution reported in previous studies reduces temporal 
masking, including BM, by reducing inhibitory interactions within networks of early vision. We addressed this 
issue by testing the effect of the TDT training using different adaptation levels, on contrast detection (CD) 
and on backward masking (BM). In the experiments described next, there were two adaptation levels in TDT 
training, taking advantage of the earlier studies showing reduced adaptation in TDT with interleaved dummy 
trials10–12.

Methods
Participants
Thirty-two participants with normal or corrected-to-normal vision participated in the experiments. The age of 
the participants was between 18 and 30 years (23.6 ± 2.9, average ± STD).

All participants passed a full optometric eye exam and had fully corrected vision when required. The 
participants were divided into 5 experimental groups (see Table 1).

The study protocol was approved by the Internal Review Board (IRB) of Bar-Ilan University.
Informed consent was obtained from all participants.
All experimental protocols were performed following the guidelines provided by the committee approving 

the experiments.
The participants received financial compensation for their participation. Participants were recruited using 

electronic advertisements and direct recruitment.

Apparatus
The stimuli were presented at a viewing distance of 100 cm, via a windows-PC computer on a EIZO 24-inch 
FHD with a 100 Hz refresh rate, using custom software for the psychophysical experiments (PSY) developed by 
Yoram S. Bonneh (2004). The screen resolution was 1920 × 1080 pixels and subtended a visual angle of 29° × 17° 
(~ 65 pixels/degree); gamma correction was applied. The mean monitor screen display luminance was 40 cd/m2 
when using contrast detection and BM (Gabor patches). The black screen in the TDT training was 0.3 cd/m2. All 
experiments were conducted in a dark environment: the only ambient light came from the monitor. Participants 
responded using the keyboard spacebar or the computer mouse.

Stimuli and task
All experiments and training were performed under binocular conditions.

Two of the five groups completed pre- and post-tests with training in between (dummy or standard training). 
The control group, however, completed the pre- and post-tests without any training:

Pre/post-testing 1: Backward masking

The test consists of 2 parts: The first one required measuring the contrast detection of a Gabor target at the screen 
center (the fixation point). The stimulus was a vertically oriented Gabor patch (GPs, Fig. 1a), 4.6 cpd, 40ms 
duration. The Gabor contrast threshold was measured using an adaptive method (staircase). The target contrast 
increased by 0.1 log unit after one error and decreased by 0.1 log unit following three consecutive correct 
responses (3-down 1-up using the adaptive staircase procedure). In the second part, the target presentation was 
followed by two high-contrast (60%) collinear flankers (backward masking, BM, Fig. 1b) with 4λ target-flanker 
separation and 40ms duration. The SOA, defined as the time between the onsets of the target and flankers, was 
80, 120,160,180, or 240 milliseconds (ms). There were 50 trials for each SOA, totaling 300 trials, including the 
no-mask baseline test.

Group number Number of participants Training type Pre/Post Tasks

1 5 Dummy No

2 5 Dummy BM & CD

3 7 Standard No

4 6 Standard BM & CD

5 9 No training (control) BM (9 participants)
CD (6 participants)

Table 1. Study groups.
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The two-temporal alternative forced-choice (2tAFC) method was employed, with the two intervals, 240ms 
each, separated by 800ms. The participant’s task was to report the interval at which the target appeared. An 
auditory signal indicated an incorrect response.

Pre/Post-testing 2: contrast detection at the center and periphery

The target consisted of a Gabor patch oriented at 45°, the same as the target in the TDT training. At 7λ, above 
and below the target, two horizontal high-contrast (90%) flankers were presented (Fig. 2) to reduce the spatial 
and temporal uncertainty of the target. The target appeared at one of three locations (randomized across trials); 
at the center of the screen (fixation point) or in the upper left quadrant at 4° from the fixation (the NW direction, 
the location of the texture target in TDT), or 4° away, in the lower right quadrant (the SE direction). The chosen 
location, upper left and lower right, are symmetric and have equal sensitivity29. The participants were asked to 
keep fixating at the center during each trial. The contrast amplitude of the target was 6, 8, or 12% at the center 
and 16, 24, or 32% at the periphery. The target’s contrast (3 levels) and spatial location (2 levels) were randomized 
across trials. The stimuli were presented for 90ms, 20 trials/condition, totaling 120 trials. A Yes/No paradigm 
was used to test different randomly presented locations without prior cues. The hit and false alarm rates were 
used to calculate the sensitivity (d’) for each condition.

