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neuroplasticity, is most pronounced early in life, within the so called critical period, when 17 

abnormal experience can produce structural changes at the level of the primary sensory cortex  18 

(Berardi, Pizzorusso, & Maffei, 2000; Hubel & Wiesel, 1970; Hubel, Wiesel, & LeVay, 1977; 19 

Wiesel & Hubel, 1963). During development, occluding one eye for a few days induces a dramatic 20 

and permanent reorganization of ocular dominance columns (the V1 territory representing each eye) 21 

in favor of the open eye (Berardi, Pizzorusso, & Maffei, 2000; Gordon & Stryker, 1996; Hubel & 22 

Wiesel, 1970; Hubel, Wiesel, & LeVay, 1977; Wiesel & Hubel, 1963), while the deprived eye 23 

becomes functionally blind or very weak. These forms of structural plasticity have been 24 

documented in animal models, including non-human primates (Gordon & Stryker, 1996; Kiorpes et 25 

al., 1998; Levi & Carkeet, 1993; Wiesel & Hubel, 1963). A corresponding perceptual phenomenon 26 

known as amblyopia is observed in humans, and may result from exposing infants to monocular 27 

deprivation during the critical period, e.g. due to cataracts (Braddick & Atkinson, 2011; Maurer, 28 

Mondloch, & Lewis, 2007). In infants, even a partial deprivation produced by optical defects like 29 

astigmatism and myopia leads to a permanent acuity loss that cannot be compensated in adulthood, 30 

even after correction the optical aberrations (Freeman & Thibos, 1975) through Adaptive Optics 31 

(Rossi et al., 2007). Hebbian plasticity, endorsed by Long-Term synaptic Potentiation and 32 

Depression (LTP/LTD) of early stage of cortical processing, underlies these changes in animal 33 

models and probably also in humans.   34 

After the closure of the critical period, structural changes of V1 resulting from Hebbian plasticity 35 

are not typically observed (Mitchell & Sengpiel, 2009; Sato & Stryker, 2008). However, there is 36 

evidence that Hebbian plasticity can be restored in adult animal models under special conditions, 37 

associated with manipulation of the excitability of the visual cortex (Fong et al., 2016; Fregnac et 38 

al., 1988; He et al., 2006; Maya Vetencourt et al., 2008).  39 

Besides Hebbian plasticity, other mechanisms can reshape primary visual cortex processing both 40 

within and outside the critical period. At the cellular level, there is evidence for homeostatic 41 

plasticity, which increases the gain of cortical responses following sensory deprivation; for 42 

example, after a brief monocular deprivation, the response gain of the deprived eye increases 43 

(Maffei, Nelson, & Turrigiano, 2004). This is interpreted as an homeostatic response to preserve 44 

cortical excitability in spite of the synaptic depression produced by Hebbian plasticity, suggesting a 45 

close link between these two types of plasticity (Maffei & Turrigiano, 2008; Turrigiano, 2012) 46 

(Mrsic-Flogel et al., 2007; Turrigiano & Nelson, 2004).  47 
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predicted by injecting Gaussian noise to the PRE- Ocular Dominance distribution (black line, 0.12 179 

standard deviation like for Fig. 2B):  for these vertices, there is a shift of Ocular Dominance with 180 

short term monocular deprivation. This is confirmed with the repeated measure ANOVA (Fig. 2C), 181 

where the time × eye interaction is significant (F(1,18) = 44.82812, p < 10
-5

), implying a different 182 

modulation PRE and POST deprivation. In addition and crucially, POST-deprivation BOLD 183 

responses to the deprived eye are significantly larger than POST-deprivation responses to the non-184 

deprived eye (t(18) = -2.775 p = 0.012; whereas, by selection, the opposite is true before 185 

deprivation: t(18) = 12.034, p < 10
-5

).  186 

Figure 2: Monocular deprivation shifts 7T BOLD Ocular Dominance in V1 187 

In summary, Ocular Dominance before deprivation defines two similarly sized sub-regions of V1 188 

vertices (44.58 ± 5.38% and 55.42 ± 5.38% of analyzed V1 vertices; 44.84 ± 5.12% and 55.16 ± 189 

