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Visually guided voluntary actions
boost short-term ocular dominance
plasticity

Cecilia Steinwurzel-3, Giacomo Pennellal:3, Maria Concetta Morrone?, Giulio Sandini? &
Paola Binda®***

Short-term monocular deprivation transiently shifts ocular dominance in favor of the deprived eye.
Here we asked whether the effect of a one-hour monocular deprivation was enhanced by the execution
of a task requiring visually guided goal-directed actions, compared to a passive viewing condition
where participants watched a replay of their own actions. Although the visual input was the same
across conditions, we found a stronger ocular dominance shift when participants actively performed
the task. These results provide strong evidence that voluntary, goal-directed actions modulate visual
plasticity.
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Monocular deprivation has been extensively used to study neuroplasticity in the visual system'. Early-life
deprivation of visual stimulation in one eye for days or weeks results in a permanent ocular dominance shift in
favor of the non-deprived eye>~. In adult humans and children, a much shorter period of monocular deprivation
(minutes/hours) produces a paradoxically opposite and transient shift of ocular dominance in favor of the
deprived eye>S, reviewed in”®. A recent meta-analysis of a large set of studies examining this phenomenon
showed that the short-term monocular deprivation effect is robust and replicable®. In addition, it also showed
that a comparable effect may be achieved without depriving the input in either eye, but merely distorting the
image in one eye®"!> or mismatching it with its multimodal context'4"1°. For example, delaying the image in
one eye by 333 ms for a one-hour period through an altered-reality setup!”!® was sufficient to shift ocular
dominance in favor of the delayed eye, reproducing the effects of depriving the same eye for the same amount of
time. However, the effects of monocular delay were selectively observed when participants engaged in visually
guided goal-directed manual actions (building towers with wooden blocks) throughout the one-hour exposure
to monocular delay. In contrast, no ocular dominance shift was observed when they passively experienced the
monocular delay, watching a replay of their own actions — despite the visual input in both eyes being the same
across conditions.

Here we asked whether the execution of voluntary, visually guided goal-directed manual actions would
similarly modulate the effects of monocular deprivation, resulting in a stronger ocular dominance shift when
deprivation was combined with task execution compared with passive viewing. A related question was addressed
in previous studies, where participant’s activity during the monocular deprivation was manipulated. Participants
engaged in cognitive activities?®!®, simple motor learning?!, or physical exercise?>"?’. The results were highly
heterogenous, with some studies showing a large modulation of the deprivation effect, while others showed
negligible or no differences. However, these studies generally did not match the visual input across conditions,
leaving open the possibility that some of the action-related manipulations could have impacted plasticity via
systematic changes in the visual stimulation. Here we ensured that participants saw the same visual scene in two
conditions: when they engaged in a tower-building task vs. when they passively viewed a replay of their own
actions. We employed the same altered-reality setup as in our previous studies'”!3(without the monocular delay)
and implemented a form of monocular deprivation by substituting the image in one eye with a gray screen.
This design allowed us to isolate the impact of visually guided actions on the ocular dominance shift elicited by
monocular deprivation.
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Methods

Participants

We set sample size based on a prior study comparing ocular dominance plasticity across two conditions'®,
where the effect size of the plasticity difference was indexed by a Cohen’s d = 0.9. Detecting such plasticity
difference with 80% power and 5% error requires a minimum sample of N = 12. We recruited 14 participants:
of these, one failed to complete the second experimental condition, resulting in a final sample of 13 participants
(9 females and 4 males), with age ranging between 20 and 31 years. All had normal or corrected-to-normal
vision, no history of strabismus, amblyopia, or other binocular vision disorders, and reported no neurological or
psychiatric conditions. Participants were naive to the purpose of the experiment and provided written informed
consent before participation. The study was approved by the local ethics committee [Comitato Etico Pediatrico
Regionale - Azienda Ospedaliero-Universitaria Meyer - Firenze (FI); protocol “Plasticita’ del Sistema visivo”]
and conducted in accordance with the Declaration of Helsinki.

Experimental set-up
Our altered-reality set-up was described previously'”'%; here we summarize its main features.

