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SUMMARY (245 words out of 250 allowed) 

The human eye has a crystalline lens that focuses retinal images at the point of fixation. Outside 

this fixation region, images are distorted by optical blur, which increases light scatter and reduces 

the spatial resolution and contrast processed by neuronal pathways. The spectacle lenses that 

humans use for optical correction also minify or magnify the images, affecting neuronal surround 

suppression in visual processing. Because light and dark stimuli are processed with ON and OFF 

pathways that have different spatial resolution, contrast sensitivity and surround suppression, 

optical blur and image magnification should affect differently the two pathways and the perception 

of lights and darks. Our results provide support for this prediction in cats and humans. We 

demonstrate that optical blur expands ON receptive fields while shrinking OFF receptive fields, 

as expected from the expansion of light stimuli and shrinkage of dark stimuli with light scatter. 

Spectacle-induced image magnification also shrinks OFF more than ON receptive fields, as 

expected from the stronger surround suppression in OFF than ON pathways. Optical blur also 

decreases the population response of OFF more than ON pathways, consistent with the different 

effects of light scatter on dark and light stimuli and the ON-OFF pathway differences in contrast 

sensitivity. Based on these results, we conclude that optical blur and image magnification reduce 

the receptive field sizes and cortical responses of OFF more than ON pathways, making the ON-

OFF response balance a reliable signal to optimize the size and quality of the retinal image. 
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HIGHLIGHTS (4 highlights, 85 characters with spaces) 

1. Optical blur affects ON and OFF pathways differently. 

2. Blur expands ON but shrinks OFF receptive fields, weakening OFF more than ON signals.  

3. Magnification from positive blur reduces OFF more than ON signal strength and latency. 

4. ON-OFF response balance can signal retinal image quality and guide eye growth. 

 

IN BRIEF (321 / 350 characters) 

Pons et al. demonstrate that optical blur affects differently the receptive field properties and 

responses from ON and OFF visual pathways, revealing a new relation between ON/OFF 

pathway balance and blurred visual perception. The results highlight a new role of ON and OFF 

pathways in optimizing retinal image quality that can have implications for the regulation of eye 

growth. 
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GRAPHICAL ABSTRACT  
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INTRODUCTION 

Optical blur plays an important role in the development of the visual pathway. In humans, a 

mismatch between the optical power of the eye and its axial length can lead to nearsightedness 

(blurred vision at far distance) or farsightedness (blurred vision at near distance). These two visual 

disorders, also known as myopia and hyperopia, can be induced in a large variety of animal 

models by exposing the eye to negative or positive optical blur 1,2. Exposure to optical blur also 

affects the neuronal wiring of the brain 3-7 and can disrupt the processing of light and dark stimuli 

mediated by ON and OFF visual pathways 8-10. 

Optical blur causes light scatter, which distorts the size, contrast and spatial resolution of stimuli. 

Because ON and OFF pathways have different surround suppression, contrast sensitivity, and 

spatial resolution 11-25, they should be differently affected by optical blur. The increase in light 

scatter should expand the size of light stimuli while shrinking the size of dark stimuli, causing 

opposite distortions in the size tuning of ON and OFF pathways. In addition, the contrast reduction 

should affect OFF more than ON pathways because ON-pathway responses saturate more with 

contrast and are therefore more resistant to contrast loss 8,10,12,18,26,27. The image magnification 

caused by positive spectacles should also affect OFF more than ON pathways because OFF 

pathways have stronger surround suppression 11,19,20. Only the contrast loss of the finest image 

details should affect ON more than OFF pathways because ON pathways respond to higher 

spatial frequencies than OFF pathways 13,18,28.  

Our cortical measurements confirm these predictions while revealing a new relation between ON-

OFF pathway asymmetries and blurred visual perception 8,9. They also provide new insights on 

the role of ON and OFF pathways in signaling image size and sharpness during eye development.  
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RESULTS 

We performed electrophysiological recordings from the visual cortex of cats and humans wearing 

contact lenses or spectacles of different optical power while having their accommodation 

pharmacologically blocked. In cat primary visual cortex, we performed multielectrode recordings 

of multiunit activity to measure the effect of optical blur on cortical receptive field size and visual 

responses to diverse stimuli. In human visual cortex, we performed electroencephalography 

recordings to measure the effect of optical blur on responses to light and dark checkerboard 

stimuli. Our results demonstrate that optical blur affects the visual responses of ON and OFF 

cortical pathways 

differently in both cats 

and humans. 

 

Optical blur expands 

ON receptive fields 

while shrinking OFF 

receptive fields 

We investigated how 

optical blur affects ON 

and OFF cortical 

receptive fields in cat 

visual cortex. Optical blur 

induced with contact 

lenses made ON 

receptive fields larger and 

OFF receptive fields 

smaller, as expected from 

the effect of light scatter, 

which expands light 

stimuli and shrinks dark 

stimuli (Figure 1a-b). This 

expansion of ON 

receptive fields and 

shrinkage of OFF 

receptive fields could be 

Figure 1. Optical blur and image magnification affect differently the ON and OFF 
visual pathways. (A) Left: Receptive fields mapped with light (top, red) and dark stimuli 
(bottom, blue) while inducing optical blur with contact lenses. Top labels: optical blur of -10, 
0, or +10 diopters and receptive field diameter (deg: degrees). Right: Change in receptive 
field diameter with optical blur. (B) Same as in A but for a different cortical recording site. 
(C) Same as A-B but inducing optical blur with spectacle lenses (-10, -5, -3, 0, +3, +5, +10 
diopters). (D) Left: Average receptive field diameter (n=128, 88 OFF-dominated) measured 
with dark (top, blue) and light stimuli (top, red) while inducing optical blur with contact lenses. 
The text label reports goodness of fit (R2) and p values of linear regressions (equations 
provided only for significant correlations). Right: Same as in left panel, but inducing optical 
blur with spectacles (n=70, 43 OFF-dominated). (E) Same as D for OFF-ON difference in 
receptive field (RF) diameter (diam.). (F) Same data as E right panel, but plotting normalized 
ON/OFF RF diameter ratio (magenta) superimposed with light/dark ratio of perceptual errors 
measured in humans (black, data from Pons et al. (2017)). Both measurements were fit with 
quadratic equations, normalized (subtracting minimum and dividing by maximum of the fit), 
and shown superimposed after multiplying human optical blur by 2 (cats have lower spatial 
resolution than humans and their receptive field eccentricity is 5-10 degrees, not zero). 
Labels at the top report the equations and R2. * p<0.05, ** p<0.01, *** p<0.001 (Wilcoxon 
tests). Error bars indicate ± SEM. 
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demonstrated with both negative and positive blur. In contrast, spectacles placed ~1 cm in front 

of the eye shrunk OFF receptive fields only with positive blur (Figure 1c).  

On average across multiple cortical neurons and blur levels, ON receptive fields were significantly 

larger than OFF receptive fields (Figure 1d, mean ± SEM measured with contact lenses: 

6.52o±0.07o for ON vs. 6.02o±0.06o for OFF, n=128, p<0.00001; spectacles: 6.24o±0.05o for ON 

vs. 5.73o±0.04o for OFF, n= 70, p<0.00001, Wilcoxon sign-rank tests), and the ON-OFF size 

difference increased with the absolute magnitude of optical blur (Figure 1e, ON-OFF: -0.23o± 

0.08o at 0 diopters vs. 0.87o±0.09o at ±10 diopters, p<0.00001 for contact lenses; 0.41o±0.16o  at 

0 diopters vs. 1.02o±0.13o at ±10 diopters, p=0.00009 for spectacles, Wilcoxon sign-rank tests). 

