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Starting from the early 2010s, several studies have shown that a short
period of monocular deprivation in adult volunteers transiently shifts
ocular dominance in favour of the deprived eye. We compiled a meta-
analysis of 73 such studies and found that the shift of ocular dominance
was reliably observed, although with variable effect sizes mainly
associated with the duration of deprivation and the technique used for
measuring ocular dominance. By contrast, the effect was remarkably
stable across experimental designs (translucent versus light-tight patching
of the dominant versus non-dominant eye). A qualitatively similar
effect was also elicited without deprivation, by distorting the monocular
image or making it task irrelevant. These results offer insights into the
mechanisms underlying the ocular dominance shift, which we discuss in
the light of current models and a new perspective inspired by predictive
coding. This line of research allows for a new understanding of the
plasticity of early visual processing, which perdures well after the end
of developmental critical periods and may be used to promote recovery of
visual functions.

1. Introduction

Wearing an eye patch over one eye for a brief period of time (minutes or
hours) transiently shifts ocular dominance in favour of the patched eye. This
surprising phenomenon was first highlighted by Lunghi et al. in 2011 [1],
followed by Zhou et al. in 2013 [2], and then by a large set of studies, a subset
of which [1-73] we meta-analysed.

The effect of short-term monocular deprivation is very different from that
of long-term monocular deprivation (days or months), classically studied
during developmental ‘critical periods’ [74-76]. While the short-term effect
consists of a transient boost of the deprived eye, the long-term effect is
a persistent suppression of the deprived eye, also known as amblyopia.
This long-term plasticity is generally limited to early development [77] and
involves both Hebbian and homeostatic mechanisms [77-80]; by contrast, the
short-term effect is observed throughout our lifespan [41,62] and is often
interpreted as a form of homeostatic plasticity.

To our knowledge, the earliest investigations of short-term monocular
deprivation were carried out by Zubek & Bross in the 1970s [81-83], who
studied adult human volunteers and showed a biphasic modulation of
temporal resolution in the non-deprived eye, briefly impaired in the first
few hours and then enhanced for several days. A biphasic effect was also
observed by Xu et al. [84,85], who tested the effect of repeatedly removing
stimulation from one eye or shifting attention away from it. Immediately after
each 1 h session, there was a transient shift of ocular dominance in favour
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of the deprived or unattended eye, but after repeating the protocol on 10 consecutive days, there was a persistent shift in the n
opposite direction.

The publication by Lunghi et al. [1] brought the focus on the transient shift of ocular dominance in favour of the deprived
eye, which was then observed with a variety of measuring techniques and multiple variants of the experimental design. This
large body of work has never been systematically and comprehensively described; our first aim was to conduct a census of
the approaches used to study this phenomenon. Following the PICO algorithm [86], we selected studies in healthy human
participants (Population), which represent the largest majority (readers interested in a clinical perspective on this literature
are referred to three recent reviews [87-89]). We focused on studies that applied short-term monocular manipulations (Interven-
tion), using different experimental designs and diverse measurement techniques (Comparator) to measure an ocular dominance
shift (Outcome). By combining results across studies, we compared the ability of different measurement techniques to reveal the
short-term monocular deprivation effect and identified the main factors modulating its size and dynamics. We also assessed the
effect of other short-term monocular manipulations, such as monocular image distortions and attentional manipulations. Based
on these analyses, we discuss competing hypotheses on the mechanisms that may underlie this short-term plasticity.

2. Methods

(a) Search protocol and exclusion criteria

We followed the PRISMA statement [90] and checklist guidelines. A systematic search was conducted across two databases
(Web of Science and PubMed) on 11 April 2025, using Boolean search terms: ‘monocular deprivation” or ‘monocular patching’
or ‘ocular dominance plasticity’, excluding publications before 2011, all reviews/editorials and all publications in languages
other than English. This resulted in 1222 publications in Web of Science and 685 publications in PubMed; to these, we added
one entry [10] that was cited in relevant reviews. This resulted in a total of 1284 non-duplicated items. We screened their
titles and abstracts to exclude: (i) studies in animal models; (ii) studies in human patients (any clinical condition); and (iii)
abstract-only publications. The electronic supplementary material (figure S1) shows the flow chart adopted to select the final set
of 73 publications, which we included in our review.