5.12% of all V1 vertices) with radically different behaviors that are not consistent with an artifact 190 

induced by vertex selection. The sub-region that originally represents the deprived eye does not 191 

change with deprivation; the sub-region that originally represents the non-deprived eye is 192 

rearranged with deprivation, as a large portion of vertices turn to prefer the deprived eye.  193 

If plasticity were not eye-specific and/or we failed to match our V1 vertices before/after 194 

deprivation, we would expect that splitting the distribution of V1 ocular dominance generates 195 

opposite effects in the two subpopulations: vertices preferring the deprived eye before deprivation 196 

should swap to prefer the other eye, mirroring the effect seen in the vertices preferring non-deprived 197 

eye. This is not seen, implying that we did successfully match vertices across the 2h of deprivation 198 

and that the selective Ocular Dominance shift, observed for about half of our vertices, is not an 199 

artifact.  200 

We also measured the perceptual effects of short-term monocular deprivation effects using 201 

Binocular Rivalry, just before the PRE- and POST-deprivation fMRI sessions. In line with previous 202 

studies (Binda & Lunghi, 2017; Lunghi, Berchicci, et al., 2015; Lunghi, Burr, & Morrone, 2011; 203 

Lunghi, Emir, et al., 2015; Lunghi & Sale, 2015), short-term monocular contrast deprivation 204 

induced a 30% increase of phase duration for the deprived eye (POST to PRE-deprivation ratio: 205 

1.31 ± 0.30) and a 15% decrease of phase duration for the non-deprived eye (ratio: 0.86 ± 0.30), 206 

producing a significant time × eye interaction (Fig. 3A, repeated measure ANOVA on the mean 207 

phase durations for each participant, interaction: F(1,18) = 23.56957, p = 0.00013). This effect size 208 

is similar to that measured in recent experiments using the same paradigm, but letting subjects 209 

continue normal activity during the 2h of monocular deprivation (Lunghi, Burr, & Morrone, 2011; 210 
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Lunghi, Emir, et al., 2015; Lunghi & Sale, 2015). This indicates that the prolonged high contrast 211 

stimulation delivered for retinotopic mapping to the non-deprived eye during the first ~30 minutes 212 

of deprivation did not modulate the deprivation effects. 213 

We defined a psychophysical index of the deprivation effect (DIpsycho) by using Eq. 6 in methods 214 

section, where the POST to PRE-deprivation ratio of phase durations for the deprived eye, is 215 

divided by the same ratio for the non-deprived eye. Values larger than 1 imply a relative increase of 216 

the deprived eye phase duration, i.e. the expected effect; a value less than 1 indicates the opposite 217 

effect and a value of 1 indicates no change of mean phase duration across eyes. All but two subjects 218 

have values larger than 1, indicating a strong effect of deprivation. However, the scatter is large 219 

with values ranging from 0.7 to 3, suggesting that susceptibility to visual plasticity varies largely in 220 

our pool of participants. Capitalizing on this variability, we tested whether the size of the 221 

psychophysical effect correlates with the BOLD effect across participants. Using the same Eq. 6 to 222 

compute the deprivation effect on BOLD responses (DIBOLD), we observed a strong correlation 223 

between the effect of monocular deprivation on psychophysics and BOLD (shown in Fig. 3B). 224 

Subjects who showed a strong deprivation effect at psychophysics (DIpsycho > 2) also showed a 225 

strong deprivation effect in BOLD responses (DIBOLD = 1.85 ± 0.42). Given that the psychophysics 226 

was measured only for central vision and at 2 cpd stationary grating, whereas BOLD responses 227 

were pooled across a large portion on V1 and were elicited using broadband dynamic stimuli, the 228 

correlation suggests that the psychophysical effect may be used as a reliable proxy of a general 229 

change of cortical excitability, which can be measured by fMRI.  230 

Figure 3: Deprivation effects on BOLD and on psychophysics are correlated 231 

Monocular deprivation shifts BOLD Spatial Frequency Tuning for the deprived eye 232 