At focus, the average OFF receptive field could be slightly larger (Figure 1d, left) or smaller than 

the average ON receptive field (Figure 1d, right), depending on the number/strength of the OFF 

cortical domains included in the sample  (receptive fields in OFF cortical domains have larger 

OFF than ON subregions 15,16,29-31). Furthermore, the effect of optical blur on cortical receptive 

field size measured in cats shared a striking resemblance (Figure 2f) with the effect of optical blur 

measured in human visual perception (data from8). 

 

Spectacle image magnification reduces cortical receptive field size 

When induced with contact lenses, negative blur expanded ON receptive fields slightly more than 

positive blur (Figure 1d, left,  -10 vs. +10 diopters: 6.95o±0.12o vs. 6.67o±0.11o, p=0.00002; ±10 

vs. 0 diopters: 6.81o±1.23o vs. 5.94o±1.18o, p=2.13x10-18, Sign-rank Wilcoxon test), but both blur 

polarities shrunk similarly OFF receptive fields (Figure 1d, left, -10 vs. +10 diopters: 5.90o±0.09o 

vs. 5.99o±0.09o, p=0.0914; ±10 vs. 0 diopters: 5.95o±1.14o vs. 6.16o±1.16o, p=1.2x10-5, Sign-rank 

Wilcoxon tests). By comparison, when induced with spectacles, negative blur expanded ON 

receptive fields more than positive blur (Figure 1d, right, -10 vs. +10 diopters: 7.01o±1.28o vs. 

6.36o±1.11o, p=0.0016; ±10 vs. 0 diopters: 6.69o±0.98o vs. 6.17o±1.34o, p=9.15x10-5, Sign-rank 

Wilcoxon test), but OFF receptive fields only shrunk with positive blur (Figure 1d, left, -10 vs. 0 

diopters: 6.28o±0.86o vs. 5.76o±0.80o, p=1.04x10-9; +10 vs. 0 diopters: 5.07o±0.59o vs. 

5.76o±0.80o, p=1.35x10-10, Sign-rank Wilcoxon test).  

The image magnification of positive spectacles also made OFF receptive field size strongly 

correlated with spectacle blur (R2=0.98; p<0.0001). As spectacle blur became more positive and 

image magnification increased, dark stimuli became larger and more effective at driving surround 

suppression, making OFF receptive fields smaller (the receptive fields also became smaller 

because of the sampling decrease with larger stimuli). Consistently with the stronger surround 
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suppression in OFF than ON pathways 11,19,20, the effect of image magnification was also stronger 

for dark than light stimuli (Figure 1d, right, -10/+10 ratio for OFF vs. ON: 1.24±0.02  vs. 1.12±0.03, 

p=5.95x10-5, Sign-rank Wilcoxon test). It is important to notice that, whereas spectacles with 

positive blur caused a reliable and systematic decrease in OFF receptive field size (R2 = 0.98), 

the reduction was extremely small. On average, the OFF receptive field size decreased by just 

0.1 degree per diopter, which is 1/60 (< 2%) of the average receptive field size measured in our 

sample (~6o). Therefore, we conclude that positive spectacle blur causes a very small but reliable 

decrease in cortical receptive field size because it magnifies stimuli. This effect may explain why 

human subjects wearing positive (or negative) spectacles perceive a noticeable increase (or 

decrease) in image size. 

 

Optical blur and image magnification 

weaken cortical responses 

Optical blur also reduced the strength of 

cortical responses to large grating patterns. 

When optical blur was induced with contact 

lenses, the responses to gratings 

decreased by ~12% (Figure 2a, 0 vs. ±10 

diopters: 27.65±2.05 vs. 24.33±1.62 

spk/sec, p=0.0012, Rank-sum Wilcoxon 

test) and the reduction was not significantly 

different between negative and positive blur 

(Figure 2a, -10 vs. +10 diopters: 

25.55±2.25 vs. 23.11±2.34 spk/sec, p = 

0.9508, Sign-rank Wilcoxon test). 

Conversely, when optical blur was induced 

with spectacle lenses, the responses to 

gratings decreased with positive blur but 

increased with negative blur, as expected 

from the effect of image 

magnification/minification on surround 

suppression (Figure 2b, 0 vs. +10 diopters: 

29.78±1.50 vs. 25.35±1.78 spk/sec, p=0.005; 0 vs. -10 diopters: 29.78±1.50 vs. 35.40±1.92 

Figure 2. Positive blur and spectacle image magnification reduce 
cortical responses to grating patterns and increase OFF pathway 
dominance to small stimuli. (A) Average response to large grating 
patterns measured while inducing optical blur with contact lenses 
(n=133). (B) Same as A for spectacle lenses (n=132). The line shows 
a linear regression fit to the data (text label reports equation, R2, and 
statistical significance). (C) Top: same as A for responses to small dark 
(blue) and light (red) stimuli measured while inducing optical blur with 
contact lenses (n=128). Bottom: same as top for dark-light difference 
(magenta). (D) Same as C but for spectacle lenses (n=70). * p<0.05, 
** p<0.01, *** p<0.001 (Wilcoxon test). Error bars indicate ± SEM. 
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spk/sec, p<0.00001, Sign-rank Wilcoxon tests). These magnification/minification effects made 

spectacle blur correlated with cortical response strength (Figure 2b, R2 =0.82, p=0.0049). 

 

Optical blur also reduced cortical responses to small stimuli (Figure 2c, d). The response 

reduction was ~6-9% with contact lenses (Figure 2c, 0 vs. ±10 diopters: 73.17±5.08 vs. 

68.86±4.93 spk/sec for ON, p=0.0126; 91.27±5.55 vs. 83.08±5.56 spk/sec for OFF, p<0.00001, 

Wilcoxon tests) and ~17-21% with spectacles (Figure 2d, 107.44±7.81 vs. 88.81±6.51 spk/sec for 

ON, p<0.00001; 120.43±6.20 vs. 95.76±5.10 spk/sec for OFF, p<0.00001, Wilcoxon tests). 

Optical blur induced with spectacles was strongly correlated with the response difference between 

dark and light stimuli (Figure 2d, bottom, R2=0.86, p=0.0025), a correlation that can be explained 

by the combined effect of image magnification and light scatter. That is, as spectacle blur 

becomes less negative (e.g. from -10 to -5 diopters), the reduction in image minification increases 

the stimulus size and spatial summation within the receptive field center making the responses 

stronger (Figure 2d, top). However, because the reduction in light scatter expands dark stimuli 

while shrinking light stimuli, the facilitation is more pronounced for dark stimuli and the dark-light 

response difference increases (Figure 2d, bottom). Similarly, as spectacle blur becomes more 

positive (e.g. from +5 to +10 diopters), the increase in image magnification enlarges the stimuli 

within the suppressive surround and reduces the response strength (Figure 2d, top). However, 

because the increase in light scatter shrinks dark stimuli while expanding light stimuli, the 

suppressive effect is more pronounced for light than dark stimuli, and the dark-light response 

difference still increases. Across blur levels, responses were also stronger to small dark than light 

stimuli as expected from the stronger responses from OFF pathways in visual cortex 13-

15,17,18,24,29,30,32-34.  

 

Positive spectacle lenses decrease cortical response latency 

Positive spectacle lenses also had a significant effect on cortical response latency (Figure 3). The 

response latency was shorter in OFF than ON cortical pathways (see also 16,19,35), and the 

difference could be demonstrated with both preferred and non-preferred stimuli (Figure 3a-b, OFF 

vs. ON: 44.25±0.66 ms vs. 46.55±0.60 ms for response enhancement, p=0.0045; 44.46±1.01 vs. 