For our quantitative meta-analysis, we extracted individual datasets from all the experiments reported in each publication,
which totalled 292. The age range of the tested participants was 10-81 years.

We analysed a subset of these (n = 153), after excluding the following: (i) datasets from which we could not extract a
measure of ocular dominance shift (e.g. resting-state brain activity) or convert it into an effect-size estimate (e.g. no individual
participants” data were available; see also the electronic supplementary material, table S1); (ii) experiments that manipulated
vision in both eyes (e.g. by alternating deprivation across eyes [50] or by exposing the non-deprived eye to impoverished visual
information [38]) or in neither eye (e.g. control experiments with no manipulation); (iii) experiments where the monocular
manipulation was combined with other manipulations (e.g. pharmacological manipulations, brain stimulation and physical
activity); (iv) datasets that included less than four participants or (v) were re-plotted from a previous publication; and (vi)
datasets collected in patients (e.g. with amblyopia). We provide a Data File (https://zenodo.org/records/17414109) listing all
datasets with their main characteristics and motivating exclusions according to the above six categories.
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(b) Effect-size computation

We quantified the impact of each manipulation by taking the shift of ocular dominance after the monocular manipulation. The
electronic supplementary material (table S1) summarizes the transformations used to obtain this index from the data available
in the source publications. These transformations ensured that, across all datasets, positive values indicate a shift of ocular
dominance in favour of the deprived (or manipulated) eye, and 0 represents no effect. Even after these transformations, effects
were expressed in disparate units of measurement (e.g. percentages, degrees of visual angle); we therefore expressed them all in
units of s.d. (like in Cohen’s d [91]) and obtained an effect-size index that could be compared across all publications.

In several publications, the effect of monocular manipulations was evaluated at multiple time points. For the main analysis,
we used the first measurement, which often was the peak effect; note that studies differ markedly in the duration of the time
window over which this first measurement was averaged, from less than 3 min [2] to more than 12 min [55]. In an additional
analysis, we examined the decay rate of the effect, pooling across experiments that used black-and-white stimuli (given the
reportedly different dynamics of the effect measured with coloured stimuli [5]). This analysis was designed to be orthogonal
with respect to the main one, abstracting from differences in the peak effect size and comparing how long it took for the effect
to decay. This required applying a different transformation to the source data (detailed in the electronic supplementary material,
table S2), to ensure that the effect was represented on a linear scale. We reported these data in a series of plots (see examples
in the electronic supplementary material, figure S3), with the effect decaying exponentially as a function of the delay from the
end of the manipulation. We fitted each curve with an exponential function in the form y = a*+b and used it to estimate the
proportion of residual effect 30 min after the end of the manipulation.
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(c) Software and statistical approach

All graphical representations and statistics were performed in MatLap [92] and R [93]. In R, we used the metafor package
[94] specifically designed for meta-analysis. A random-effects model was fitted using restricted maximum likelihood to obtain
a pooled estimate of the effect size across the k included datasets. Significance was assessed with a z-test. Heterogeneity
across datasets was quantified with Cochran’s Q test and the I? statistic. To investigate the factors potentially contributing
to this heterogeneity, we ran a mixed-effects model with six regressors: (i) the technique used to measure ocular dominance
(monocular, binocular competition, binocular cooperation); (ii) the type of deprivation (opaque versus translucent patching);
(iii) whether the dominant or non-dominant eye was deprived; (iv) the duration of deprivation; (v) the sample size; and (vi) the
publication year. The statistical contribution of each factor was evaluated with omnibus tests of moderators (QM). To evaluate
differences between techniques, we used a permutation test after fitting the mixed-effect model with the Knapp-Hartung
adjustment ("knha’). For the generation of forest and funnel plots, effect sizes were paired with standard errors computed as
ﬁsaniple #mple, where d is the effect size. The impact of publication bias was evaluated with the Egger’s regression test for
asymmetry. This was complemented with a ‘trim and fill" procedure, which estimates the number of hypothetically missing
studies owing to selective reporting of positive findings, recalculating the pooled effect size and its significance after inclusion
of the hypothetically missing null findings. Additional sensitivity analyses (leave-one-out and influence diagnostic) and quality
assessments are described in the electronic supplementary material.

