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This paper shows convincingly that the human visual system can recalibrate itself to
compensate for phase alterations in an image induced by optical blur. This
phenomenon is studied using state-of-the-art adaptive optics approaches that allow
the manipulation of the eye's optics while making concurrent psychophysical
measurements. The findings are broadly important because they highlight a neural
mechanism by which flawed information is used to create seemingly accurate
perceptions of the visual environment.

https://doi.org/10.7554/eLife.100758.1.sa2

Abstract

How does the brain achieve a seemingly veridical and ‘in-focus’ perception of the world,
knowing how severely corrupted visual information is by the eye’s optics? Optical blur
degrades retinal image quality by reducing the contrast and disrupting the phase of
transmitted signals. Neural adaptation can attenuate the impact of blur on image contrast, yet
vision rather relies on perceptually-relevant information contained within the phase
structure of natural images. Here we show that neural adaptation can compensate for the
impact of optical aberrations on phase congruency. We used adaptive optics to fully control
optical factors and test the impact of specific optical aberrations on the perceived phase of
compound gratings. We assessed blur-induced changes in perceived phase over three distinct
exposure spans. Under brief blur exposure, perceived phase shifts matched optical theory
predictions. During short-term (~1h) exposure, we found a reduction in blur-induced phase
shifts over time, followed by after-effects in the opposite direction-a hallmark of adaptation.
Finally, patients with chronic exposure to poor optical quality showed altered phase
perception when tested under fully-corrected optical quality, suggesting long-term neural
compensatory adjustments to phase spectra. These findings reveal that neural adaptation to
optical aberrations compensates for alterations in phase congruency, helping restore
perceptual quality over time.

How we perceive the world is intrinsically constrained by our sensory receptors. The optics of the
human eye degrade the quality of the images projected onto the retina, placing fundamental limits
on visual processing (Artal et al., 2004 (2 ; Webster, 20152 ; Webster et al., 2002 2). Optical blur
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affects the information transmitted to the retina in two ways: it attenuates the contrast of the
retinal image and disrupts the spatial phase (position) of visual signals relative to each other
(Fig.13®). The impact of blur is particularly pronounced for high spatial frequency (SF) signals,
hindering the perception of fine spatial details and sharp edges present in natural images. There is
growing evidence that neural adaptation—a ubiquitous coding strategy of the brain—recalibrates
visual processing in order to compensate for the eye’s optics, providing humans with a seemingly
exceptional perceptual quality despite the poor quality of retinal images (Artal et al., 2004 & ;
Radhakrishnan et al., 2015 ; Sawides et al., 2011b @ ; Webster, 2017 (%, 2015 ; Webster et al.,

individual (Barbot et al., 2021 @; Ng et al., 2022 3, 2021 & ; Sabesan and Yoon, 2009 % ; Sawides et
al., 2011b %), with vision being the clearest with the eye’s own aberration pattern rather than with
unfamiliar ones (Artal et al., 2004 3 ; Sabesan and Yoon, 2010 ; Sawides et al., 2011b ). Neural
adaptation to the eye’s optics affects contrast sensitivity (Barbot et al., 2021 % ; Georgeson and
Sullivan, 1975 ; Mon-Williams et al., 1998 (% ; Ng et al., 2022 (7 ; Rajeev and Metha, 2010 (% ; Rouger

et al.,, 2010(%; Sabesan and Yoon, 2009 (% ; Venkataraman et al., 2015 (), acuity (Barbot et al.,

20103 ; Webster et al., 2002 ). However, the neural compensatory mechanisms underlying these
adjustments remain unclear.