In both experiments, the parameters and the experimental conditions were chosen after dedicated pilot trials, 
with parametrization aided by previous studies.

TDT
TDT training
Stimuli The TDT stimulus (Fig. 3a) was based on and was nearly identical to the original one used by Karni 
and Sagi (1991). In both standard (adaptation) and dummy (reduced- adaptation) conditions, there was a 3 × 1 
diagonal bar target array embedded in the background (a 19 × 19 array of horizontal short lines, 0.5°×0.035°, 
spaced 0.72° apart, and with 0.05° jitter), which appeared at 4° from fixation, in the upper left quadrant (NW). 
The central target was the letter “L” or “T”. The stimulus duration was 40ms. A mask of 100ms, composed of 
randomly oriented ˅ patterns, appeared after a blank interval. Performance was measured as a function of the 
SOA interval (Stimulus Onset Asynchrony: 40, 60, 80, 100, 120, 140, 160, 180, 200, 220, 260, 300, 400, 500, 600, 
700, and 800ms). The SOA was randomized across trials. In the dummy condition, 50% of the trials consisted 
of background texture only, without the target (i.e., ‘dummy’ trials; see Fig. 3b). Dummy trials were randomly 
interleaved with the regular trials. There were 18 target trials per SOA, with 18 dummy trials per SOA added 
in the dummy condition. Overall, there were 306 trials in the standard condition, and 612 trials in the dummy 
condition.

Tasks The participants performed two tasks (“double tasks”) on the same stimulus. The first task: In the center 
there is an “L” or “T” target; the aim of the central target is to keep the participant fixated on the center of the 
screen during the task. The participant’s task was to report the letter seen. The second task: The participant re-
ported whether the three diagonal bars were arranged horizontally or vertically.

Figure 1. Pre/post-testing 1- backward masking (BM): (a) The first part of the experiment. A Gabor patch 
appears at the center. The procedure involves the two-alternative contrast detection forced-choice method. The 
participant determines in which interval the Gabor appears. (b) The second part of the experiment. Backward 
masking: the target appears before two collinear flankers with a different SOA (80, 120, 160, 200, and 240 ms). 
The participant’s task is to determine in which interval the target appears.

 

Scientific Reports |        (2024) 14:24546 3| https://doi.org/10.1038/s41598-024-75710-9

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Responses were provided by two key pressings: the first one was for the “L” or “T” task (left click “L”, right click 
“T”); the second response was for the peripheral target (left click “horizontal”, right click “vertical”). Auditory 
feedback indicated an incorrect response for the fixation (T/L) task only (no feedback was provided for the 
peripheral horizontal/vertical texture task).

Before training, the participants conducted a practice session. The aim of this part was to familiarize 
participants with the experimental paradigm. The practice phase was like the actual training, but it gradually 

Figure 2. Pre/post-testing 2-contrast detection at the center vs. the periphery: A yes–no paradigm. The 
stimuli consist of a slant (45 degrees) Gabor patch target, whereas above and below the Gabor there are 2 
constant orthogonal high-contrast (90%) flankers. The target and the orthogonal flankers are separated by 7λ. 
The stimuli appear randomly at 3 locations (mixed-by-trial): center, 4 degrees upper left or 4 degrees lower 
right, while the participant continuously looks at the center. The contrast amplitude of the target is changed 
randomly to 6, 8, and 12% at the center and 16, 24, and 32% at the periphery. (a) An example of central target 
appearances. (b) An example of central target disappearances.

 

Figure 3. TDT: (a) Schematic illustration of the standard trials. The task is to discriminate between horizontal 
or vertical orientations of a peripheral target consisting of three diagonal lines surrounded by horizontal lines. 
After the target appears, a mask appears after a blank screen, known as the stimulus onset asynchrony (SOA), 
defined as the time from the appearance of the target until the mask appears. During the training, the SOA 
changes to form a psychometric curve used to estimate the threshold. (b) Schematic illustration of dummy 
trials. There is no texture target, and only the background stimuli appear. The dummy trials appear randomly 
between the test trials.
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increased in difficulty. There are three stages: first, the participant performed the double tasks of the T/L task and 
the V/H task without masks. The number of trials was adjusted for each participant until it reached 100% correct 
in both tasks (not exceeding ~ 30 trials). In the next stage, there were 10 additional trials in which the mask 
stimulus was presented with a high SOA (800 ms). For dummy trials, participants performed as in the standard 
trials: a T/L response and a V/H response, guessing the second response in the absence of a detected texture 
target. The third stage was very similar to stage two, but with faster SOA trials added (40–800 ms, as in the full 
training). In both last stages, the participant had to reach 95% correct on both tasks, before starting the training.