Participants sat at a desk, viewing the workspace (37x29 cm) and their own hands through an altered-
reality system. Visual input was delivered via an Oculus Rift DK2 headset, which displayed stereoscopic images
captured by a ZED stereo camera attached to the front of the headset (Fig. 1). The system provided a visual field
of approximately 80 x 60 degrees with a resolution of 960 x 720 pixels per eye. The refresh rates were 60 Hz for
the headset display and 75 Hz for the camera. To accommodate individual differences in interpupillary distance,
camera vergence was adjusted by modifying the horizontal offset between the images presented to the two eyes.
The video stream was stored, resulting in first-person recordings of each participant’s task performance; no
audio was collected. Participants’ heads were stabilized using a chinrest and headrest, to which the headset
assembly was fixed. In addition, an eye-tracking camera (Pupil Oculus DK2 eye-tracking add-on, Pupil Labs)
positioned inside the headset continuously monitored the right eye at 120 Hz in both experimental conditions,
allowing the experimenter to confirm that participants remained vigilant with their eyes open throughout the
task. Eye-tracking signals for three participants were available for offline analyses.

Experimental design
Each participant completed two experimental conditions, each lasting one hour and conducted on different days
(separated by a minimum of 1 week, and a median of 4 weeks), with binocular rivalry assessed at the beginning
and the end. In addition, they participated in a preliminary session, where we collected binocular rivalry data
(with the procedure described below) and used it to determine each participants’ dominant eye.

In the first experimental condition, participants performed a tower-building task for one hour while the
altered-reality system replaced the visual input to their dominant eye with a homogeneous gray screen

A) Visually guided C) Experimental
goal-directed actions set-up

stereo camera

VR Head-set

Fig. 1. Experimental set-up for the two experimental conditions. In the first condition (A), participants built
towers with wooden blocks, monitoring their actions through an altered-reality set-up consisting of a stereo-
camera mounted above an Oculus set; the image in their deprived eye was masked with a homogeneous grey
screen. In the second condition (B), participants passively watched a replay of the visual input recorded in
the first condition. Panel (C) shows schematically the flow of signals: captured by the stereo camera, sent
back to the Oculus set and stored on disk to be replayed in the second condition. Each condition lasted 1 h;
immediately before and after it, binocular rivalry was used to assess ocular dominance.
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(mean luminance: 5.85 cd/m?). A conceptually similar contrast-nulling paradigm has been used in previous
studies®!%1828 The resulting monocular deprivation is bound to be less effective than monocular patching, given
that residual contrast signals are delivered to the deprived eye - mainly, the edges of the display area, generating
a sharp contrast between the gray screen and its dark frames. The non-deprived eye received the camera image
in quasi-real time (about 35 ms delay), allowing participants to perform the task naturally. During the tower-
building task, participants could hear the blocks falling and they interacted with the experimenter, e.g. when
they encouraged participants to be fast and accurate in their task execution.

In the second experimental condition, participants viewed a first-person replay of their own actions recorded
during the first condition, including the same gray screen in the deprived eye. Participants were instructed to
passively watch the replay. As no audio was recorded in the first condition, participants could not hear the
sounds related to their previous actions; however, they continued to interact with the experimenter throughout
the experiment, ensuring that they remained vigilant and attentive.

Ocular dominance assessment with binocular rivalry

Binocular rivalry was used to estimate ocular dominance before and after 1 h of monocular deprivation using
the same mirror stereoscope configuration described previously!”!8. Rivalry stimuli were orthogonal sinusoidal
gratings (+ 45° orientation, 2 cycles/deg spatial frequency) windowed by a Gaussian envelope (0 = 2.5°). A
binocularly presented fixation point and surrounding square frame facilitated stable fusion. Stimuli were
displayed on a uniform background (mean luminance = 5.85 cd/m?). Stimulus presentation was implemented
in MATLAB (MATLAB r2010a, The MathWorks) using PsychoToolbox?*3? on a Mac computer. Images were
shown on a gamma-corrected Display + + monitor (Cambridge Research Systems; 1920 x 1080 pixels, 120 Hz).
Participants viewed the display at 57 cm with head stabilization via a chinrest.