One mechanism by which the visual system is able to attenuate the impact of the eye’s optics is
through contrast compensation (Fig.1®). Previous studies have provided evidence of contrast
gain control mechanisms that help compensate for blur-induced reductions of high-SF signals in
the retinal image (Barbot et al., 2021 (%; Georgeson and Sullivan, 1975 ; Mon-Williams et al.,
19987 ; Ng et al., 2022 @ ; Radhakrishnan et al., 2015 (2; Rajeev and Metha, 2010 ; Venkataraman
etal., 2015 (2). Most of these studies have focused on lower-order optical aberrations of the eye
(Georgeson and Sullivan, 1975 ; Mon-Williams et al., 19987 ; Rajeev and Metha, 2010%;
Rosenfield et al., 2004 (@ ; Sawides et al., 2010 ; Venkataraman et al., 20157 ; Webster et al.,

2002 (@), such as defocus and astigmatism, which reduce image contrast without having a
substantial impact on phase congruency; i.e., lower-order aberrations cause phase reversals but
do not result in phase shifts per se. Contrast compensation mechanisms can therefore counteract
the impact of relatively simple optical blur induced by lower-order aberrations, improving visual

processing and perceptual quality over time.

However, optical quality is also constrained by higher-order aberrations (HOAs). While lower-
order aberrations can be easily corrected using spectacles, contact lenses, or refractive surgery,
HOAs are difficult to correct and limit visual processing and image quality, even in typical eyes
(Liang et al., 1997 (2 ; Sabesan et al., 2007 (Z; Yoon et al., 2004 & ; Yoon and Williams, 2002 &).
Importantly, HOAs not only reduce contrast but also disrupt the phase congruency of retinal
images, which dramatically hinders perception. Indeed, whereas contrast is fundamental for the
brain’s coding of visual information, perceptually-important information about recognizable
features of natural images is almost exclusively contained within the phase spectrum of the image
(Fig.2@®). Key structural features such as broadband edges correspond to locations of maximal
local phase congruency (Henriksson et al., 20092 ; Kovesi, 2000 & ; Morrone and Burr, 1988 (2 ;
Oppenheim and Lim, 1981 ; Wang and Simoncelli, 2004 2 ; Wichmann et al., 2006 (). Moreover,
disruptions of phase congruency can affect the benefits of contrast compensation on perceptual
image quality (Bex et al., 2009 (). Yet, it remains unknown whether the brain can counteract the
phase scrambling effects caused by the eye’s optics. This knowledge gap is substantial given the
role of phase information in visual recognition and image quality.

Here, we ask whether the visual system can compensate for the impact of optical aberrations via
neural adaptation to the phase spectra. Such a phase compensation mechanism could play a vital
role in the visual system’s ability to effectively attenuate the effects of blur on retinal image
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Figure 1.

Neural adaptation to the eye’s optics.

The eye’s optics degrade visual inputs transmitted to the retina in two ways: it reduces image contrast and can disrupt the
phase (position) of visual signals relative to each other. Although there is evidence that neural adaptation to optical blur
helps partially counteract blur-induced contrast reductions, it is unknown whether the visual system can compensate for
phase disruptions. Given the importance of phase information in visual recognition and image quality, phase compensation
may play a vital role in the brain’s ability to adapt to the eye’s optics to improve perceptual quality. Left panel: Visual inputs
corresponding to a high-contrast acuity letter (20/20) and a grayscale image of a spider. Middle panel: Simulated retinal
images using the habitual optical quality of a patient with moderate keratoconus-a corneal disease causing severe optical
aberrations. Right panels: Simulated images illustrating the benefits of contrast compensation and phase compensation,
respectively. Both mechanisms would be needed to optimally enhance perceived image quality.
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Figure 2.

Perceptual importance of phase information.

(A) Any image can be decomposed into its amplitude spectrum and phase spectrum. The phase spectrum, rather than the
amplitude spectrum, contains most of perceptually-relevant information about image structure and is vital for visual
recognition. (B) Reconstructed images reflect the phase spectrum, rather than the amplitude spectrum, of original images.
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quality (Fig.1@). Answering this question will provide key insights regarding how the brain
adapts to the eye’s optics in order to help partially restore visual processing and perceptual quality
over time.