48.64±0.85 for response suppression, p=0.0011; Rank-sum Wilcoxon tests). The response 

latency to preferred stimuli was significantly correlated with spectacle blur in OFF but not ON 

cortical pathways (Figure 3c, R2=0.93, p=0.0004 for OFF versus R2 =0.25, p=0.2576 for ON), 

whereas the suppression latency to non-preferred stimuli was significantly correlated with 

spectacle blur in both pathways (Figure 3d, R2=0.65, p=0.0286 for OFF; R2=0.84, p=0.0038 for 
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ON). Because increasing stimulus 

size reduces response latency in 

visual cortex 19,20, the decrease in 

response latency with spectacle 

blur can be explained by the 

increase in image magnification. 

Optical blur was also significantly 

correlated with response strength in 

both pathways (Figure 3e, R2=0.92, 

p=0.0035 for ON and R2=0.82, 

p=0.0259 for OFF), and temporal 

suppression in ON pathways 

(Figure 3f, R2=0.88, p=0.0099 for 

ON and R2=0.47, p=0.2904 for 

OFF).  

 

ON and OFF human pathways 

have different spatial resolution 

ON and OFF cortical pathways also 

differed in their preference for 

stimulus size. In cat visual cortex, 

ON pathways respond to larger 

stimuli than OFF pathways 19,20, 

replicating differences already 

present in the retina of a large 

variety of mammals including 

rodents, carnivores, non-human 

primates and humans 12,36-38. We 

replicate these ON-OFF differences 

in human visual cortex by 

measuring responses to the onset 

of light and dark checkerboard stimuli with electroencephalography. In our human cortical 

measures, small stimuli drove stronger responses from OFF than ON pathways while large 

surfaces drove stronger responses from ON than OFF pathways (Figure 4). These ON-OFF 

Figure 3. Positive spectacle lenses decrease cortical response latency. 
(A) Average response time-course to the ten preferred stimuli from a sequence 
of large grating patterns while inducing optical blur with spectacle lenses (ON-
dominated neurons in red, n=327; OFF-dominated neurons in blue, n=284). (B) 
Same as A, but for response suppression to the ten non-preferred gratings. (C) 
Average peak response latency to the preferred gratings for ON- and OFF-
dominated neurons while inducting optical blur with spectacles (top labels: R2, 
p value of linear regression, and equation reported only for significant 
correlations). (D) Same as C for response suppression to non-preferred 
gratings. (E-F) Same as C-D for response amplitude. * p<0.05, ** p<0.01, *** 
p<0.001 (Wilcoxon tests). Error bars indicate ± SEM. 
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differences could be demonstrated in both individual subjects (Figure 4a-b) and the subject 

average (Figure 4c). On average, responses to small 0.14o stimuli were 23% stronger in OFF than 

ON pathways (Figure 4c, OFF: 0.921±0.029, ON: 0.746±0.052, n=18, p=0.0002, Wilcoxon test), 

whereas responses to large surfaces were 17-43% stronger in ON than OFF pathways. The 

stronger ON pathway responses to large surfaces could be demonstrated with check stimuli that 

were three, four and five times larger than the optimal stimulus size (OFF/ON: 

0.687±0.060/0.801±0.054 for 0.58o, p=0.0299; 0.527±0.052/0.679±0.054 for 1.12o, p=0.0033; 

0.408±0.038/0.583±0.051 for 2.24o, p=0.0002, n=18 subjects, Wilcoxon tests).  

Responses to stimuli smaller than the receptive field center are too weak to be measured with 

electroencephalography but should be stronger in ON than OFF cortical pathways because the 

contrast-response saturation of ON pathways (neuronal blur) expands light stimuli 10,13,26,29,35. 

Therefore, our results indicate that cortical responses are stronger in ON than OFF pathways 

Figure 4. Human cortical responses show a preference for small dark stimuli and large light surfaces. (A) Human cortical 
responses to the onset of dark (blue) and light (red) checkerboards (0.5 sec, midgray background) measured with 
electroencephalography. Each row illustrates a different observer (LB, MA, RN, EL) and each column a different check size (from 0.14 
to 4.48 degrees). (B) Size tuning for dark and light checkerboard stimuli calculated as the maximum minus minimum response between 
50 and 200 ms after response onset (25-75 repeats). (C) Average (n=18) normalized cortical responses to dark (blue) and light stimuli 
(red) with different sizes. (D) Normalized dark minus light response. Top cartoons: small stimuli drive OFF pathways better (left) because 
light stimuli are more expanded by neuronal blur within the suppressive receptive field flanks. Large surfaces drive ON pathways better 
because OFF pathways have strong surround suppression. 
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when the stimulus is either very small (smaller than the receptive field center) or very large (larger 

than the receptive field surround). When the stimulus is smaller than the receptive field center, 

the greater contrast saturation of ON pathways (neuronal blur) expands the size of light more than 

dark stimuli making ON pathway responses stronger. When the stimulus size matches the 

receptive-field center, the greater contrast saturation of ON pathways expands the size of light 

stimuli within the suppressive surround making ON pathway responses weaker. When the 

stimulus size becomes several times larger than the entire receptive field (including center and 

surround), the responses are stronger in ON than OFF pathways because ON pathways have 

weaker surround suppression than OFF pathways 11,19,20 (Figure 4d). 

 

ON and OFF human cortical pathways are differently tuned to optical blur 

We have previously demonstrated that optical blur decreases the visual salience of light more 

than dark stimuli in human vision 8. This light-dark difference can be explained by the expansion 

of ON receptive fields, which decreases spatial resolution for light more than dark stimuli. It can 

also be explained by the contrast loss associated with optical blur, which weakens surround 

suppression in ON more than OFF receptive fields 19,20. To our surprise, optical blur had the 

opposite effect on 

the strength of 

cortical responses. It 

weakened cortical 

responses to dark 

more than light 

stimuli (Fig 5, a-b). 

At focus, cortical 

responses were 

~20% stronger for 

dark than light 

stimuli (Figure 5c, 

top, darks/Lights: 

0.797±0.063%, 

n=10, p=0.0313, 

Wilcoxon test), as 

expected from the 

cortical dominance 

Figure 5.  Blur tuning of ON and OFF pathways in human visual cortex. (A) Human cortical 
responses to the onset of dark (blue) and light (red) checkerboards measured with 
electroencephalography under different levels of optical blur induced with contact lenses. Each 
row illustrates an observer (LB, RN, EL, MA, AA, SP) and each column a level of optical blur (from 
-5 to +5 diopters). (B) Blur tuning for dark (blue) and light (red) stimuli calculated as the maximum 
minus minimum response between 50 and 200 ms after response onset. (C) Average (n=10) 
normalized cortical responses to dark and light stimuli measured with different levels of optical 
blur (top) and the normalized OFF minus ON response (magenta, bottom). Response amplitude 
is calculated as in B. ** p<0.01, *** p<0.001 (Wilcoxon tests). Error bars indicate ± SEM. 
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of OFF pathways 13-15,17,18,24,29,30,32-34. However, optical blur reduced this OFF dominance. On 

average, cortical responses measured with electroencephalography under optical blur were ~120 

% stronger to light than dark stimuli (Figure 5c, top, dark vs. light: 0.414±0.050 vs. 0.829±0.069 

at -5 diopters, p=0.002; 0.342±0.042 vs. 0.813±0.063 at +5 diopters, p=0.002, n=10 subjects, 

Wilcoxon tests), and the OFF-ON response difference became more negative as the optical blur 

increased (Figure 5c, bottom). The effect of optical blur was also more diverse for light than dark 

stimuli. Across subjects, optical blur consistently decreased cortical responses to dark stimuli, but 

could make the responses to light stimuli stronger (Figure 5a-b, LB and RN), relatively unchanged 

(Figure 5a-b, EL and MA), or weaker (Figure 5a-b, AA and SP).   