Each rivalry block lasted 180 s. Participants continuously indicated perceptual state by pressing one of
three keys corresponding to clockwise dominance, counterclockwise dominance, or mixed percepts (fusion or
piecemeal). Four blocks (~ 12 min) were collected before and after deprivation, with grating-eye assignments
counterbalanced across blocks. Analyses focused on the first three blocks, where deprivation-induced effects are
strongest®.

Rivalry dynamics were quantified using mean phase duration (MPD) and dominance proportion. MPD
corresponds to the average duration of exclusive perceptual dominance periods. Ocular dominance was indexed
by the log-transformed ratio of mean phase duration between the deprived eye (DE) and non-deprived eye
(NDE):

(1)

DE
OD]WPD = 10g10 ( MPD )

NDEypD

Dominance proportion represents the fraction of total exclusive dominance time attributable to the deprived
eye, calculated relative to the summed dominance durations of both eyes (excluding mixed percept intervals):

DEtotaltime
ODprop = 100% @)
pror DEtotaltime + NDEtotaltime

For completeness, we also quantified the proportion of mixed percepts, during which neither eye achieves
complete perceptual dominance (reflecting periods of binocular fusion or piecemeal perception).

These rivalry parameters were estimated four times: before and after each of the monocular deprivation
conditions. We verified that the two pre-deprivation ocular dominance values were statistically indistinguishable
(t(12)=0.11, p=0.911 and t(12)=0.23, p=0.816 for OD, ,, and OD_  respectively) and positively correlated
(Pearsons r=0.51, p=0.077 and 0.65, p=0.017), supporting the stability of our measurements across the two
experimental conditions. We then proceeded to average pre-deprivation values to obtain a single baseline measure
with reduced measurement error, against which we evaluated the effect of the two experimental conditions.
This resulted in estimates of the ocular dominance shift following monocular deprivation during visually
guided actions or in passive viewing, defined as the post-pre difference of the two OD, ,, and OD,,,, indices
(AODpypp and A ODyprop). The latter values could also be expressed as z-scores, with each participant’s
A OD divided by the standard deviation of their pre-deprivation OD, estimating the size of the OD shift after
deprivation, relative to the physiological oscillation of OD values across experimental conditions.

Statistical analysis

All statistical analyses were performed using MATLAB and JASP?!. A three-way repeated measures ANOVA was
conducted to analyze the mean dominance duration of the deprived and non-deprived eyes, across experimental
conditions, pre and post deprivation. Two-way repeated measures ANOVAs were conducted on binocular
rivalry proportions of exclusive dominance and mixed percepts. The results of follow-up t-tests were Bonferroni
corrected.

Results

Thirteen adult normally sighted individuals performed visually guided goal-directed actions (building towers
with wooden blocks) in an altered-reality set-up, while the input to their deprived eye was replaced with a
uniform gray screen, implementing a form of short-term monocular deprivation - although incomplete, given
the residual contrast delivered to the deprived eye, e.g. at the edges of the display area, which shifted depending
on eye movements. On a different day, the same participants passively watched a replay of their own actions in
the same altered-reality set-up (with the same graying-out of the deprived eye). Participants were eye-tracked to
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verify that they remained vigilant and with both eyes open in all conditions; in a subset of participants (N=3),
we directly compared the number of frames where the eye-pupil was entirely visible, with no occlusion from
the eye-lid, which averaged 91.8 +2.3% and 90.5+1.6% (mean and s.e.m.), across visually-guided goal directed
actions and passive viewing conditions; this implies small and comparable proportions of time during which the
eye was blinking or closed. Before and after short-term monocular deprivation, we measured ocular dominance
using binocular rivalry and observed a significant shift of ocular dominance in favor of the deprived eye.