3. Results

(a) Short-term monocular deprivation

Out of the 153 datasets we analysed, 114 measured the effects of short-term monocular deprivation, achieved by applying
a monocular patch, either translucent or opaque, or by nulling the contrast in one eye under dichoptic viewing conditions
[12,21,34]. Pooling across these datasets, the grand average of the ocular dominance shift was large: 1.4 units of s.d. A chrono-
logically ordered representation of these datasets is presented in a forest plot in the electronic supplementary material, figure
52. Only 16 datasets showed a non-significant ocular dominance shift [21,24,25,28,38,40,43,56,62]. These null findings were
obtained with similar techniques and deprivation approaches as used in studies with positive results, suggesting that they may
be related to experimental noise. To assess overall significance, we entered the data in a random-effects model, which returned
a highly significant effect (k = 114, z = 20.3, p < 0.0001) with a high level of heterogeneity (I* = 67.24%, Q113 = 321, p < 0.0001).
We investigated the sources of such heterogeneity by testing the impact of several key modulators with a mixed-effects model,
which we describe next.

We first considered the impact of the technique used to measure ocular dominance (y-axis of figure 1). We grouped
techniques into three categories (analytically presented in the electronic supplementary material, results): stimulating each
eye separately (monocular), stimulating the two eyes with incongruent images that do not fuse (binocular competition) or
fuse into a unitary percept (binocular cooperation). Thus described, this factor significantly influenced effect-size estimates
(accounting for 5.4% of heterogeneity, statistically significant: QM = 6.2, p = 0.0435). Direct comparison across the three
categories indicated a tendency for larger effects with binocular cooperation techniques versus both binocular competition
(permutation test following the mixed-effects model: F5 111 = 176.8, p = 0.035) and monocular techniques (Fp111 = 97.7, p =
0.0521), with no difference between the latter two (Fp,111 = 104.2, p = 0.9647). These results indicate that the effect of short-term
monocular deprivation was robust and easily measured with both binocular and monocular techniques, with a mild preference
for binocular cooperation.

The second factor we considered was the duration of short-term monocular deprivation, which varied widely (from 15
to 600 min); as expected, this had a significant influence on effect-size estimates (accounting for 10.2% of heterogeneity,
statistically significant: QMj = 4.9, p = 0.0269). This is shown in figure 2A, where the same results presented in figure 1 are
aggregated according to deprivation duration, showing a positive relationship between deprivation duration and effect size.
This observation, obtained by pooling across studies, is in line with the conclusions of the few studies (1 = 8) that tested more
than one deprivation duration [5,24,29,43,45,52,56,63]; five of these provided evidence for a larger effect at longer durations
[5,29,52,63], according to a saturation function ceiling around 5 h [43]. The other four studies gave more uncertain results: in
two cases, effect sizes were similar across tested durations [24,45]; in another, there was a positive correlation between duration
and effect size, but only when ocular dominance was measured with binocular rivalry, not with a letter polarity test [56].
Thus, evidence from both within- and across-study analyses consistently indicated that longer monocular deprivations induce
stronger ocular dominance changes.

A related question is whether longer deprivations promote longer-lasting effects. To our knowledge, no study addressed this
question, which we tackled by considering the subset of datasets for which the decay rate of the deprivation effect could be
estimated (1 = 47). These studies reported the ocular dominance shift at multiple time points after the end of the deprivation;
these were transformed to express each datapoint as a percentage of the effect registered at the first time point (immediately
at the end of the deprivation), and the distribution was fitted with an exponential function to estimate the residual effect at 30
min delay (see the electronic supplementary material, table S2 and related text for more details on the transformations and the
fit functions). As shown in figure 2B and the electronic supplementary material, figure S3, longer deprivation durations were
systematically associated with longer-lasting effects, indicating that deprivation duration influenced both the magnitude of the
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Figure 1. Effects of short-term monocular deprivation on ocular dominance (x-axis) measured with different techniques (y-axis). Each point represents one dataset,
except for larger filled symbols reporting the average effect for each technique. We grouped techniques into three categories (red, cooperation techniques; green,
competition techniques; blue, monocular techniques). Crossed-out symbols indicate non-significant effects; see also a forest plot representation of the same datasets
in the electronic supplementary material, figure S2. EEG = Electroencephalography; VEP = Visual Evoked Potentials; fMRI = functional Magnetic Resonance Imaging.