 

Correlation between ON pathway blur tuning and response strength 

The diversity of blur tuning measured with light stimuli could reflect individual differences in the 

population receptive field of ON pathways measured with electroencephalography. By shrinking 

dark stimuli, optical blur should 

consistently reduce the stimulus 

spatial summation and weaken 

OFF pathway responses. 

However, by expanding light 

stimuli, optical blur could make 

ON pathway responses stronger 

when the expansion is restricted 

to the receptive field center 

(Figure 6a, top), weaker when 

the expansion reaches the 

suppressive surround (Figure 

6a, middle), or unchanged when 

the expansion is beyond the 

receptive field surround (Figure 

6a, bottom). The strength of the 

ON pathway response at focus 

should be also different in these 

three conditions. It should be strongest when the stimulus is restricted to the receptive field center 

and weakest when it covers also the surround. Therefore, if our prediction is correct, ON pathway 

blur tuning should be correlated with ON pathway response strength. 

Figure 6. Correlation between ON pathway blur tuning and response strength. 
(A) Examples of three types of ON pathway blur tuning: U shape (LB), inverted U 
shape (SP), and flat (MA). The right of the figure panel illustrates how differences 
across subjects in population receptive field (RF) size could generate different blur 
tuning. The shrinkage of dark stimuli (blue) makes the activation of OFF receptive 
fields always weaker in the presence of optical blur because it reduces spatial 
summation at the receptive field center. However, the expansion of light stimuli (red) 
can make the activation of ON receptive fields more effective if the stimulus is 
smaller than the receptive field center (LB), less effective if the stimulus is roughly 
equal to the receptive field center (SP), and equally effective if the stimulus is larger 
than the receptive field center at focus (MA). The cortical population receptive field 
is concentric (see Mazade et al., 2022, Figure 2). (B) Correlation between ON 
pathway response strength (x axis) and blur tuning (y axis). Response strength is 
normalized by the OFF pathway response (ON/OFF ratio). The blur tuning is 
measured as the response at focus divided by the response at maximum blur. The 
circles show data from the ten observers of Figure 5 (LB, SP and MA also illustrated 
in panel A) and the line shows a linear regression (top: R2, p value, n, and equation). 
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To test this prediction, we measured ON pathway blur tuning by calculating a ratio between the 

response at focus and at maximum blur. We then measured ON pathway response strength at 

focus and normalized it by the OFF pathway response to eliminate variability caused by factors 

not relevant to the study (e.g. skull thickness, scalp impedance). Consistent with our prediction, 

our results demonstrate a significant correlation between ON pathway blur tuning and response 

strength (Figure 6b, R²=0.49, p=0.0241, n=10). As ON pathway responses became stronger at 

focus, optical blur was more effective at reducing response strength. We also found a significant 

correlation between ON pathway blur tuning and optimal stimulus size (R²=0.70, p=0.0389, n=6, 

range and median optimal size: 0.14o to 2.24o and 0.43o). 
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DISCUSSION 

Our results demonstrate that optical blur affects differently the receptive field properties and 

cortical responses of ON than OFF visual pathways. We show that the light scatter expands ON 

receptive fields while shrinking OFF receptive fields, making the population response weaker in 

OFF than ON pathways. We also demonstrate that the image magnification from positive 

spectacles decreases the receptive field size, response latency and response strength of OFF 

more than ON pathways. These results indicate that optical blur disrupts the response balance 

between ON and OFF pathways and the balance is not fully restored by correcting the refractive 

error with spectacles. Taken together with previous work, these results shed new light on the role 

of ON and OFF pathway function in signaling optical blur and refractive error 8-10,39-42. 

  

Differences in spatial resolution between ON and OFF pathways 

In mammals with good visual acuity, OFF retino-thalamic pathways have smaller receptive fields, 

smaller dendritic fields, higher cell density, and higher receptive-field coverage than ON retino-

thalamic pathways 12,36-38. These differences in spatial resolution are reliably transmitted to visual 

cortex, where they are amplified by the stronger surround suppression 11,19,20 and more precise 

retinotopic mapping of OFF than ON pathways 29,30. Our measurements in human visual cortex 

replicate these ON-OFF differences in spatial resolution previously demonstrated in carnivores 

and non-human primates. Consistently with the stronger responses and larger number of OFF 

than ON cortical receptive fields 13,15-17,19,20,24,29-31,33,35,43, small dark stimuli drove stronger visual 

responses than small light stimuli in human cortex (see also 26,34,44). Also, consistently with the 

stronger surround suppression of OFF pathways 11,19,20, large bright surfaces drove stronger 

responses than large dark surfaces.  

 

Processing of optical blur in ON and OFF pathways 

Across the animal kingdom, visual spatial resolution is maximized by making eyes larger and 

retinal cell density higher 45,46. Larger eyes generate larger retinal images that are sampled more 

finely with a larger number of cells. Maximizing spatial resolution also requires a precise 

adjustment of eye size and optical power to accurately focus visual targets at different viewing 

distances. Animals with binocular foveal vision explore their visual environments with coordinated 

changes in optical power (accommodation) and eye vergence, which require an extensive 

network of neurons in the reticular formation, superior colliculus, cerebellum and cerebral cortex 
47-50.  
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Focusing images at the point of fixation also generates a gradient of optical blur across the retina 
51,52 that could potentially be used to compute visual depth 53,54. Our results indicate that this blur 

gradient affects differently ON and OFF pathways. The light scatter expands ON receptive fields 

while shrinking OFF receptive fields, explaining the different effects of blurred vision on the 

perception of light and dark stimuli 8,55. The contrast reduction of optical blur also reduces the 

responses from OFF more than ON pathways at most spatial frequencies because ON pathway 

responses saturate more with contrast 8,12,18,21,26,27. Only the contrast loss at the highest spatial 

frequencies affects ON more than OFF pathways because ON pathways respond to higher spatial 

frequencies than OFF pathways 13,18.  

 

The importance of image magnification 

Our results also indicate that, without changes in image size or luminance, the population 

response of ON and OFF pathways cannot reliably distinguish negative from positive blur. When 

induced with spectacles, optical blur is strongly correlated with OFF receptive field size but the 

correlation is caused by changes in image magnification, not blur polarity. When induced with 

contact lenses, negative blur expands ON receptive fields slightly more than positive blur. 

However, the difference is very small (0.28o, ~5% of a receptive field for 20 diopters difference) 

and could be caused by an equally small difference in image magnification (~6% calculated as 1 

/ (1-(p x d)), where p is -10 or +10 diopters and d is 3.2 mm of anterior chamber depth plus contact 

lens thickness). 