The BOLD measure we use here gives us the chance to measure the effect of Monocular 233 

Deprivation across spatial frequencies and as function of eccentricity. We used 5 band-pass noise 234 

(1.25 octaves half-width at half maximum) stimuli with peak spatial frequency selected to have a 235 

complete coverage of spatial frequencies from 0.03 to 12.5 cpd (see Figure 4 - figure supplement 1). 236 

In contrast with the strong and reliable plasticity of responses to the high spatial frequency stimulus 237 

(peaking at 2.7 cpd, Figs. 1-3), we find that the plasticity effect is absent at low spatial frequencies 238 

(interaction index for the highest spatial frequency stimulus: 0.70±0.19; for the lowest spatial 239 

frequency stimulus: 0.16±0.15; paired t-test t(18) = -3.441, p = 0.003). 240 

 241 
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selectivity in individual vertices in each condition: separately for the two eyes, PRE/POST 275 

deprivation. Before deprivation, the spatial frequency cut-off decays with eccentricity as expected. 276 

Fig 5A maps both eccentricity (pRF eccentricity estimates from a separate retinotopic mapping 277 

scan) and spatial frequency cut-off values, obtained by fitting responses to the deprived eye, before 278 

deprivation (averaged across hemispheres and subjects). The cut-off is around 16 in the para-fovea 279 

(eccentricity around 1.5 deg) and down to 4 in the periphery (eccentricity around 8 deg). This 280 

relationship between eccentricity and spatial frequency preference is consistent with previous fMRI 281 

results (D'Souza et al., 2016; Henriksson et al., 2008) and with  psychophysics (Rovamo, Virsu, & 282 

Nasanen, 1978). The model captures well the selectivity of an example V1 vertex (Fig. 5B, 283 

goodness of fit better than 0.9), sampled from the mid-periphery (3.4 deg) for the deprived eye, 284 

both before and after deprivation. The spatial frequency cut-off after deprivation shifts to higher 285 

values, increasing (in this example) by about a factor of three. Fig. 5C-D shows that this behavior is 286 

systematically observed across V1 vertices, but only for the deprived eye. Here the average cut-off 287 

is plotted as function of eccentricity, and the roll-off is consistent with the map in Fig. 5A. For the 288 

non-deprived eye, there is no effect of deprivation on spatial frequency selectivity (Fig. 5C). In 289 

contrast, for the deprived eye (Fig. 5D), there is a shift towards preferring higher spatial 290 

frequencies, at all eccentricities, which is captured by an increased value of the cut-off frequency 291 

parameter leading to an increased acuity of the BOLD response to the deprived eye.  292 

Note that the change of spatial frequency selectivity for the deprived eye is most evident at 293 

eccentricities of 4 deg and higher (see Fig. 5D), where vertices have peak sensitivity at mid-to-low 294 

spatial frequencies before deprivation. In the fovea, where many vertices already prefer the highest 295 

spatial frequency stimulus before deprivation, our fitting procedure is likely to underestimate the 296 

change of spatial frequency selectivity. Importantly, the spatial frequency selectivity for the non-297 

deprived eye is unchanged at all eccentricities, corroborating the eye and stimulus specificity of the 298 

short-term monocular deprivation effect. These findings are consistent with maps in Figure 1 - 299 

figure supplement 1 panels C-D showing that deprivation effects are largely homogenous across all 300 

V1 eccentricities, with no obvious clustering of effects in the fovea or in the periphery. 301 

Figure 6: Deprivation effects on the deprived eye population Spatial Frequency Tuning and binocular 302 

rivalry phase duration are correlated 303 

To test the significance of these effects, we pooled the best fit cut-off values from all selected V1 304 

vertices across eccentricities and averaged them across participants (Fig. 6A). The repeated measure 305 