effect and its persistence. Two studies asked whether the short-term monocular deprivation effect could be ‘kept in storage’ by
interrupting all visual stimulation at the end of deprivation; they found that dark exposure can prolong the effect for about
1 h [61] (not 2 h [51]). However, a much longer retention interval was possible if participants went to sleep at the end of the
deprivation [51]. These results suggest that the decay of the deprivation effect is governed by multiple factors. Since the decay is
not constant (it is delayed with longer deprivations and by going to sleep [51]), restoration of the normal visual input at the end
of deprivation cannot be the only governing factor; however, this remains an important factor, given that total darkness slows
down the recovery of normal ocular dominance [61].

Another related point is whether the effects can be integrated across separate short-term monocular deprivation sessions.
Considering the typical decay rate for a 2 h long deprivation, one would estimate that only a small percentage of the effect
would be left after 2 h or more. Assuming linear behaviour, this predicts that monocular deprivations separated by a few
minutes should integrate their effects, as shown in the three studies that briefly interrupted deprivations to track their effect
over time and reported a gradual increase in the effect size [34,43,45]. It also correctly predicts that no residual effect would
be measurable 24 h after the end of a short-term monocular deprivation [12] and that the effects of short-term monocular
deprivations performed 24 h apart should be indistinguishable [28,73]. Note, however, that studies in amblyopic patients
showed multiple daily sessions of amblyopic-eye deprivation promoted a gradual recovery of their vision [95-97]. This suggests
that monocular deprivation may have physiological consequences that go beyond the transient shifts of ocular dominance and
could outlast them (as previously suggested [4]), with important clinical implications.

Finally, we considered two factors previously assumed to modulate effect size: patch type and dominance of the deprived
eye (electronic supplementary material, figure S4). Most of the studies used a translucent patch (or equivalent dichoptic viewing
procedure) to attenuate monocular contrast (n = 88), while some used a light-tight patch (1 = 25) blocking all visual information.
This factor did not significantly impact effect size (accounting for 0% of heterogeneity, non-significant: QM; = 0.1, p = 0.7531),
in line with qualitative comparisons [2,45]. This implies that preventing pattern vision in one eye is sufficient to shift ocular
dominance, while eliminating all visual input (luminance) is not relevant. A long-standing assumption is that depriving the
dominant eye is more effective than depriving the non-dominant one, as originally reported by Lunghi et al. [1] for their eight
participants. Probably as a consequence, we only found n = 17 experiments depriving the non-dominant eye, while n = 85
deprived the dominant eye (the remaining 7 = 12 did not impose or report a systematic association between the deprived and
the dominant eye). However, this factor did not significantly affect the size of the short-term deprivation effect (accounting for
2.2% of heterogeneity, non-significant: QM; = 1.3, p = 0.2558). We acknowledge that this across-study approach has multiple
limitations, including the heterogeneity of criteria used to identify the dominant eye (for example, some used pre-deprivation
binocular rivalry or phase-combination results, others used separate tests like the Porta test). Further within-subject studies are
therefore warranted.

In a mixed-effects model considering all four factors above (technique, deprivation duration, patch type and dominance
of the deprived eye), they collectively accounted for about 20% of the heterogeneity in the sample, with significant residual
heterogeneity (Qg7 = 244.9, p < 0.0001). This indicates that the effect of short-term monocular deprivation, although consistently
observed in a vast range of experiments, varied significantly across datasets depending on multiple factors, some of which
remain to be elucidated.

The electronic supplementary material (figure S5 and results), presents additional considerations on the impact of publica-
tion bias, a sensitivity analysis and an overall quality assessment. Briefly, we found that the effect size did not systematically
change with publication year (which accounted for 0% of heterogeneity, non-significant: QM7 = 1.7, p = 0.1953). However, it did
co-vary with sample size (accounting for 7.1% of heterogeneity, significant: QMj = 9.0, p = 0.0027), leading to an asymmetrical
funnel plot (z = 11.9, p < 0.0001). We used the “trim and fill' method to estimate that 36 datasets with small or negative effects
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Figure 2. The dose—response curve of the short-term monocular deprivation effect and its persistence. (A) Relationship between deprivation duration and effect size.
(B) Residual effect 30 min after deprivation, reported against deprivation duration. For both panels, marker size reflects the number of studies contributing to each
time point. The blue line shows the best-fit exponential function whose equation is reported in the figure.

would be required to reach symmetry (z = 0.6, p = 0.5506). Crucially, the inclusion of these hypothetically missing datasets did
not impact the significance of the effect (random-effects model with k = 150, estimate = 1.1, z = 13.2, p < 0.0001). This indicates
that the effect remains robust even after accounting for the impact of publication bias.