Figure 2A-B shows mean dominance phase durations for both eyes, before and after each 1-h monocular
deprivation. A repeated-measures ANOVA on log-transformed mean phase durations showed a significant
three-way interaction (F(1,12)=9.66, p=0.009, np* = 0.45) of factors condition (monocular deprivation during
visually guided goal-directed actions or during passive viewing) x time (before or after short-term monocular
deprivation) x eye (dominant or non-dominant). This indicates that the effect of short-term monocular
deprivation differed across conditions (see also below for a more direct evaluation of this difference). There
was also a significant eye x time interaction (F(1,12)=36.02, p<0.001, np> = 0.75) indicating a reliable shift
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Fig. 2. Mean dominance phase durations for the two eyes, before and after each one-hour deprivation. (A-

B) Mean dominance durations are expressed in seconds; values are plotted on a logarithmic scale retaining
their units of measurement (seconds). Continuous and dashed lines represent the deprived eye and non-
deprived eye respectively. Error bars are standard errors across participants. (C) Ocular dominance shifts in
the two conditions, computed as post-deprivation values from each condition minus a baseline computed by
averaging pre-deprivation values across conditions. The dashed line at y=0 indicates no effect. Box plots show
the median, interquartile and range of the distributions. Asterisks above each box plot indicate a significant
shift of ocular dominance in each condition (significance evaluated after Bonferroni correction); the asterisks
placed in-between the two box plots mark the significant difference between conditions (*p <0.05, **p<0.01,
***p <0.001). (D) Scatter plot of individual participants’ ocular dominance shifts in the two conditions. Dashed
black lines indicate the identity and y = 0 functions. The continuous black lines show the best linear fit with
confidence intervals. The text inset reports the Pearson’s correlation of ocular dominance shifts in the two
conditions with the corresponding p-values.
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of ocular dominance after the 1-h monocular deprivation. Given the significant interactions, the main effects
are hard to interpret (for completeness: there was a significant main effect of eye (F(1,12)=40.67, p<0.001,
np> = 0.77), related to the longer dominance phases for the deprived (dominant) eye, a significant main effect
of time (F(1,12)=7.24, p=0.020, np> = 0.38), indicating that, on average, dominance phases were longer after
deprivation, and a significant effect of condition x eye, indicating that phases for the deprived (dominant) eye
were longer, on average, in the first condition (F(1,12)=6.25, p=0.028, qu = 0.34); no other main effects or
interactions reached significance: condition: F(1,12) =3.52, p=0.085, np> = 0.23; condition x time: F(1,12)=1.70,
p=0.217,1p* = 0.12).

We used Eq. 1 to extract an ocular dominance index from mean phase durations and directly compare the
effect of monocular deprivation across the two experimental conditions. As the pre-deprivation values were
well matched across conditions, we collapsed them into a single baseline value, to enhance the reliability of its
comparison with the post-deprivation values. Figure 2C shows the resulting ocular dominance shift indices
(post-pre deprivation difference). Both conditions showed a significant shift (t(12) =6.60, p <0.001; t(12) =4.10,
p=0.003 for the visually guided actions and passive viewing conditions respectively; all p-values are Bonferroni
corrected). Figure 2D shows that the effect was well correlated across conditions (Pearson’s r=0.65, p=0.017);
however, the ocular dominance shift was significantly larger when visually guided goal-directed actions were
performed during short-term monocular deprivation, compared to passive viewing (t(12)=4.1, p<0.001), in
line with the significant three-way interaction term of the ANOVA described above.

Similar conclusions were obtained by analyzing the other main rivalry parameter, dominance proportions
(i.e., the proportion of time during which the image presented in the deprived eye was perceived, relative to the
total testing time with no fusion or mixed percepts; Eq. 2 of the Methods). Figure 3A-B shows ocular dominance
before and after each 1-h monocular deprivation. A two-way ANOVA revealed a significant main effect of time
(F(1,12)=59.1, p<0.001, np* = 0.83) and no main effect of condition (F(1,12)=2.49, p=0.14, np* = 0.17). The
condition x time interaction just missed significance (F(1,12)=4.53, p=0.055, np> = 0.27). Figure 3C presents
an alternative analysis, expressing the ocular dominance shift as the post-deprivation values in each condition,
each subtracted of a combined pre-deprivation baseline (as done for mean phase durations in Fig. 2C-D). This
confirms that both experimental conditions showed a significant ocular dominance shift (t(12) =6.87, p <0.001;
t(12) =4.69, p=0.001 for the visually guided actions and passive viewing conditions respectively, all p-values are
Bonferroni corrected) and the effect was well correlated across conditions (Fig. 3D, Pearson’s r=0.67, p=0.018).
In addition, the ocular dominance shift was significantly larger when visually guided goal-directed actions were
performed during short-term monocular deprivation, compared to passive viewing (t(12) =2.3, p=0.044). Thus,
the analyses of dominance proportions recapitulate the findings from mean phase durations, although with
slightly reduced effect sizes.