ANOVA (performed on the log-transformed values, which are distributed normally as assessed by 306 

the Jarque-Bera test) shows no significant time × eye interaction (F(1,18) = 3.67607, p = 0.07121) 307 
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evaluated at the individual vertex do not show significant activation (Fig. 1B), probably reflecting 340 

more variable organization of activity within this ROI across subjects (Smith et al., 2006).  341 

Fig. 7G quantifies the effect of short-term monocular deprivation (using the ANOVA time x eye 342 

interaction term, which measures the eye-selective modulation of BOLD response after deprivation 343 

for the highest spatial frequency) across the main visual areas. The plasticity effect is strongest in 344 

V1, V2 and V3; it is still strong and significant in ventral area V4 (t(18) = 2.41 p = 0.0270), but it is 345 

absent in V3a and hMT+, where the time x eye interaction is not significantly different from 0 346 

(t(18) = 0.52 p = 0.6115 and t(18) = -0.19 p = 0.8513 respectively). The plasticity effect in ventral 347 

area V4 is significantly stronger than in dorsal areas V3a and hMT+ (t(18) = 2.39, p = 0.0278 and 348 

t(18) = 2.36, p = 0.0299 for V4-V3a and V4-hMT+ respectively). 349 

This result suggests a preferential involvement of the parvocellular vs. magnocellular pathway, 350 

leading to the differential plasticity effect in extra-striate visual areas of the ventral and dorsal 351 

pathway. Interestingly, the plasticity effect is robust in areas where the majority of cells are 352 

binocular (like V3 and V4), indicating that the effect does not require segregated representations of 353 

the two eyes (e.g. ocular dominance columns).  354 

Discussion 355 

We demonstrate that two hours of abnormal visual experience has a profound impact on the neural 356 

sensitivity and selectivity of V1. BOLD activity across the V1 cortical region paradoxically 357 

increases for the eye that was deprived of contrast vision, and decreases for the eye exposed to 358 

normal visual experience.  359 

The enhanced response to the deprived eye fits well with the concept of homeostatic plasticity, first 360 

observed in rodent visual cortex, both juvenile and adult (Maffei, Nelson, & Turrigiano, 2004; 361 

Mrsic-Flogel et al., 2007; Turrigiano & Nelson, 2004), which is the tendency of neural circuits to 362 

keep the average firing rates constant in spite of anomalous stimulation (Maffei & Turrigiano, 2008; 363 

Turrigiano, 2012) (Mrsic-Flogel et al., 2007; Turrigiano & Nelson, 2004). More recently, similar 364 

observations have been made in the adult macaque V1 after two hours of monocular deprivation 365 

during anesthesia (Begum & Tso, 2016; Tso, Miller, & Begum, 2017). The post-deprivation gain 366 

boost observed in the monkey is consistent with our observations of an increased BOLD response to 367 

the deprived eye. We also observe an antagonistic suppression of the non-deprived eye BOLD 368 

response; together, the two effects lead to a shift of ocular preference of individual vertices in favor 369 

of the deprived eye. However, this effect is only observed in those V1 vertices that responded 370 
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where P is the peak spatial frequency, q is the filter half-width at half maximum in octaves. We 523 

generated five band-pass noise stimuli, by setting q = 1.25 octaves and P = 0.1 cpd, 0.2 cpd, 0.4 524 

cpd, 1.1 cpd, 2.7 cpd. Each stimulus was presented for a block of 3TRs, during which the image 525 

was refreshed at 8Hz (randomly resampling a 800 × 600 window from the original matrix). Stimuli 526 

were scaled to exploit the luminance range of the display, and this yielded very similar RMS 527 

contrast values (shown in Figure 4 - figure supplement 1). Stimulus blocks were separated by 4TRs 528 

blanks, consisting of a mid-level gray screen. The five band-pass noise stimuli blocks were 529 

presented in pseudo-random order, twice per run, for a total of 70 TRs. In each run, stimuli were 530 

only presented to one eye, while the other was shown a mid-level gray screen. Each eye was tested 531 

once, before and after deprivation. 532 

Immediately upon application of the monocular patch, we performed two additional scans to 533 

perform retinotopic mapping of visual areas. Meridian and ring stimuli were presented monocularly 534 