(b) Factors interacting with short-term monocular deprivation

Figures 1 and 2 selectively considered experiments performed under very homogeneous conditions, which we clarify here by
opposition with other studies that purposefully altered such conditions to test the impact of within-subject factors. While most
studies ensured that visual input to the non-deprived eye had similar statistics as in normal viewing, one study dramatically
reduced visual information in the non-deprived eye by letting participants watch a blank curtain for the entire deprivation
duration [45]. In these conditions, the non-deprived eye received little more information than the deprived eye, and the
deprivation produced no reliable ocular dominance shift. Coherently, the deprivation effect was reduced when ocular domi-
nance was measured with stimuli that were unattended during the deprivation [71].

While most studies achieved monocular deprivation by covering one eye with a patch behind which the eye remained open,
one study assessed the impact of keeping the deprived eye shut [57] and reported a reduction of the deprivation effect. Shutting
the deprived eye achieves a stronger deprivation, yet it produces a smaller effect.

Several studies manipulated the activity performed during deprivation, with mixed results. Engaging in moderate physi-
cal activity during the deprivation enhanced the effect in one study [10] but not in others [20,26,44,46,47]. Engaging in an
orthogonal task (motor-sequence learning or working memory) reduced the deprivation effect in one study [64]; however,
no modulation of the effect was observed when manipulating participants’ engagement in a visuomotor task (playing action
videogames versus passively watching the game [31]). This heterogeneity suggests that a latent variable related to the experi-
mental manipulations may have been incompletely controlled —for example, the visual consequences of these activities (e.g.
amount of gaze movement during the activities) may require more detailed characterization.

Another set of studies manipulated neural excitability during deprivation. There was no effect of applying non-invasive
stimulation of the occipital cortex during deprivation [47,56]. However, the deprivation effect was enhanced when (i) partici-
pants stayed in total darkness for 1 h before the deprivation [61]; (ii) the deprivation was performed in the morning versus the
late evening [51]; and (iii) participants had a standardized breakfast before the deprivation versus maintained the overnight
fasting [55]; all conditions associated with a modulation of cortical excitability (enhanced by dark exposure [98-100], increased
in the morning versus evening [101] and after a meal versus fasting [102]). This suggests that enhanced cortical excitability
facilitates the ocular dominance shift induced by deprivation. By contrast, the deprivation effect was reduced by administration
of donepezil, a cholinesterase inhibitor [29], suggesting that increasing acetylcholine levels prevents ocular dominance from
shifting in response to deprivation.

A few studies considered between-subject covariates and generally failed to detect systematic inter-individual differences
in short-term monocular deprivation effects, with one exception: body mass index, which is negatively correlated with effect
size [27,39]. Deprivation effects did not vary systematically with age [41,62], as the ocular dominance shift following short-term
monocular deprivation was comparable in adolescents, young adults and elderly participants—but note that a stronger effect
in the elderly participants could be revealed by onset rivalry [41]. No study reported associations between sex or gender
and short-term monocular deprivation effects. One study found that the deprivation effect correlated with baseline binocular
vision [37], but this correlation was not significant in other studies [45,62]. These null findings do not exclude the existence
of associations between short-term monocular deprivation effects and important dimensions of inter-individual variability;
however, they indicate that, if they exist, these associations are not strong enough to be revealed with the relatively small
sample sizes that are typical of this line of research.
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Figure 3. Effects of other short-term monocular manipulations on ocular dominance (x-axis) obtained with different interventions (y-axis). Each point represents
one dataset, except the large grey dots at the top reporting the average effect of short-term monocular deprivation (mean and s.e.m. across datasets in figure
1). Crossed-out symbols indicate non-significant effects. Colours use the same conventions as in figure 1 and represent the technique used for measuring ocular
dominance. K, contrast; SF, spatial frequencies; CFS, continuous flash suppression. See also a forest plot representation of the same datasets in the electronic
supplementary material, figure S6.