 

ON and OFF pathways cannot discriminate blur polarity but can reliably signal changes in blur 

magnitude and image magnification. Increasing optical blur weakens the visual responses of OFF 

more than ON pathways because the light scatter shrinks OFF receptive fields while expanding 

ON receptive fields (Figure 7a-c). Moreover, because OFF pathways have stronger surround 

suppression than ON pathways 11,19,20, the image magnification affects OFF pathways more, 

making spectacle power strongly correlated with both OFF receptive field size (R2=0.98) and 

response strength (R2=0.82; responses to gratings are strongly OFF dominated 13,19). Image 

magnification also increases with eye axial length, which can vary in adult humans from 21.5 to 

37 millimeters (~53% range calculated as range/average 56). However, as the eye becomes 

longer, the background of the retinal image also becomes dimmer. For example, a ~53% increase 

in eye axial length is associated with a ~56% increase in image magnification (magnification = 

0.01306 x (L-1.82) 57) and a ~99% decrease in median luminance (light density = 1/L2, inverse 

square law; L is eye axial length). And these percentages are even larger if they include newborn 
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eyes (axial length ~16.5 mm 58). Because ON pathways respond stronger than OFF pathways to 

large stimuli, dark backgrounds, and low contrasts 19,26, increasing eye axial length should 

strengthen responses in ON more than OFF pathways. 

 

An ON-OFF neuronal mechanism to optimize eye axial length 

These results suggest that eye axial length could be accurately adjusted by optimizing the image 

brightness/size that drives the most balanced and strongest response from ON and OFF visual 

pathways. An eye that is too short should generate retinal images that are too small, have too 

bright background, and drive OFF better than ON pathways (Figure 7d, left) because OFF 

receptive fields are smaller and better activated under bright backgrounds than ON receptive 

fields 8,12,13,18-20,37. Conversely, an eye that is too long should generate retinal images that are too 

large, have too dark background, and drive ON better than OFF pathways (Figure 7d, right) 

because ON receptive fields are larger, have weaker surround suppression 11,19,20, and are better 

activated on dark backgrounds than OFF receptive fields (Figure 7d-e). Therefore, the eye should 

become longer when ON pathway responses are weak and shorter when ON pathway responses 

are strong (Figure 7e). 

 

Figure 7. ON and OFF pathway function and retinal image quality. (A) A stimulus (light dot) generates divergent light rays (gray 
lines) that are focused by the crystalline lens onto the retina. Light stimuli on black background (bottom, red outline) appear slightly 
larger than dark stimuli on bright background (bottom, blue outline). (B) When the lens fails to converge the light rays, the light 
scatter expands light dots in black backgrounds (bottom, red outline) while shrinking dark dots in bright backgrounds (bottom, blue 
outline). (C) At focus (top), the population receptive field is just slightly smaller (left) and the population response just slightly stronger 
(right) in OFF than ON pathways. Optical blur (bottom) makes these ON-OFF differences opposite more pronounced (cartoon 
illustrates the size and number of receptive fields activated by the stimulus). (D) Light and dark stimuli on a midgray background 
drive different ON/OFF response balance when the eye is too short (left) or too long (right) than when it has optimal length (middle). 
As the eye grows (left to right), the retinal background luminance decreases and the image size increases. At the optimal eye length 
(middle), the combination of background luminance and image size is optimal to generate the maximum response from both ON 
and OFF pathways. (E) According to this mechanism, the eye increases in length (myopia) when the visual environment and/or 
genetic conditions do not drive effectively ON pathways (top). Conversely, the eye length should decrease (hyperopia) when ON 
pathways are overstimulated. 
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Because the responses from both ON and OFF pathways increase with luminance range 10,19,26, 

bright environments should drive both pathways very strongly (Figure 7e), and could explain why 

spending time outdoors protects against developing myopia 59 (notice that population cortical 

responses at focus are stronger in OFF than ON pathways 17,24,34). Conversely, because ON 

pathways are more vulnerable to reductions in luminance range 10,18,26,60, dim mesopic 

environments or frosted lenses should reduce responses in ON pathways and elongate the eye 
10,39,40,42. Negative blur 61 and reading 39,42 could also induce myopia through a reduction in 

luminance range caused by pupil constriction, which is part of the accommodation reflex 

compensating negative blur (unlike pupil constriction, eye elongation preserves luminance range). 

Conversely, atropine would protect against myopia progression by increasing the retinal 

illumination with pupil dilation 62 and, in animals that lack accommodation and/or have small pupils 

(e.g. mice), inducing myopia should require powerful negative lenses with pronounced image 

minification. Because all animals with form vision have ON and OFF pathways 45,63, this ON-OFF 

mechanism could be potentially implemented in a large variety of species. Therefore, by 

measuring the neuronal effects of optical blur, our work may have revealed a new role of ON and 

OFF pathways in maximizing the quality of the retinal image and guiding eye growth. 
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MAIN TEXT FIGURE LEGENDS 

Figure 1. Optical blur and image magnification affect differently the ON and OFF visual 

pathways. (A) Left: Receptive fields mapped with light (top, red) and dark stimuli (bottom, blue) 

while inducing optical blur with contact lenses. Top labels: optical blur of -10, 0, or +10 diopters 

and receptive field diameter (deg: degrees). Right: Change in receptive field diameter with optical 

blur. (B) Same as in A but for a different cortical recording site. (C) Same as A-B but inducing 

optical blur with spectacle lenses (-10, -5, -3, 0, +3, +5, +10 diopters). (D) Left: Average receptive 

field diameter (n=128, 88 OFF-dominated) measured with dark (top, blue) and light stimuli (top, 

red) while inducing optical blur with contact lenses. The text label reports goodness of fit (R2) and 

p values of linear regressions (equations provided only for significant correlations). Right: Same 

as in left panel, but inducing optical blur with spectacles (n=70, 43 OFF-dominated). (E) Same as 

D for OFF-ON difference in receptive field (RF) diameter (diam.). (F) Same data as E right panel, 

but plotting normalized ON/OFF RF diameter ratio (magenta) superimposed with light/dark ratio 

of perceptual errors measured in humans (black, data from Pons et al. (2017)). Both 

measurements were fit with quadratic equations, normalized (subtracting minimum and dividing 

by maximum of the fit), and shown superimposed after multiplying human optical blur by 2 (cats 

have lower spatial resolution than humans and their receptive field eccentricity is 5-10 degrees, 

not zero). Labels at the top report the equations and R2. * p<0.05, ** p<0.01, *** p<0.001 (Wilcoxon 

tests). Error bars indicate ± SEM. 

 

Figure 2. Positive blur and spectacle image magnification reduce cortical responses to 

grating patterns and increase OFF pathway dominance to small stimuli. (A) Average 

response to large grating patterns measured while inducing optical blur with contact lenses 

(n=133). (B) Same as A for spectacle lenses (n=132). The line shows a linear regression fit to the 

data (text label reports equation, R2, and statistical significance). (C) Top: same as A for 

responses to small dark (blue) and light (red) stimuli measured while inducing optical blur with 

contact lenses (n=128). Bottom: same as top for dark-light difference (magenta). (D) Same as C 

but for spectacle lenses (n=70). * p<0.05, ** p<0.01, *** p<0.001 (Wilcoxon test). Error bars 

indicate ± SEM. 

 

Figure 3. Positive spectacle lenses decrease cortical response latency. (A) Average 

response time-course to the ten preferred stimuli from a sequence of large grating patterns while 

inducing optical blur with spectacle lenses (ON-dominated neurons in red, n=327; OFF-dominated 
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neurons in blue, n=284). (B) Same as A, but for response suppression to the ten non-preferred 

gratings. (C) Average peak response latency to the preferred gratings for ON- and OFF-

dominated neurons while inducting optical blur with spectacles (top labels: R2, p value of linear 

regression, and equation reported only for significant correlations). (D) Same as C for response 

suppression to non-preferred gratings. (E-F) Same as C-D for response amplitude. * p<0.05, ** 

p<0.01, *** p<0.001 (Wilcoxon tests). Error bars indicate ± SEM. 