To quantify effect-sizes as estimated with both parameters, mean phase durations and dominance
proportions, we divided the ocular dominance shifts observed in each condition by the standard deviation of the
pre-deprivation ocular dominance, yielding a metric akin to a z-score. For ocular dominance indices based on
mean phase durations, the average z-scores were 5.1 and 3.3 for monocular deprivation during visually guided
goal-directed actions and passive viewing respectively; they were 6.3 and 4.5 for ocular dominance indices based
on proportions. These values imply that, in the experimental conditions tested here, the ocular dominance
change after monocular deprivation was more than 5-fold or 3-fold larger than the spontaneous variations of
our indices across conditions.

For completeness, we also examined the proportion of mixed percepts during binocular rivalry, reflecting
periods when neither eye achieved complete perceptual dominance (Fig. 4). Analyses revealed no significant
differences in mixed percept proportions before and after deprivation for either experimental condition: a two-
way ANOVA showed no significant interaction between the factors condition and time (F(1,12) <0.04, p=0.840,
np> = 0.01), and no significant main effects (condition: F(1,12)=1.08, p=0.319, np> = 0.08; time: F(1,12)=0.01,
Pp=0.922,p? < 0.001). Comparing each post-deprivation value with the combined baseline confirmed no change
of mixed proportion in either condition (t(12)=0.6, p=0.536 and t(12)=0.7, p=0.498 for the visually guided
actions and passive viewing conditions respectively, with no significant difference between the two: t(12)=0.9,
p=0.408).

Discussion

We measured the effect of a one-hour monocular deprivation applied while participants performed visually
guided goal-directed actions, or while they passively watched a recording of their own actions. In both conditions,
we observed a significant shift of ocular dominance in favor of the deprived eye. The effect in our passive viewing
condition was similar as in previous measurements obtained with the same set-up'®. The effect in the active
condition was significantly larger, despite the closely matched visual input. This suggests that actions enhanced
the effect of monocular deprivation - in line with our recent findings of actions gating the effect of monocular
delay'”'8, Note that all our participants completed the active condition first, and the passive viewing condition
on a later day - a limitation intrinsic to our approach that could potentially create a temporal-order confounding
effect. However, this is unlikely to explain our results, given previous evidence that the effects of short-term
monocular deprivation do not build up or deteriorate with repetitions across days®*??, similarly to contrast
adaptation.

The effects of short-term monocular deprivation are usually interpreted as a form of homeostatic plasticity>>?,
where the reduced input to monocular neurons during deprivation rebounds into an upregulation of their gain,
which persists for a short time after deprivation. This could be implemented by a local gain-control mechanism
within the primary visual cortex V1, hosting monocular visual representations. That this effect is modulated by
non-visual factors, like the execution of voluntary actions, implicates more complex circuitry extending beyond
V1.
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Fig. 3. Ocular dominance before and after each one-hour monocular deprivation, during the execution of
visually guided goal-directed actions (dark grey) or in passive viewing (light grey). (A-B) Proportions are
expressed as percentages of dominance (see Eq. 2). For both panels, box plots show the median, interquartile
and range of the distributions. (C) Ocular dominance shifts (post-deprivation values from each condition
minus a common pre-deprivation baseline) elicited by short-term monocular deprivation in the two
conditions. The dashed line at y=0 indicates no effect. Box plots show the median, interquartile and range

of the distributions. Asterisks above each box plot indicate a significant shift of ocular dominance in each
condition; the asterisk placed in-between the two box plots mark the significant difference between conditions
(*p<0.05, **p<0.01, ***p <0.001). (D) Scatter plot of ocular dominance shifts in the two conditions (same
values as in C). Dashed black lines indicate the identity and y = 0 functions. The continuous black lines show
the best linear fit with confidence intervals. The text inset reports the Pearson’s correlation of ocular dominance
shifts in the two conditions with the corresponding p-values.