The participants performed the training consisting of four sessions separated by 2–10 days.

Data and statistical analysis
One-way, Two-way, and Three-way mixed ANOVA were performed to test the effect of 1, 2, or 3 nominal 
variables (such as group, pre/post-test, or session) on continuous outcomes. Specifically, linear mixed-effect 
models were performed, and ANOVA was performed on the resulting models. Post hoc analysis was performed 
as pairwise comparisons defined by linear contrasts. P-values were adjusted for multiple testing using the 
Benjamini Hochberg False Discovery rate (FDR) procedure. The normality of residuals and the homogeneity of 
variance assumptions were assessed graphically using diagnostic plots. P values less than 0.05 were considered 
statistically significant. The normality of residuals and the homogeneity of the variance assumptions were 
assessed graphically using diagnostic plots.

Results
TDT training
First, we compared learning curves obtained under the standard (adaptation) condition and under the dummy 
(reduced-adaptation) condition; the results are presented in Fig. 4. The group average daily thresholds show the 
typical improvements between days, along with some typical scattering of the participants’ data, in agreement 
with previous studies. The results demonstrate the effectiveness of the reduced-adaptation condition, showing 
reduced thresholds when dummy trials are added (Fig. 4, blue curves vs. orange curves), though with similar 
learning rates (as in Harris and Sagi, 2015).

The learning curves under the dummy condition are significantly lower than under the standard condition, 
suggesting that less adaptation took place. A three-way ANOVA was performed to test the training, pre/post-
test, and sessions. There was no significant three-way interaction (F (3,57) = 0.17, p = 0.91). However, there 
was a significant effect of the training type that revealed a significant difference between the ‘dummy’ and the 
‘standard’ groups during all 4 days of training (F (1,19) = 15.57, p = 0.0009), without any significant interactions 
between the conditions or pre-tests. In addition, we observed a significant improvement between the sessions (F 
(3,57) = 21.55, p < 0.0005).

Next, we determined whether the learning curves are affected by the pre-tests (BM and CD). A three-way 
ANOVA analysis was performed to test the effect of groups. The results indicated that under both conditions, 
dummy and standard, there was no significant difference between groups that either performed and did not 
perform the pre-testing of BM and CD (mean ± SE, day 1, day 2, day 3, day 4; standard: without pre-tasks: 
120.42 ± 12.22; 111 ± 11.73; 90.14 ± 9.6; 96.42 ± 6.91; with pre-tasks: 120.83 ± 10.13; 101.66 ± 10.32; 84.5 ± 6.67; 
82 ± 5.42; dummy: without pre-tasks: 83 ± 17.84; 65.6 ± 11.51; 56.6 ± 8.15; 59 ± 12.88; with pre-tasks: 88.2 ± 5.15; 
68.2; 63.8 ± 9.14; 59.2 ± 5.28; the interaction between the pre-test and sessions, (F(3,57) = 0.51, p = 0.67)).

Figure 4. Comparison of the average daily threshold between standard and dummy training with and 
without pre-tests. The blue and orange dashed line represents the group learning curves for dummy (n = 5) 
and standard (n = 6) training with pre-tests training, respectively. The blue and orange continuous lines 
represent the group learning curves for dummy (n = 5) and standard (n = 7) training without pre-tests training, 
respectively. Error bars represent the standard error.
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Backward masking
A two-way ANOVA was performed to determine whether training affects the performance of the BM and 
CD tests. The pre-test BM thresholds of all training groups (dummy, standard, and control) were similar; the 
differences did not reach statistical significance (the interaction between training type and SOA, F (8,68) = 0.44; 
p = 0.88). In addition, each group showed a significant reduction of detection thresholds with increasing SOA 
(SOA main effect F (4,68) = 29.27; p < 0.0005).