(c) Other short-term monocular manipulations

While most studies tested the effects of depriving vision in one eye, a growing number of experiments are exploring more subtle
manipulations and surprisingly report essentially the same effect: a shift of ocular dominance in favour of the manipulated
eye. We identified 39 datasets allowing us to compute an effect size. These are reported in figure 3 and in the forest plot of
the electronic supplementary material, figure S6. We entered them in a similar random-effects model as used for the short-term
monocular deprivation studies, which revealed a reliable effect (k = 39, estimate = 0.98, z = 9.3, p < 0.0001), with significant
heterogeneity (I = 60%, Qzg = 84.3, p < 0.0001). Given the diversity of approaches, we limited our analysis to a qualitative
examination, as follows.

One manipulation that is conceptually close to monocular patching consists of partially attenuating contrast in one eye
(in a dichoptic stimulation set-up). The attenuation needed to be strong (80%, not 40%) to elicit a reliable ocular dominance
shift [7]. Instead, swapping the contrast attenuation between eyes (at 7 Hz, [50]) did not affect ocular dominance, indicating
that interfering with binocular fusion is not sufficient to elicit the shift. Selective attenuation of luminance contrast (leaving
chromatic contrast unaffected) was sufficient to elicit a strong ocular dominance shift, while the opposite manipulation
(attenuating chromatic contrast, leaving luminance contrast unaffected) was ineffective [21]. Attenuating contrast at one range
of orientations (e.g. vertical or horizontal) elicited a strong ocular dominance shift, unselective for the orientations used
for testing [18]. A strong effect was also achieved by attenuating the contrast of the higher spatial frequency components,
again unselective for the frequencies used for testing; however, no such effect was elicited by attenuating the lower spatial
frequency components [7]. Application of a monocular neutral density filter elicited a strong ocular dominance shift only
when participants viewed artificial (low luminance) stimuli, not in natural viewing conditions [19]. These results collectively
indicate that short-term monocular deprivation primarily acts through reduced visibility of the high-frequency components of
the image. Higher spatial frequencies are associated with lower contrast sensitivity, implying that they are most impacted by
contrast attenuation. Moreover, acuity is lower for iso-luminant stimuli defined by chromatic contrast, explaining why a strong
ocular dominance shift is achieved by depriving luminance contrast (leaving only iso-luminant chromatic modulations that do
not efficiently carry the higher spatial frequencies). When average luminance decreases through a neutral density filter, the
contrast sensitivity function shifts to the left, selectively attenuating sensitivity for the higher spatial frequencies; however, this
effect is negligible in natural light, where luminance is so strong that the filter has no appreciable impact on acuity.

Crucially, an ocular dominance shift could also be induced by manipulations that did not attenuate contrast but merely
distorted the image in one eye: by phase-scrambling the image presented to one eye [7], by substituting it with pink noise
[12,34,67] or by applying a monocular kaleidoscope [25]. Even without altering the monocular image in any way, an ocular
dominance shift could be induced by making the image in our eye invisible [15,33] through continuous flash suppression (note
that this effect was already reported in 2010 by Ooi et al. [84]).

A final set of studies selectively mismatched the monocular image with its multimodal context. This was achieved in one
of three ways: (i) with a monocular inverting prism [45]; (ii) by reversing the temporal order of movie frames in one eye
[65,69,70]; or (iii) by delaying one eye by one-third of a second to make it useless for visuomotor coordination [66]. In all three
cases, ocular dominance shifted in favour of the manipulated eye (note that these manipulations only lasted 1 h, about half
the typical duration of short-term monocular deprivation, complicating the comparison of effect size across manipulations).
Control experiments assigned a key role to behavioural relevance for the generation of the ocular dominance shifts; for example,
monocular delay was ineffective when participants passively viewed the scene rather than engaging in a visuomotor task [66].
Moreover, the effect of temporal inversion was depleted by non-invasive inhibition of the frontal eye fields [70].
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It is interesting to consider the few examples where multiple techniques were used to test the same or similar manipulations.
This was the case for monocular image distortion, where the ocular dominance shift was selectively observed with binocular
competition techniques, not with binocular cooperation [7,12]. Based on a multi-stage model of binocular processing [103],
these authors suggested that monocular distortion could impact ocular dominance at a later stage than short-term monocular
deprivation, sparing monocular and binocular cooperation stages. However, this model is inconsistent with data from the
monocular kaleidoscope manipulation (another type of monocular distortion), which produced similar effects on both binocular
competition and monocular contrast sensitivity [25].