(to the non-patched eye) and were defined as apertures of a mid-level gray mask that uncovered a 535 

checkerboard pattern, 1 deg at 1 deg eccentricity to 2.5 deg at 9 deg eccentricity, rotating and 536 

contracting at a rate of one check per second. Meridians were defined by two 45° wedges centered 537 

around 0° or around 90°. The horizontal and vertical meridian were presented interchangeably for 5 538 

TRs each (without blanks) and the sequence was repeated 6 times for a total of 60 TRs. Rings 539 

partitioned screen space into six contiguous eccentricity bands (0-0.9 deg, 0.9-1.8 deg, 1.8-3.3 deg, 540 

3.3-4.7 deg, 4.7-6.48 deg, 6.48-9 deg). Odd and even rings were presented in two separate runs. In 541 

each run, the three selected rings and one blank were presented in random order for 5 TRs each, and 542 

the sequence was repeated (with different order) 6 times for a total of 120 TRs.  543 

MR system and sequences 544 

Scanning was performed on a Discovery MR950 7 T whole body MRI system (GE Healthcare, 545 

Milwaukee, WI, USA) equipped with a 2-channel transmit driven in quadrature mode, a 32-channel 546 

receive coil (Nova Medical, Wilmington, MA, USA) and a high-performance gradient system (50 547 

mT/m maximum amplitude and 200 mT/m/ms slew rate).   548 

Anatomical images were acquired at 1 mm isotropic resolution using a T1-weighted magnetization-549 

prepared fast Fast Spoiled Gradient Echo (FSPGR) with the following parameters: TR = 6 ms, TE = 550 

2.2 ms. FA=12 deg,  rBW = 50kHz, TI = 450 ms, ASSET = 2.  551 

Functional images were acquired with spatial resolution 1.5 mm and slice thickness 1.4 mm with 552 

slice spacing = 0.1 mm, TR = 3 ms, TE = 23ms, rBW = 250 kHz, ASSET = 2, phase encoding 553 
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Figure Legends 701 

Figure 1: Monocular deprivation modulates 7T BOLD responses in early visual cortex 702 

A: Schematic illustration of the methods. The icons show a band-pass noise stimulus shown to 703 

either eye through the MR compatible goggles. Before and after the Pre- and Post-deprivation 704 

scans, outside the bore, we also measured binocular rivalry. 705 

B: BOLD responses evoked by our band-pass noise stimulus with peak frequency 2.7 cycles per 706 

degree (cpd), presented in the deprived eye PRE-deprivation, mapped on the flattened cortical 707 

surface, cut at the calcarine sulcus. T-values are obtained by aligning GLM betas for each subject 708 

and hemisphere to a left/right symmetric template hemisphere, excluding vertices for which 709 

preferred eccentricity was not adequately estimated or smaller than 1 (the same criterion used for 710 

al analyses), then evaluating the distribution of betas in each vertex against 0 (one-sample t-test) 711 

and FDR correcting across the entire cortical surface. Black dashed lines show the approximate 712 

average location of the regions of interest V1 through MT, which were mapped on the individual 713 

subject spaces (see methods); white and blue lines represent the outer limits of the representation of 714 

our screen space (24 x 32deg) and the foveal representation (<= 1deg, where eccentricity could not 715 

be mapped accurately) respectively.  716 

C: BOLD modulation during the 3 TRs of stimulus presentation (from 0 to 9s) and the following 4 717 

blank TRs, for the 2.7 cpd noise stimuli delivered to the deprived eye before deprivation. The y-axis 718 

show the median percent BOLD signal change in V1 vertices relative to the signal at stimulus onset, 719 

averaged across subjects. Error bars give s.e. across participants. Note the small between-subject 720 

variability of the response (given that the response of each subject was computed for just two blocks 721 

of stimulation-blank). 722 

D: Average BOLD response to the band-pass noise stimulus with peak frequency 2.7 cpd, in each of 723 