Next, a three-way ANOVA was performed to test the effect of TDT training on the BM thresholds (pre- vs. 
post-test) under the two training conditions: dummy and standard. We compared the results to the results of the 
control group that participated in the pre- and post-test sessions without any training in between. The results are 
presented in Fig. 5, showing a large and significant improvement in thresholds for the standard training group 
(Fig. 5a), but only small effects and non-significant for the dummy training (Fig. 5b) and the control groups 
(Fig. 5c) (F (2,153) = 3.89, p = 0.02).

In addition, a three-way ANOVA was performed to compare the no-mask contrast detection thresholds 
between the groups pre- and post-test. There was no significant interaction (F (10,143) = 0.6, p = 0.81). The 
contrast detection threshold after standard training decreased by 16% (mean ± S.E.; n = 6: pre-test 0.78 ± 0.04 
ms; post-test 0.65 ± 0.01 ms, post hoc analysis, p = 0.21). After dummy training there was a smaller improvement, 
9% (mean ± S.E.; n = 5: pre-test 0.77 ± 0.01 ms; post-test 0.70 ± 0.06 ms, post hoc analysis, p = 0.66), whereas the 
control group thresholds showed a small (4%) reduction in threshold (mean ± S.E; n = 9: pre-test 0.75 ± 0.05 
ms; post-test 0.78 ± 0.04 ms, post hoc analysis, p = 0.37). None of the groups showed a significant improvement.

These results suggest improved temporal resolution, implying a faster processing speed, after TDT training 
in the standard group, manifested by the larger reduction of the masking effect at the short SOAs (the 80-120ms 
slope).

Next, we tested the effect of the location specificity of the TDT training on CD.

Contrast detection at three locations
In TDT training the observers are presented with stimuli consisting of a large background texture, a small, 
localized texture target, and a foveal fixation target (see Fig. 3); thus, there are three stimulus regions and two 
tasks. To determine the main factors in TDT training affecting the transfer to CD, we measured the contrast 
sensitivity at 3 locations: the stimulus center (at the fovea), in the upper left (UL) quadrant (the texture-target 
location as in the TDT training), and in the lower right (LR) stimulus quadrant (no target in the TDT training 
but with the same eccentricity). We tested contrast sensitivity pre- and post-standard and dummy TDT training. 
In addition, we added a control group to test the sensitivity changes without TDT training. The sensitivity at 
3 contrast levels was quantified using d’= z(hit) - z(fa). We used d’=1 to calculate the contrast threshold level. 
d’=1 is commonly used to define the threshold level24,30. Psychometric functions tend to be linear at around 
d’=131. Figure 6 presents the group averages of the contrast detection thresholds, defined as the contrast level 
at which d’=1; they were determined through linear interpolation between the two contrast levels above and 
below the threshold. In the control group that performed the tasks without training, there was no significant 
difference in any of the locations when comparing the two times that the experiment was conducted (paired 
t-test: center, p = 0.9; UL, p = 0.27; LR, p = 0.77). In the dummy group, there was a significant improvement 
after TDT training, but only at the center location (paired t-test: center, p = 0.03; UL, p = 0.3; LR, p = 0.79). In 
the standard group there was a significant improvement post-TDT training at the UL location, the location 
where the targets were presented during training, but no improvement at the center and LR locations (paired 

Figure 5. Effects of TDT training on BM, 3 groups: (a) standard (n = 6), (b) dummy (n = 5), and (c) control 
(n = 9). The mean group results are shown pre-test (dashed curves) and post-test (continuous curves) training. 
The horizontal lines represent the contrast detection threshold in the absence of masks. Error bars represent 
the standard error. A large improvement occurred after standard TDT training, whereas other groups showed 
only moderate improvements.
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Figure 6. Comparison of the contrast detection thresholds at three different locations: center, Upper Left (UL), 
at the texture target location, and Lower Right (LR) in three different TDT training groups: (a) Control, no 
TDT, group (n = 6), (b) Dummy TDT (reduced-adaptation) group (n = 5), and (c) Standard TDT (adaptation) 
group (n = 6). Shown are detection thresholds (% contrast) pre-test (blue bars) and post-test (orange bars) 
training without TDT training (a), and with TDT (b, c). One asterisk denotes the significance (p < 0.05) of the 
average improvement in the pre- and post-test after dummy training at the center location, and after standard 
training at the UL location. Error bars represent the standard error.