It is also informative to compare studies testing the effects of different manipulations with the same technique. Binocular
rivalry and steady-state visual evoked electro-encephalographic (EEG) responses elicited by incompatible stimuli in the two
eyes were tested for two manipulations: monocular deprivation (nulling contrast in one eye [67]) and monocular mismatching
(dichoptic backward movie [70]), revealing similar effects. However, steady-state visual evoked EEG responses elicited by
compatible binocular stimuli only revealed an effect of monocular deprivation [34] (and monocular distortion, i.e. presenting
pink noise in one eye [34]), but no effect of the dichoptic backward movie manipulation [65]. Some of these studies additionally
analysed intermodulation frequency responses, which estimate the strength of interocular competition. This was reduced by the
dichoptic backward movie manipulation [70] but unaffected by monocular deprivation [67].

This is, to our knowledge, the first meta-analysis comprehensively compiling more than 150 datasets from nearly 15 years of
short-term monocular manipulation studies. The key strength lies in the large number of datasets measuring the same outcome
(ocular dominance), which allowed us to pool across studies to test the impact of key modulators of the effect.

Most datasets measured a significant positive effect, a transient shift of ocular dominance towards the deprived eye. We
assessed the impact of publication bias; our analysis indicates that the effect of short-term monocular deprivation is robust and
remains significant even after accounting for the probable unreported datasets with null or negative effects.

We found that the effect size varies depending on the technique used for measuring ocular dominance. However, while
binocular cooperation techniques revealed larger effects on average, a significant ocular dominance shift was observed with
a wide range of approaches, both monocular and binocular, both behavioural and physiological. This further testifies to the
robustness of the effect.

We also identified deprivation duration as a key modulating factor, with longer durations promoting larger and longer-last-
ing effects. Extrapolating from the observed curves, one would predict that extremely long deprivations (days or weeks) could
promote stable ocular dominance changes—crucially, in the direction opposite to the long-term monocular deprivation effects
observed during development [74-76]. This paradoxical observation emphasizes the need for additional experimentation, with
longer-lasting monocular deprivations assessed in adults with the same techniques meta-analysed here.

The effect of short-term monocular deprivation was comparable when vision in one eye was completely blocked with a
light-tight patch or merely attenuated, indicating that the strength of visual stimulation is not the only parameter regulating the
effect. In addition, a qualitatively similar ocular dominance shift could be elicited by other manipulations that do not reduce
the strength of the monocular input. This raises the question of whether the same mechanism(s) account for both the effect of
short-term monocular deprivation and of other monocular manipulations—discussed below.

Even after accounting for the above-mentioned key modulators, a large unexplained heterogeneity characterized the
analysed data, indicating that additional factors were not identified —an important limitation of our analysis. Other limitations
include the small sample size of some of the datasets (even after excluding datasets with less than four participants, the average
sample size was about 12) and the limited reporting of sex and age of the participants, which prevented us from systematically
assessing the impact of these variables.

While our quantitative analyses focused on ocular dominance measurements after short-term monocular deprivation, the
electronic supplementary material also includes a narrative assessment of other outcome measures (e.g. resting-state brain
connectivity [104] and rhythms [58]) and of the interaction between short-term monocular manipulations and other interven-
tions (e.g. physical activity [10]). These results suggest that monocular manipulations have effects that extend beyond the
transient ocular dominance shift and may outlast it [4].

The studies we meta-analysed present different interpretations of the effects induced by short-term monocular deprivation
and other monocular manipulations.

One discarded hypothesis is that adaptation to low contrast can account for short-term deprivation effects. A recent review
listed many qualitative differences between contrast (de-)adaptation and monocular deprivation [105]. For example, the sharper
vision experienced after adaptation to low contrast [106] or to blur [107-111] transfers across eyes and tends to be tuned for
orientation [112,113], the exact opposite of the effects of monocular manipulations [15,18].