 

Figure 4. Human cortical responses show a preference for small dark stimuli and large 

light surfaces. (A) Human cortical responses to the onset of dark (blue) and light (red) 

checkerboards (0.5 sec, midgray background) measured with electroencephalography. Each row 

illustrates a different observer (LB, MA, RN, EL) and each column a different check size (from 

0.14 to 4.48 degrees). (B) Size tuning for dark and light checkerboard stimuli calculated as the 

maximum minus minimum response between 50 and 200 ms after response onset (25-75 

repeats). (C) Average (n=18) normalized cortical responses to dark (blue) and light stimuli (red) 

with different sizes (left). (D) Normalized dark minus light response. Top cartoons: small stimuli 

drive OFF pathways better (left) because light stimuli are more expanded by neuronal blur within 

the suppressive receptive field flanks. Large surfaces drive ON pathways better because OFF 

pathways have strong surround suppression. 

 

Figure 5.  Blur tuning of ON and OFF pathways in human visual cortex. (A) Human cortical 

responses to the onset of dark (blue) and light (red) checkerboards measured with 

electroencephalography under different levels of optical blur induced with contact lenses. Each 

row illustrates an observer (LB, RN, EL, MA, AA, SP) and each column a level of optical blur (from 

-5 to +5 diopters). (B) Blur tuning for dark (blue) and light (red) stimuli calculated as the maximum 

minus minimum response between 50 and 200 ms after response onset. (C) Average (n=10) 

normalized cortical responses to dark and light stimuli measured with different levels of optical 

blur (top) and the normalized OFF minus ON response (magenta, bottom). Response amplitude 

is calculated as in B. ** p<0.01, *** p<0.001 (Wilcoxon tests). Error bars indicate ± SEM. 

 

Figure 6. Correlation between ON pathway blur tuning and response strength. (A) Examples 

of three types of ON pathway blur tuning: U shape (LB), inverted U shape (SP), and flat (MA). 

The right of the figure panel illustrates how differences across subjects in population receptive 

field (RF) size could generate different blur tuning. The shrinkage of dark stimuli (blue) makes the 

activation of OFF receptive fields always weaker in the presence of optical blur because it reduces 
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spatial summation at the receptive field center. However, the expansion of light stimuli (red) can 

make the activation of ON receptive fields more effective if the stimulus is smaller than the 

receptive field center (LB), less effective if the stimulus is roughly equal to the receptive field 

center (SP), and equally effective if the stimulus is larger than the receptive field center at focus 

(MA). The cortical population receptive field is concentric (see Mazade et al., 2022, Figure 2). (B) 

Correlation between ON pathway response strength (x axis) and blur tuning (y axis). Response 

strength is normalized by the OFF pathway response (ON/OFF ratio). The blur tuning is measured 

as the response at focus divided by the response at maximum blur. The circles show data from 

the ten observers of Figure 5 (LB, SP and MA also illustrated in panel A) and the line shows a 

linear regression (top: R2, p value, n, and equation). 

 

Figure 7. ON and OFF pathway function and retinal image quality. (A) A stimulus (light dot) 

generates divergent light rays (gray lines) that are focused by the crystalline lens onto the retina. 

Light stimuli on black background (bottom, red outline) appear slightly larger than dark stimuli on 

bright background (bottom, blue outline). (B) When the lens fails to converge the light rays, the 

light scatter expands light dots in black backgrounds (bottom, red outline) while shrinking dark 

dots in bright backgrounds (bottom, blue outline). (C) At focus (top), the population receptive field 

is just slightly smaller (left) and the population response just slightly stronger (right) in OFF than 

ON pathways. Optical blur (bottom) makes these ON-OFF differences opposite more pronounced 

(cartoon illustrates the size and number of receptive fields activated by the stimulus). (D) Light 

and dark stimuli on a midgray background drive different ON/OFF response balance when the 

eye is too short (left) or too long (right) than when it has optimal length (middle). As the eye grows 

(left to right), the retinal background luminance decreases and the image size increases. At the 

optimal eye length (middle), the combination of background luminance and image size is optimal 

to generate the maximum response from both ON and OFF pathways. (E) According to this 

mechanism, the eye increases in length (myopia) when the visual environment and/or genetic 

conditions do not drive effectively ON pathways (top). Conversely, the eye length should decrease 

(hyperopia) when ON pathways are overstimulated. 
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STAR* METHODS 

 

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS 

 

Electrophysiological recordings in cat visual cortex 

Adult male cats (Felis catus, 4-7 kg, n=12) were housed in groups of 2-3 animals in the biological 

research facility where they had free roaming time, and daily interaction with humans. They were 

also provided with enrichment toys and Purina cat food in their private room. All procedures 

performed on animals were approved by the Institutional Animal Care and Use Committee 

(IACUC) at the State University of New York, College of Optometry, and were performed in 

accordance with the guidelines of the United States Department of Agriculture (USDA). The 

animals were first tranquilized with an intramuscular injection of acepromazine (0.2 mg/kg) and 

ketamine (10 mg/kg). Following the intramuscular injection, two intravenous catheters were 

placed into each hind limb for continuous infusions of propofol (3–6 mg/kg/h), sufentanil (10–20 

ng/kg/1), vecuronium bromide (0.2 mg/kg/h) and normal saline (1–3 ml/h). During the experiment, 

heart rate, blood pressure, electrocardiogram, temperature, pulse oximetry, expired CO2 and 

electroencephalographic activity were carefully monitored to keep the values within normal 

physiological limits. The nictitating membranes were retracted with 2% neosynephrine and the 

pupils dilated with 1% atropine sulfate.  The eyes were fitted with contact lenses that had an 

artificial pupil of 3 mm to protect the corneas and focus the stimuli on the retina. In some 

experimental conditions, contact lenses with different optical power were also used to induce 

optical blur on the retinal image. Similar surgical procedures have been previously described in 

further detail 19,26.  

 

Human electroencephalographic (EEG) recordings 

We performed EEG recordings in 23 human observers (12 females and 11 males, age range: 20-

55 years old, including three authors C.P., R.M. and J.M.A). 21 observers participated in the 

measurements of size tuning (12 females and 9 males, age range: 20-55 years old), 8 of these 

21 observers participated also in the measurements of blur tuning (6 females and 2 males, age 

range: 20-29 years old), and 2 observers participated only in the measurements of blur tuning (2 

males, age range 25-27 years old). 3 observers that participated in the measurements of size 

tuning were not selected for further analysis because their maximum cortical responses were very 

weak (< 12 microvolts, 1 female and 2 males including one author: J.M.A.). Therefore, size tuning 

was measured in 18 observers (11 females and 7 males, age range: 20-50 years old, age mean: 
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28.3 years old), and blur tuning was measured in 10 observers (6 females and 4 males, age 

range: 20-43 years old, age mean: 27.1 years old). All recruited observers had 20/20 vision (or 

vision at focus corrected to 20/20). All observers that participated on the blur tuning experiments 

had a non-corrected visual acuity between 20/15 and 20/30 and no differences in visual acuity 

between the eyes. All experiments in human subjects were approved by the institutional review 

board at the State University of New York College of Optometry and followed the principles 

outlined in the Declaration of Helsinki. 