Although HOAs remain relatively low in magnitude in typical eyes, they are usually uncorrected,
limiting visual processing and perceptual quality (Artal et al., 2004 (% ; Liang et al., 1997 & ; Yoon
and Williams, 2002 (% ). HOAs can significantly increase with age (Amano et al., 2004(%), corneal
surgeries (McCormick et al., 2005 @), or with corneal pathologies (Pantanelli et al., 2007 ). In such
cases, the visual system is chronically exposed to substantial magnitudes of uncorrected optical
aberrations, which severely degrade retinal image quality and impact visual processing. For
instance, we previously showed evidence of altered contrast sensitivity and visual acuity following
long-term exposure to severe optical aberrations in patients with keratoconus (KC)(Barbot et al.,
2021; Ng et al., 2022 (3 ; Sabesan and Yoon, 2009 (% )-a corneal disease resulting in severe
amounts of uncorrected HOAs. Notably, some of our previous findings suggest that long-term
neural adaptation to the eye’s optics does not only affect contrast processing, but may also alter
phase perception. Indeed, KC patients tested with their own native aberrations show better
performance for broadband visual information (acuity letter), but no clear advantage for
narrowband information (gratings), compared to typical observers tested with the KC patient’s
own aberrations (Rouger et al., 2010 % ; Sabesan and Yoon, 2010 %3). While improved acuity with
blur adaptation is often linked to enhanced contrast sensitivity of high SFs (Barbot et al., 2021 ;
Rosenfield et al., 2004 (% ; Sabesan and Yoon, 2009 (%), a phase compensation mechanism could also
account for improved acuity. We hypothesize that the advantage for broadband information in KC
patients might arise from phase compensation mechanisms that alter visual processing in order to
counteract disruptions of phase congruency caused by uncorrected optical aberrations.

In the present study, we used adaptive optics (AO) (Fig.3A (@) to assess the impact of exposure to
optical aberrations on perceived phase, from brief exposure to long-term adaptation. AO is a
powerful technique that ensures precise, real-time control of optical quality during visual testing
(Roorda, 2011 (2), allowing to bypass the limit imposed by the eye’s optics to directly characterize
changes in neural functions (Artal et al., 2004 2; Barbot et al., 2021 (%; Liang et al., 1997 (#; Ng et
al., 20213 ; Sabesan and Yoon, 2009 2 ; Yoon and Williams, 2002 2). AO offers the unique
possibility to fully correct all optical aberrations in both humans with typical eyes and patients
with severe optical defects, as well as to induce sustained amounts of specific optical aberrations
in order to assess how it affects visual functions. Correcting HOAs improves contrast sensitivity
and acuity by enabling the detection of high-SF signals, which are otherwise indiscernible while
viewing through the eye’s best refraction (Liang et al., 1997 2; Yoon and Williams, 2002 ().
Moreover, the use of AO correction has revealed changes in contrast processing even for low SFs
(Barbot et al., 20212 ; Ng et al., 2022 @), indicating that blur adaptation can have a broad impact
on visual processing.

In a series of experiments, we assessed the impact of brief, short-term (~1h), and long-term
(months to years) exposure to specific optical aberrations on phase perception. We estimated
perceived phase by asking participants to judge compound grating stimuli whose appearance
depends directly on the phase alignment between two sinusoidal components (Fig.3B,C 2).
Compound gratings are simplified broadband stimuli that have been successfully used to
manipulate and study phase perception (Atkinson and Campbell, 1974 (2 ; Badcock, 1984 ;
Bennett and Banks, 1987 ; Burr, 1980 (% ; Henriksson et al., 2009 % ; Mechler et al., 2002 (3). First,
we measured the effects of brief exposure to specific amounts of AO-induced vertical coma-a HOA
resulting in disrupted phase congruency-on perceived phase (Exp.1). Then, we assessed changes
in perceived phase before, during and following short-term (~1h) exposure to AO-induced vertical
coma (Exp.2). Finally, we investigated the impact of long-term adaptation to poor optical quality on
phase perception in KC patients, who are chronically exposed to substantial amounts of
uncorrected HOAs and disrupted phase in their daily life. Altogether, our results support the
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Figure 3.