One possibility is that signals accompanying actions enhanced the non-deprived eye representation, either
directly or via the inter-ocular inhibition circuitry!é, increasing the unbalance between eyes and thereby boosting
the deprivation effect.

The non-deprived eye enhancement could be related to multisensory integration’, as auditory signals (e.g.,
blocks slipping or falling on the table) accompanied actions and they were absent during passive replay - a
limitation of our study. However, previous studies that manipulated the congruency between auditory signals
and the stimulation in one eye found equivalent'” or even reduced'® short-term ocular dominance shifts.

Another source for the non-deprived eye enhancement could be attention, which tends to be allocated
according to the goals of our actions®. A series of studies'*"'® showed that the selective allocation of attention
to stimuli in one eye was sufficient to elicit a transient shift of ocular dominance in favor of the other eye,
even without deprivation. When stimulation in one eye was deprived or reduced, attention could modulate
the deprivation effect*®3>!°. In principle, more focused attention during actions could explain the larger effect
of deprivation compared to our passive viewing condition. However, since experiments with very different
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Fig. 4. (A) Proportion of mixed percepts, before and after the one-hour monocular deprivation in the two
experimental conditions. (B) Post-deprivation values from each condition minus a common pre-deprivation
baseline. The dashed line at y=0 indicates no effect. For both panels, the box plots show the median,
interquartile and range of the distributions. Text insets indicate the lack of any significant change of mixed
percepts in both condition and the lack of significant differences across conditions (ns=non-significant).

levels of attentional load (videogames 2”) revealed comparable ocular dominance shifts (see also”, we deem
this explanation unlikely. Still, a limitation of our study is that we did not directly monitor attention, implying
that we cannot rule out an attentional contribution to our effects. Note that we did ensure that participants
remained vigilant with their eyes open in both our conditions, during actions and in passive viewing, suggesting
comparable “internal neural states™°.

In the model outlined above, attention and/or multisensory integration would boost the non-deprived eye
representation in our active condition compared to passive viewing. This implies a complex mechanism, where
gain-control would follow a bi-phasic modulation: gradually shifting in one direction during the deprivation
(enhancing the non-deprived eye) and suddenly swapping to the other direction at the end of the deprivation
(suppressing the non-deprived eye to give the observed deprived eye dominance).

We recently put forward an alternative model®, where we assume that the non-deprived eye is gradually
suppressed throughout the deprivation, with a residual of this effect persisting at the end of the deprivation.
What could be responsible for a suppression of the non-deprived eye, particularly during visually guided actions?
Intriguingly, one such mechanism would derive from a classic model of vision during action: the corollary
discharge or efference copy mechanism*!. In this model, a copy or corollary of the motor command is sent to
sensory regions, where it can predict and suppress the sensory consequences of actions. Thus, visual changes that
are elicited by one’s own actions are relatively suppressed. During monocular deprivation, visual changes that are
elicited by one’s own actions are selectively seen through the non-deprived eye, making it relatively suppressed.
This model naturally fits in the theoretical framework of predictive coding?>*®, whereby signals are relatively
suppressed when they are consistent with their multimodal context, hence predictable; in contrast, unpredictable
signals are relatively enhanced. It may seem counterintuitive to describe the impoverished experience in the
deprived eye as unpredictable. However, a lifetime of binocular visual experience is likely to generate a strong
expectation that both eyes convey structured visual input; covering one eye with a patch or nulling the contrast in
its image inevitably mismatched this expectation. The unpredictability of the unstructured input in the deprived
eye could explain its enhancement in passive viewing conditions (explaining the standard short-term monocular
deprivation effect). We propose that performing visually guided actions would increase the predictability of the
non-deprived eye, increasing the predictability difference across eyes and thereby enhancing the deprivation
effect.