 

METHOD DETAILS 

Cortical recordings in cat visual cortex 

Multiunit cortical activity was measured with 32-channel linear multielectrode arrays (0.1 mm inter-

electrode distance, Neuronexus) with one, two or four shanks (200-400 microns of inter-shank 

distance). The multielectrodes were introduced in cat primary visual cortex nearly parallel to the 

cortical surface and centered in layer 4 (around 2 mm lateral to the brain midline and 4-5 mm 

posterior to stereotaxic zero). At the cortical locations recorded, most receptive fields were within 

10 degrees of eccentricity, between the horizontal meridian and the lower visual field. The 

electrophysiological recordings were collected with a computer running Omniplex (Plexon), 

filtered between 250 Hz and 8 kHz and sampled at 40 kHz as previously described 17,19,26. Custom 

code with MATLAB (Mathworks) and the Psychtoolbox extension 64 was used to present visual 

stimuli on two gamma corrected monitors, a 24 inch LCD monitor (BenQ XL2420-B, 120 Hz, mean 

luminance: 120 cd/m²) and a 24 inch VIEWPixx monitor (VIEWPixx /3D, 120 Hz, mean luminance: 

48.2 cd/m²). The monitors were placed at a distance of 0.57 meters from the eye. The receptive 

field measurements with sparse noise stimuli were all obtained with the LCD monitor. The 

measurements with a fast sequence of gratings were obtained with both LCD and VIEWPixx 

monitors. 

 

Optical blur was induced with both contact lenses and spectacles. To induce optical blur with 

contact lenses, we fitted contact lenses of -10 or +10 diopters to the eye. To induce optical blur 

with spectacles, the animals were fit with contact lenses of the adequate diopter power to focus 

the image on the retina and then spectacles of different power were placed in front of the eye at 

~ 1 cm distance to induce optical blur with -10, -5, -3, +3, +5, or +10 diopters. We measured 

receptive field diameter, firing rate and peak response latency for each level of optical blur. 
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Data acquisition of human cortical responses 

Human cortical responses were measured with a custom dry electrode wireless 

electroencephalogram (EEG) system (Wearable Sensing DSI-7-Flex, San Diego, CA) that 

allowed us to sample the human visual cortex with the same density than a 128-channel EEG. 

The device had 7 electrodes centered on the occipital cortex of our human observers according 

to the “10-20 International System” (Oz, O1, O2, Poz, Po3, Po4, and Fpz, impedances < 1 MΩ). 

The Oz electrode was positioned 3–4 cm above the inion and the ground, consisting of 3 separate 

electrodes, was positioned across the forehead. EEG signals were sampled at 600 Hz, low-pass 

filtered at 100 Hz, and collected by a computer running Rasputin (Plexon).  

 

Human observers were asked to fixate on a small green dot centered on a computer monitor with 

one eye while the contralateral eye was covered by a patch. After fixation, observers were 

instructed to refrain from blinking for 6.6 seconds of stimulus presentation. Eye movements and 

pupil size were continuously monitored with an EyeLink 1000 Plus (SR Research Ltd, Ottawa, 

ON) and the trials were aborted and repeated if the observer blinked or ceased fixation in the 

middle of the trial. To induce optical blur, accommodation was blocked with cyclopentolate (1%) 

and contact lenses were placed on the test eye of the observer. The contact lenses were tested 

in the following order: 0, -3, -5, +3 and +5 diopters. For each diopter level and stimulus size, dark 

stimuli were tested before light stimuli. The pupil size remained roughly constant across stimulus 

conditions and blur levels as expected from the constant background (measurements of size 

tuning) or the inactivation of the pupillary reflex with 1% cyclopentolate (measurements of blur 

tuning).  

 

Presentation of visual stimuli for human subjects 

We generated custom code with MATLAB (Mathworks) and the Psychtoolbox extension 

(Brainard, 1997) to present visual stimuli on a gamma corrected 24-inch VIEWPixx monitor 

(VIEWPixx /3D, 120 Hz, mean luminance: 48.2 cd/m²) that was placed at a distance of 1 meter 

from the observer’s eye. To measure human EEG responses, we presented checkerboards that 

consisted of light (96.48 cd/m²), dark (0.46 cd/m²) and gray (48.2 cd/m²) squares and that were 

turned on for 0.5 seconds and turned off for 0.6 seconds on each stimulus cycle. Because the 

signal to noise ratio is much lower in electroencephalographic recordings than in recordings of 

cortical multiunit activity, the human cortical responses were measured with checkerboard stimuli 

instead of white noise or static gratings. To measure the effect of stimulus size on 

electroencephalographic responses to light and dark stimuli, we presented checkerboard patterns 
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that ranged from 0.14 to 4.48 degrees per side. The stimulus presentation always followed the 

order: 4.48, 2.24, 1.12, 0.58, 0.28, 0.14 degrees. For each stimulus size, we tested dark stimuli 

before light stimuli. When the checkerboard was turned off, a uniform gray (48.2 cd/m²) 

background surface was shown. We presented 25-75 stimulus sequences, each containing 6 

stimulus sizes.  Each observer performed 300-900 trials (25-75 trials x 2 polarities x 6 sizes) that 

took about 15-30 minutes of visual stimulation. A 5 -10 min break was given every 150 trials. 

 

To measure the effect of optical blur, we presented checkerboard patterns of 0.28 degrees per 

side. When the checkerboard was turned off, a uniform light (96.48 cd/m²) or dark (0.46 cd/m²) 

background surface was shown. We presented 25 stimulus sequences, each containing 3 

stimulus cycles per luminance range. The checkerboards were presented in a sequence of 75 

trials per luminance range. We measured cortical responses to light (96.48 cd/m²), dark (0.46 

cd/m²) and gray (48.2 cd/m²) stimuli under five different levels of optical blur (-5, -3, 0, 3, and 5 

diopters). Each observer performed 1500 trials (75 trials x 2 polarities x 2 luminance levels x 5 

optical blur levels) that took about 75 minutes of visual stimulation. A 5-10 min break was given 

every 150 trials. 

 

Code accessibility 

Custom code requests can be directed to the Lead Contact, Jose-Manuel Alonso 

(jalonso@sunyopt.edu). 

 

QUANTIFICATION AND STATISTICAL ANALYSIS 

 

Analysis of receptive fields in cat visual cortex 

The receptive fields were mapped by spike-trigger averaging sparse light (239 cd/m²) and dark 

(0.27 cd/m²) square stimuli presented on a light (239 cd/m²) or dark (0.27 cd/m²) background with 

an update rate of 30 Hz in the LCD monitor (20 × 20 target positions, separation between 

positions: 1.4 degrees, target width: 2.8 degrees). The receptive field diameter and mean firing 

rate were measured at the response peak with a threshold of 20% of the maximum response. We 

also calculated the peri-stimulus time histograms (PSTHs) from visual responses to stationary 

gratings of 88 different orientations, 41 different spatial frequencies and 4 different phases 

presented at 60 Hz 65. The responses to these stationary gratings were also used to quantify the 

average peak latency to preferred and non-preferred stimuli.  
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We classified the selected receptive fields based on their ON/OFF dominance, defined as the 

contrast polarity at the time interval in which the receptive field reached its largest absolute value. 

Contrast polarity was calculated as (ON-OFF)/(ON+OFF), where ON and OFF are the maximum 

ON and OFF responses measured at the selected time frame. After baseline-subtracting and 

normalizing the receptive field, we calculated the receptive field diameter in degrees as sqrt (2 * 

pixel count / pi). We also measured visual responses to sparse noise with PSTHs calculated with 

1 ms bins for light (239 cd/m²) or dark (0.27 cd/m²) squares located at the center of each receptive 

field. The sparse-noise PSTHs were baseline subtracted and smoothed with a temporal window 

of 5 ms. The signal-to-noise ratio of sparse-noise PSTHs was measured separately for each 

recording site and level of optical blur. Blur-tuning measurements were obtained for -10, -5, 0, +5, 

and +10 diopters for spectacles and -10, 0 and +10 diopters for contact lenses. 