(A) Schematic illustration of the AO vision simulator. AO correction allows us to bypass optical factors and compare visual
functions under similar, fully-corrected optical quality in participants otherwise exposed to varying amounts of optical
aberrations. Optical aberrations are measured in real-time by a Shack-Hartmann wavefront sensor. During closed-control
loop, a deformable mirror maintains a desired aberration pattern by compensating for the participant’s wavefront
aberrations. Wavefront maps and simulated acuity letter acuity are showed for participants with typical optical quality and
moderate keratoconus. (B) Compound stimuli consisted of two suprathreshold horizontal gratings with frequencies f and 2f.
The appearance of compound stimuli depends on the f-2f relative phase, going from squarewave-like (upper panel) to
sawtooth-like stimuli whose luminance peaks points either more “downward” (lower left) or more “upward” (lower right). (C)
Perceived phase under full AO-correction in participants with typical optical quality (Exp.3, N=11). Perceived phase was
measured by computing the percent of “upward” responses as a function of relative phase, and estimating the point-of-
subjective equality (PSE)-i.e., the relative phase at which stimuli appeared aligned. Data were fit with a Cumulative Normal
function to compute the PSE (+1.89°; vertical dashed line) with bootstrapped 95%-confidence intervals (95%-Cl: [-0.7° +4.4°];
shaded gray area). All participants were tested across +90° in relative phase, but the exact range of values used across
participants in Exp.3 slightly varied (see Methods), as indicated by the size of each data point in this example figure. Error bars
correspond to +1SEM.
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existence of neural adaptation mechanisms that can detect and compensate for blur-induced
disruptions in phase congruency of the retinal image, adjusting phase perception to help improve
perceptual quality over time.

Results

In all experiments, we asked participants to judge compound gratings whose appearance depends
on the relative phase between the two frequency components fand 2f (Fig.3B 2). At the reference
point (relative phase: 0°), the troughs of fand 2f sinusoids are aligned and compound stimuli
appear ‘square-wave-like’. Varying the relative phase between fand 2f results in ‘saw-tooth-like’
compound gratings pointing either ‘downward’ (-90°) or ‘upward’ (+90°). Note that the reference
phase of the fcomponent varied randomly on each trial to avoid low-level effects related to local
luminance contrast. We computed the proportion of trials in which the stimulus was perceived
‘upward’ as a function of relative phase, and fitted the data to estimate the point-of-subjective
equality (PSE)-i.e., the relative phase at which compound patterns are perceived neither ‘upward’
or ‘downward’ (Fig.3C%). Under full AO correction, the PSE at which compound patterns appear
‘aligned’ corresponded to a relative phase of ~0°, as expected (Fig.3C 2). We first validated our
experimental approach by showing that physically shifting the relative phase by specific offsets
resulted in PSE shifts whose magnitude and direction matched the offset added (Fig.S1 and Supp.
Information). We then used this compound appearance task to assess changes in perceived phase
at various timepoints: with brief exposure (Exp.1), during short-term adaptation (Exp.2), and
following long-term exposure (Exp.3) to optical aberrations.

Exp.1 - Perceived phase shifts with brief

exposure match optical theory predictions

In Exp.1, we measured shifts in perceived phase occurring with brief exposure to specific amounts
of vertical coma (Fig.4 ). We used AO to correct all optical aberrations and induce vertical coma—
a HOA resulting in asymmetric blur that specifically affects horizontally-oriented spatial
information. We computed the expected contrast reduction and phase shift in the presence of
specific amounts of vertical coma from optical theory (see Methods). Specifically, contrast
reduction and phase disruption are characterized by the Modulation Transfer Function (MTF) and
the Phase Transfer Function (PTF), respectively. First, we predicted shifts in perceived phase (PSEs)
for various amounts of vertical coma by simulating retinal images using Fourier propagation
(Fig.4B(@). As expected, larger shifts in relative phase were predicted for larger magnitudes of
vertical coma and for higher SFs, which were in opposite directions for positive and negative
vertical coma (Fig.4B ™2). We selected a range of vertical coma values for testing (+0.5um, for f=3
cycles/deg.) that could be effectively evaluated using the compound appearance task (see
Methods). We validated the predictions for these conditions directly from the AO visual display by
capturing images of horizontal gratings under various amounts of AO-induced vertical coma. The
phase shifts we obtained from the display matched the predictions from optical theory (Fig.4C ).