 

Scientific Reports |        (2024) 14:24546 7| https://doi.org/10.1038/s41598-024-75710-9

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


t-test: center, p = 0.09; UL, p = 0.036; LR, p = 0.3). Interestingly, both the standard and the dummy methods show 
similar threshold reductions in the central task (48% and 40%, respectively, compared with − 3% in the control 
condition); however, only the improvement in the dummy condition was statistically significant. This difference 
can possibly be explained by the difference in the number of tested T/L trials (central task); it is doubled in the 
dummy condition (both conditions had the same number of trials with the texture target, see the Methods).

Discussion
The aim of our study was to explore the effects of experimental conditions on perceptual learning by TDT 
training. We wanted to test the generalization of learning to other visual functions such as backward masking, 
and contrast detection. As observed in previous studies24,30,32, training in BM enhances the ability to visually 
perceive the stimulus under BM when using the same stimuli and task. Here, we tested the transfer between 
different types of BM paradigms by employing different stimuli and tasks.

Our results suggest that learning transfers between experimental conditions and tasks, depending on the 
experimental conditions, which, in our study, are mainly affected by the adaptation level. Increased adaptation, 
due to stimulus consistency, affects the transfer of learning to BM; this is possibly due to the inhibitory processes 
that are reduced by training. Based on earlier studies putting forward the idea that adaptation is implemented 
by long-term inhibition33, we suggest that by decreasing inhibition, we diminish adaptation, thus leading to 
improved performance. In our experiments, the adaptation level varied between the “standard” and “dummy” 
training methods, with adaptation reduced in the latter by inserting targetless stimuli. Consequently, the results 
show the transfer of TDT learning in the standard condition, but not in the dummy condition, to tasks that are 
limited by inhibitory processes, such as BM.

A critical determining factor in learning specificity is stimulus consistency. Harris et al. (2012)5, by showing 
constraints on stimulus variability and allowing for the generalization of learning, suggested a link between 
learning specificity and visual adaptation. Taken together with the above-mentioned suggestion linking 
adaptation and inhibition, we suggest that the standard TDT performance is limited by inhibition before training 
but less so after training; thus, there is generalization to BM.

Importantly, we found that training with the backward masked TDT paradigm can improve performance 
on the classical backward masked contrast-detection task (BM). However, this transfer of learning occurs only 
with the ‘standard’ TDT paradigm, thought to be limited by temporal inhibition, such as in sensory adaptation. 
We suggest that the training-induced BM improvement results from reduced temporal inhibition. Thus, any 
visual function that is limited by temporal inhibition can potentially benefit from such training. Reduced 
temporal inhibition improves the rate at which visual information accumulates. Figure 7 summarizes the average 
threshold’s improvement (the post-test minus the pre-test) of all SOAs under BM, for each group session (one-
way anova, F (2,12) = 6.99; p = 0.01). The main boost in processing the target’s thresholds occurs after standard 
training with the higher levels of adaptation: 43% improvement, compared with the dummy (reduced-adaptation 
group), with only 10% improvement (post hoc analysis, p = 0.01), or compared with the control group with 15% 
improvement (post hoc analysis, p = 0.03). Similarly, we investigated the variation in thresholds for non-BM 
conditions. Conversely, when comparing groups, there was a significant effect (one way ANOVA, F (2,17) = 4.3; 
p = 0.03). However, in post-hoc tests, no significant difference was found, which means that the effect was not 
strong enough. Thus, this selective effect cannot be explained by a general improvement in sensitivity (reduced 
thresholds) but instead by a reduced masking effect (BM).

Figure 7. Improvement in the BM contrast detection thresholds (log units) in BM experiments after TDT 
training. Each bar represents the mean group threshold improvement (in log units) averaged across the tested 
BM SOAs. One asterisk indicates the significance (P < 0.05) of the average improvement pre- and post-test 
standard training, compared with the dummy and control groups. Error bars represent the standard error.
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To summarize, learning generalization across experimental conditions largely depends on overlapping 
neural processes within brain networks. Here we suggest a reduction in slow inhibitory activity within the 
network that processes the trained stimuli to account for the results. By decreasing inhibition, we diminish 
adaptation, leading to improved performance. The modified inhibitory interactions may be specific to the mask 
stimulus34,35, although here the TDT mask practically covers all orientations. Enhanced contrast perception 
without masking can possibly be explained by the reduced inhibitory effects, combined with a more general, 
paradigm-independent training effect. Currently, the precise mechanisms underlying this training effect are 
unknown; however, we expect to find them at lower stages of visual processing, allowing transfer to other visual 
functions.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on 
reasonable request.
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