 

Blur-tuning was measured in sparse-noise PSTHs that fulfilled the following criteria: 1) The PSTH 

averaged across all blur levels had a signal-to noise ratio larger than 5 when blur was induced 

with contact lenses and larger than 10 when induced with spectacles. 2) The weakest PSTH 

response generated by a given blur level had a signal-to-noise ratio larger than 3 when blur was 

induced with contact lenses and larger than 5 when induced with spectacles. 3) The onset 

responses were larger than the rebound responses for all blur levels (onset response: response 

to stimulus onset; rebound response: response to stimulus being turned off). 4) All blur levels 

generated a response larger than 0.1 spikes per second. 5) The R square of the Gaussian function 

fitted to the receptive field was higher than 0.75 for all blur levels. After selecting the 

measurements that passed these criteria, we averaged the receptive field diameters separately 

for each blur level. The signal to noise ratio of the sparse-noise PSTH was calculated as the 

maximum response divided by the baseline response. The maximum response was measured by 

averaging responses within 4 ms around the maximum. The baseline response was calculated 

by averaging responses between 0 and 40 ms following the stimulus onset. 

 

Analysis of peak response latency in cat visual cortex 

To measure the peak response latency, we presented static gratings on both the LCD (mean 

luminance: 120 cd/m²) and the VIEWPixx (mean luminance: 48.2 cd/m²) monitors. We used 

grating sequences made of 576 distinct light (239 cd/m² on the LCD or 96.48 cd/m² on the 

VIEWPixx) or dark (0.27 or 0.46 cd/m²) gratings of 24 degrees in size presented on a midgray 

background (120 or 48.2 cd/m²). The gratings had 88 different orientations, 41 different spatial 

frequencies, 4 different phases and were presented at 60 Hz. For each recording site, we selected 
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the 10 gratings that drove the strongest response and plotted the average grating PSTH 

calculated between -50 and +400 ms from the stimulus onset 66. These grating PSTHs were 

calculated with 1 ms bins and smoothed with a temporal window of 20 ms using the MATLAB 

function ‘smooth’. 

 

The PSTH average for the 10 preferred gratings was used to measure the response to the 

preferred stimulus phase in each multiunit recording. We also averaged the PSTHs for the 10 

gratings with opposite phase to the 10 preferred gratings to measure the response to the non-

preferred stimulus phase. For this analysis, we also subtracted the baseline and calculated a 

signal-to-noise ratio of the average PSTH separately for each blur level. The signal to noise ratio 

of the grating PSTH was calculated as the maximum response divided by the baseline. The 

baseline activity was calculated as the average spike rate between -40 and 0 ms of the stimulus 

onset. For each blur level, the measurements of peak latency for the preferred grating phase and 

valley latency for the non-preferred grating phase were calculated only for PSTHs with a signal-

to-noise ratio larger than 2.5.  

 

Analysis of firing rate in cat visual cortex 

Firing rate was calculated in two different ways. We first measured the mean firing rate in 

response to light (239 cd/m²) or dark (0.27 cd/m²) squares presented by the LCD monitor. We 

also measured firing rate from visual responses to a fast sequence of static grating stimuli 

presented by both the LCD and the VIEWPixx monitors. Mean firing rate for each recording site 

was calculated as the number of spikes during the time of stimuli presentation, which was 

approximately 5 minutes for both sparse noise and static gratings. Stimuli were presented under 

different levels of optical blur induced with contact lenses (-10, 0, +10 diopters) or with spectacles 

(-10, -5, -3, 0, +3, +5, +10 diopters). We calculated the mean firing rate for each blur level 

averaging firing rate of the same recording sites that passed our SNR criteria on the receptive 

field diameter and latency analysis. 

 

EEG analysis in human subjects 

To quantify the electroencephalographic activity, we first filtered the signal with a low-pass filter 

of 5 Hz and high-pass filter of 30 Hz cut-off frequency. For analysis of size tuning, we isolated the 

EEG signal coming from the central electrode, Oz. The single Oz signal gives the best 

representation of the size/response tuning in primary visual cortex, but the size tuning is greatly 

affected by the proximity of the EEG electrode to the cortical representation of the fovea, which 
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varies across subjects. Of the 21 observers initially recruited, we selected the 18 whose maximum 

response amplitude was bigger than 12 microvolts. We then averaged the recordings from Oz 

over the 25-75 trials performed by the selected observers for each condition and calculated 

response amplitude as the difference between maximum and minimum response within 50 to 200 

ms from the stimulus onset, where the signal to noise ratio of our stimuli was the highest. 

Response trials with an amplitude larger than 100 microvolts were classified as recording artifacts 

and not included in the analysis. For analysis of blur tuning, we performed a voltage subtraction 

across our electrode array to calculate the current density (D) between the 2 central electrodes, 

Oz and Poz. The voltage subtraction consisted of averaging the voltage of the peripheral 

electrodes (VO1, VPo1, VO2 and VPo2) and subtracting it from the average of the central 

electrodes (VOz+VPoz) as indicated on equation 1. 

 

D=((VO1+VPo1+VO2+VPo2))/4-((VOz+VPoz))/2                                                                      (1) 

 

We then averaged the results of the voltage subtraction over the 75 trials performed by all the 

recruited observers for each condition and calculated response amplitude as the difference 

between maximum and minimum response within 50 to 200 ms from the stimulus onset, where 

the signal to noise ratio of our stimuli was the highest. We classified them as artifacts and did not 

include them in our analysis trials with an amplitude of more than 100 microvolts. 

 

Statistical analyses for all experiments 

We used the Wilcoxon Signed Rank tests for paired samples (MATLAB function ’signrank’) and 

Wilcoxon Ranked Sum tests for unpaired samples (MATLAB function ‘ranksum’) to calculate the 

significance of the differences between receptive field diameter, firing rate, peak latency and 

amplitude of the EEG signal within light and dark responses and within the different levels of 

optical blur. Error bars are ± standard error of the mean (SEM). Significance is noted as *p<0.05, 

**p<0.01, ***p<0.001. 
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KEY RESOURCES TABLE 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Experimental models: Organisms/strains 

Adult cats, Felis catus (4–7 kg) Liberty Research, Inc., Waverly, New 

York, USA 

N/A 

Software and algorithms 

MATLAB MathWorks R2018-2023 

Custom Matlab Code   

Other 

Custom 32-channel multielectrode NeuroNexus N/A 

OmniPlex Neural Recording Data 

Acquisition System 

Plexon N/A 

Custom dry electrode wireless 

electroencephalogram (EEG) system 

(DSI-7-Flex) 

Wearable Sensing N/A 
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Figure 1. Optical blur and image magnification affect differently the ON and OFF visual 
pathways. 
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Figure 2. Positive blur and spectacle image magnification reduce cortical responses to 
grating patterns and increase OFF pathway dominance to small stimuli. 
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Figure 3. Positive spectacle lenses decrease cortical response latency. 
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Figure 4. Human cortical responses show a preference for small dark stimuli and large 
light surfaces. 
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Figure 5.  Blur tuning of ON and OFF pathways in human visual cortex. 
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Figure 6. Correlation between ON pathway blur tuning and response strength. 
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Figure 7. ON and OFF pathway function and retinal image quality. 
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