Three participants with typical eyes judged compound grating stimuli (f: 3 cycles/deg) under
various amounts of AO-induced vertical coma (Fig.4D-F @). Under full AO correction, PSE
estimates were centered on 0° (Fig.4D (Z; -0.003° [-3.8° +3.4°]). In the presence of vertical coma,
participants experienced shifts in perceived phase that matched optical theory predictions for
mild-to-moderate amounts of vertical coma, both in terms of the magnitude and direction of the
shift (Fig.4D,F & ). However, PSE shifts were attenuated compared to optical theory predictions
and AO display validation for +0.5um of vertical coma (predicted: +52.3°; perceived: -42.82° [-38.9°
-46.4°] and +36.77° [+32.8° +39.9°], for +0.5 and -0.5 ym, respectively) (Fig.4D-F (@).
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(A) Trial sequence. Participants judged the appearance of compound gratings under specific amounts of AO-induced vertical
coma. (B) Optical theory predictions. We predicted the magnitude and direction of f-2f relative phase shifts for varying
amounts of coma and different f frequencies. Dashed area indicates conditions selected for testing in (D-F). (C) Setup
validation. We validated the predictions before testing directly from the visual display by capturing images of gratings under
AO-induced vertical coma. (D) Perceived phase shifts. Brief exposure to vertical coma resulted in PSE shifts matching optical
theory predictions, except at +0.5um. (E) Impact of reduced contrast on perceived phase. The attenuation of PSE shifts under
+0.5pum of coma was replicated under AO correction using MTF-adjusted stimuli with £52.3° phase offset. (F) Perceived PSE
estimates plotted relative to optical theory predictions. Individual PSEs correspond to filled colored symbols, while open black
circles show group-average PSEs with 95%-CI error bars. As showed in (F), individual participant data were consistent with
group-average data plotted in (D,E). Results in (D,E,F) are for compound gratings with a fundamental frequency of 3
cycles/deg (see Fig.S2 for additional results using f: 4 cycles/deg).
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What could explain the mismatch between observed and expected phase shifts for larger amounts
of vertical coma? We know that we can measure PSE shifts up to +60° using high-contrast stimuli
(Fig.S1). Moreover, we validated that there was no phase deviation in our AO display that could
explain the deviations observed with perceived phase shifts (Fig.4C 2). We hypothesized that this
mismatch might therefore reflect the impact of blur-induced contrast reduction on perceived
phase. Although we maintained the contrast ratio between the fand 2f components in the
presence of vertical coma (see Methods), reductions in contrast at +0.5um of vertical coma might
be too severe for the 2f component and affect the appearance of compound gratings, thus
attenuating the magnitude of PSE shifts.

We directly tested this hypothesis by measuring PSEs under AO correction using compound stimuli
physically-adjusted both in terms of the amplitude and phase of the fand 2f components (i.e.,
using MTF and PTF values for +0.5um of vertical coma). Relative to the actual offset added to these
MTF-adjusted stimuli (+52.3°), participants showed attenuated PSE shifts (Fig.4E (7; -42.02° [-36.5°
-45.1°] and +41.3° [+38° +46.1°], for +52.3° phase offset) that matched with the phase shifts
observed under +0.5um of vertical coma (-42.82° [-38.9° -46.4°] and +36.77° [+32.8° +39.9°] for +0.5
and -0.5um, respectively). In other words, contrast reductions can affect the magnitude of
perceived phase shifts. The results were consistent across individual participants (see Fig.4F & for
individual and group average PSE estimates). Furthermore, using higher-SF stimuli (f: 4 cycles/deg;
Fig.S2) led to a stronger attenuation of PSE shifts, which was observed for vertical coma values
above 0.3um. These findings show that brief exposure to vertical coma results in perceived phase
shifts that match predictions from optical theory but can be attenuated by contrast reductions.