the four conditions, computed by taking the median BOLD response across all V1 vertices then 724 

averaging these values across participants (after checking that distributions do not deviate from 725 

normality, Jarque-Bera hypothesis test of composite normality, all p > 0.06). The top black star 726 

indicates the significance of the ANOVA interaction between factors time (PRE, POST deprivation) 727 

and eye (deprived, non-deprived); the other stars report the results of post-hoc t-tests: red and 728 

green stars give the significance of the difference POST minus PRE, for the deprived and non-729 

deprived eye respectively; bottom black stars give the significance of the difference deprived minus 730 

non-deprived eye before and after deprivation. * p<0.05; ** p < 0.01; *** p < 0.001; ns non-731 

significant. 732 
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one parameter, the high spatial frequency cut-off, indicated in the legend), estimated by applying to 763 

the average V1 BOLD response the same model used to predict individual vertex responses (fitting 764 

procedure illustrated in Figure 5 - figure supplement 1).  765 

Figure 5: population Spatial Frequency Tuning in V1 766 

 A: Maps of pRF eccentricity and best fit spatial frequency cut off (for the deprived eye before 767 

deprivation) after aligning the parameter estimates for all hemispheres to a common template and 768 

averaging them across subjects and hemispheres, after excluding vertices for which the average 769 

preferred eccentricity was not adequately estimated or smaller than 1 (the same exclusion criteria 770 

used for analyses).  771 

B: Predicted and observed BOLD activity in one example vertex, elicited in response to our 772 

bandpass noise stimuli in the deprived eye PRE (pink) and POST deprivation (red), with best fit 773 

spatial frequency cut off (reported in the legend). 774 

C-D: Best fit spatial frequency cut-off, averaged in sub-regions of V1 defined by pRF eccentricity 775 

bands, and estimated separately for the two eyes and PRE/POST deprivation. 776 

Figure 6: Deprivation effects on the deprived eye population Spatial Frequency Tuning and 777 

binocular rivalry phase duration are correlated. 778 

A: Effect of deprivation on spatial frequency cut off values. Average cut-off across all V1 vertices 779 

(pooled across eccentricities) for the deprived and non-deprived eye, before and after deprivation, 780 

same conventions as in Fig. 1D. Distributions of the log-values do not deviate from normality 781 

(Jarque-Bera hypothesis test of composite normality, all p > 0.285). 782 

B: Correlation between the POST/PRE ratio (Eq. 7 in the Methods) computed for the binocular 783 

rivalry mean phase duration and for the spatial frequency cut off for the deprived eye. 784 

Figure 7: Deprivation effects are stronger in ventral than in dorsal stream areas. 785 

 Panels A-B show V4 responses across spatial frequency stimuli presented to each eye (colored 786 

lines) before (A) and after deprivation; panels C-D show V3a responses and panels E-F show 787 

hMT+ responses. Each data point is computed by taking the median BOLD response across 788 

vertices in the region of interest for each stimulus and subject, then averaging across subjects 789 

(errorbar report s.e.m.). 790 

Panel G summarizes the effect of deprivation measured for the highest spatial frequency stimulus in 791 

the V1, V2, V3/VP, V4, V3a and hMT+ region of interest, computing the interaction term (POST-792 
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PRE difference of BOLD response for the deprived eye, minus the same value for the non-deprived 793 

eye) for individual participants and the 2.7 cpd stimulus. Values around 0 indicate no effect of 794 

deprivation and values larger than 0 indicate a boost of the deprived eye after deprivation. One-795 

sample t-tests comparing this value against 0 give a p-value equivalent to that associated with the 796 

interaction term of the ANOVA (Fig. 1D); the significance of the resulting t-value is given by the 797 

stars plotted below each errorbar. Stars plotted above the lines show the results of paired t-tests 798 

comparing interaction terms in V4 and V3a/hMT+. *** = p<0.001; ** = p<0.01; * = p<0.05; ns 799 

= p>=0.05. Green and Blue highlight the assignment of the higher tier areas to the ventral and 800 

dorsal stream respectively.  801 
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