An implication of this account is that not all actions or activities modulate ocular dominance plasticity
equally; this could help interpret the result from previous studies manipulating the task performed during the
short-term deprivation. One study compared the effects of short-term monocular deprivation while participants
actively played a video game or passively watched a pre-recorded session?® and found no difference. Despite
notable similarities between this study and ours, there are two key factors that could account for the divergent
findings. First, Chen et al., did not match visual images across conditions (the passive condition was not a replay
of each participant’s own game). Second, their visually guided actions were not manipulative actions affecting
the participants’ own surroundings, but merely keypresses moving figurines on a screen. That visually guided
actions performed in this context failed to enhance short-term plasticity suggests that the quality of the actions
and/or the richness of their visual consequences are important determinants of the effect. A similar reasoning
could apply to the case of a motor learning task?!. The learned manual actions happened outside the participants’
field of view, i.e. they did not generate visual consequences; this could be the reason why they failed to enhance
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the ocular dominance plasticity. In fact, the ocular dominance plasticity was reduced in this condition compared
to a baseline condition where participants were not tasked with specific instructions and could read/write/work
at their laptops. We speculate that this could be linked with the impoverished visual input provided in the non-
deprived eye during the motor learning task, which was limited to a repetitive set of digits (instructing the motor
learning) implying that the non-deprived eye was less predictable than under normal circumstances.

Another case of impoverished visual input is presented in Wang et al.', specifically in a passive condition
where the non-deprived eye was exposed to a nearly uniform background (and the deprived eye was covered
with an opaque patch). No ocular dominance shift was observed. This was contrasted with a second condition,
where participant did a jigsaw puzzle during the two-hour deprivation and a reliable ocular dominance shift
was observed. Clearly, the visual input in the two conditions was incomparable. We propose that the lack of
deprivation effect observed in their passive condition is due to both eyes being equally unpredictable (both
mismatching the prediction that eyes convey structured visual input), hence equally enhanced. A logically
opposite scenario was explored in our recent studies'”!8, where neither eye was deprived of visual input, but
one eye was delayed in time. In passive viewing conditions, there was no shift of ocular dominance, which we
interpret by assuming that both eyes were equally predictable, both providing an equally valid description of the
visual field. In contrast, a reliable ocular dominance shift was obtained during visually guided actions, which
unequivocally flagged the delayed eye as unpredictable, boosting its dominance!”!8. Taken together, these results
imply that depriving the input in one eye is neither sufficient'® nor necessary'”!® to induce short-term ocular
dominance plasticity, and the short-term plasticity effect depends critically on the behavioral context where the
monocular manipulation was applied.

One final set of related experiments asked participants to engage in physical exercise during short-term
deprivation??~%’. These were inspired by evidence that physical activity enhances cortical excitability and
plasticity in animal models***>. While Lunghi and Sale®® reported a reliable boost of plasticity with physical
exercise, the other studies did not reveal this modulation. Importantly, these paradigms differ from ours in
several respects. First, the goal-directed manual actions in our task certainly required a very different level of
physical activity (e.g. effort, fatigue, etc.) than cycling on a stationary bike, as required in most of the studies
on physical exercise. Second, contrary to our paradigm and the other manipulations mentioned above, the
cycling task was not strongly dependent on visual guidance. Third, ours and the other visually guided tasks
generally produced reliable and systematic visual changes, e.g. the motion produced by the movement of the
participant’s own hands. This was not necessarily the case during physical exercise. Still, we note that cycling on
a stationary bike could induce more head movements, and potentially more visual changes, than sitting still in
front of a screen. Our results suggest that such visual changes linked with actions could modulate the short-term
deprivation effect and potentially help explain the discrepant results across some of these studies.

Conclusions

Our results indicate that the task performed during short-term monocular deprivation is an important factor
for determining the ocular dominance plasticity effect. This aligns with previous evidence for the importance of
action in short-term ocular dominance plasticity. We suggest that the impact of action on short-term plasticity
depends on the generation of visual changes that are consistent with action plans. This fits in a predictive coding
account of short-term plasticity, whereby transiently depriving one eye of visual input makes it less predictable,
hence boosts its dominance compared to a more predictable non-deprived eye, particularly when the latter
visual input is consistent with action plans.

Data availability
The experimental data that support the findings of this study will be made available on Zenodo (https://zenodo
.org/) upon acceptance of the paper.
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