The most common hypothesis describes the effects of short-term monocular deprivation as a form of homeostatic plasticity.
This generally assumes that short-term monocular deprivation promotes a gain change in monocular processing within the
primary visual cortex V1, the last cortical stage where information from the two eyes is represented separately. In line with
magnetic resonance spectroscopy findings [9], many have interpreted the effects of short-term monocular deprivation as
resulting from reduced GABAergic inhibition in early visual processing [37,41,55,62]. Such a local-V1 perspective does not
easily account for several complex/high-level factors that have been linked with the ocular dominance shifts. These include the
observation that multisensory integration fails for the deprived eye [16] and that short-term monocular deprivation effects are
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modulated by motor and cognitive tasks [64]; these clearly suggest that signals from outside V1 participate in the effect, in line
with evidence that short-term monocular deprivation affects feed-back modulatory signals [58].

Studies using other monocular manipulations that do not impact the strength of the monocular input proposed a range
of hypotheses to explain the resulting ocular dominance shift. One possibility is that these more complex manipulations
do not engage the same mechanisms that mediate monocular deprivation effects. For example, in a paradigm where the
visual input in the two eyes remained of comparable strength while attention was selectively directed to one eye, the ocular
dominance shift was suggested to result from impaired interocular competition, with largely unaffected monocular responses
[65,69,70]. However, most of the studies measuring the effects of complex monocular manipulations used binocular competition
techniques, limiting the possibility of testing this model. Further studies extending the range of techniques used to quantify the
effects of complex monocular manipulations are warranted.

A second possibility is that the effects of complex monocular manipulations are obtained by mimicking the consequences of
deprivation. For example, when one eye is unattended or unnoticed (because of continuous flash suppression [15] or application
of a spatiotemporal inversion [45,65], or a delay [66], the latter recently replicated in [114]), the intensity of its cortical responses
could be reduced; at the end of the manipulation, this suppression could rebound into the observed boost of the manipulated
eye (as suggested in [15,45] and in the early work by Ooi et al. [84]). This model assumes that an internal gain-control regulation
follows a very complex time course, gradually shifting in one direction during the manipulation and suddenly switching to
the other direction at the end of the manipulation. Very few studies directly addressed this question and attempted to quantify
monocular responses during the manipulation; the one study that reported such measurements provided evidence for the
opposite modulation: an enhancement of the unattended eye [45]. Further studies monitoring visual processing during the
manipulation would be important to clarify the underlying mechanism.

We take this opportunity to propose a third possibility, where the same mechanism subtends the effects of both monocular
deprivation and more complex manipulations. This hypothesis starts from the assumption that predictive coding lies at the
foundation of monocular manipulation effects. Predictive coding is a popular theory of neural function (specified in different
models [115-119]), assuming that an important share of neural responses does not represent sensory inputs, but their deviations
from predictions. These responses, for example, in V1, are enhanced when the input is inconsistent with predictions and
suppressed otherwise. Over a lifetime of binocular experience, our visual system sets up a strong prediction that the two eyes
provide structured and congruent information. When one eye suddenly fails to match this prediction, it generates error signals.
If errors repeatedly occur for minutes or hours, the natural (Bayesian) consequence would be a downweighing of predictive
signals [120] for the manipulated eye representation. Since unpredictable signals are associated with enhanced responses, the
downweighing of predictive signals could explain the enhancement of the deprived/manipulated eye. On this view, deprived,
filtered, distorted, inverted and delayed images are all unpredictable and incongruent with the rest of the sensorimotor input.
This predicts that monocular mismatch and short-term monocular deprivation should produce comparable and correlated
effects. Although there is some evidence for discrepancies in effect size, the available data is not conclusive. We propose that
further experiments are necessary, directly and quantitatively comparing the effects of short-term monocular deprivation and
other manipulations with a range of techniques, both after and during the manipulation.

To conclude, there is a rich literature on how a simple manipulation like occluding/interfering with one eye for a brief time
reliably impacts visual processing. However, the mechanism(s) subtending the effect(s) remain largely unknown. This lack of
mechanistic understanding prevents us from establishing how the transient effects of the short-term monocular manipulations
relate to the permanent effects of long-term deprivation—a question with clear clinical relevance. The present overview of the
published data identified a number of directions for further experimentation that could contribute to filling this gap.
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