Exp.2 - Short-term adaptation to vertical

coma compensates for phase disruptions

In Exp.2, we assessed whether the visual system can adaptively compensate for the impact of
vertical coma on phase perception over relatively short periods of time (Fig.5 ). To do so, we
measured PSEs before, during and following short-term (~1h) exposure to -0.4pum of vertical coma.
We selected this value based on Exp.1 to maximize our chance to observe adaptation effects while
minimizing the impact of blur-induced contrast reductions. Each experimental session was
divided into 3 periods during which participants continuously performed the phase appearance
task (Fig.5A@): baseline (~8min), blur adaptation (~70min), and post-adaptation (~12min).
Baseline and post-adaptation periods were similar: participants judged the appearance of
compound gratings presented under AO correction (PSEpyegjcteq: 0°)- During adaptation,
participants were exposed to a sustained amount of AO-induced vertical coma (-0.4um;
PSEpregicteq: +29-5°). The first 3 adaptation blocks (~3min) consisted of compound gratings only to
accurately estimate the blur-induced PSE shift. Then, each compound grating was sandwiched
between a series of high-contrast grayscale images consisting of complex natural images and
checkerboard patterns (Fig.5B,C ). These images appeared blurry owing to the presence of
vertical coma, providing invariants the visual system can use to detect and adapt for the impact of
blur (e.g., hard edges should have all SFs in sine phase). Adaptation stimuli encompassed a wide
range of visual properties and varied rapidly to homogenize local light adaption and minimize
afterimages (Elliott et al., 20112, 2007 (2; Sawides et al., 2011a @), ensuring adaptation to the
presence of vertical coma rather than to specific image properties. To better assess PSE changes
over time, we computed PSEs by binning trials from adjacent (+1) blocks, except if the trials
belonged to different time periods (see Methods, and Fig.S3 for results using unbinned data).

Our results provide compelling evidence of neural adaptation to the phase spectra during short-
term exposure to vertical coma (Fig.5D-F ). Before blur exposure, PSEs were near 0°, with a
slight positive bias on average during baseline (+3.93°+£0.81°; Fig.5D (). To treat 0° as reference
point, we subtracted the mean of PSE estimates during baseline from all PSE estimates (Fig.5E %).
Inducing vertical coma resulted in a significant PSE shift relative to 0° baseline (+26.04° [+18°
+33.8°]), which matched the prediction from optical theory (PSE},egicteq: +29.5°). Critically, the
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(A) Each experimental session consisted of 41 blocks divided into 3 segments: baseline (pre-adaptation), adaptation, and

post-adaptation. Both pre- and post-adaptation were measured under AO correction (PSEy¢gjceq:0°)- During blur adaptation,
-0.4pm of vertical coma was AO-induced (PSEp egjcteq:+29.5°). After the first 3 blocks of adaptation (indicated by the * symbol),
we started presenting grayscale natural images and checkerboards before each compound grating, serving as cues the visual
system could use to detect and adapt to blur. In a control condition, AO correction was maintained during the entire session

and a phase offset (+29.5°) was added instead, thus mimicking the impact of vertical coma on perceived phase without

observers being exposed to blur. Breaks were allowed at specific time points, as indicated by vertical lines. (B) Trial sequence
during the adaptation (and control) segment. (C) Examples of adaptation stimuli. (D-F) Blur adaptation. Before adaptation,
psychometric functions and PSE estimates were centered near 0°. Blur exposure resulted in a PSE shift that initially matched

optical theory predictions (+29.5°), but then decreased over time. As soon as blur was removed (post-adaptation), an

aftereffect in the opposite direction was observed. (G-I) Control experiment. In the absence of blur, PSE shifts matched the

added phase offset (+29.5°) and remained stable over time, with post-adaptation PSEs returning immediately to baseline.

(D,G) Psychometric curves fitted to group-average data. (E,H) Group-average (filled circles) and individual (open circles) PSE
estimates, with solid lines corresponding to power functions fitted to group-average PSEs. To better visualize changes in PSE
over time, PSE estimates are adjusted for small biases observed during baseline, thus treating 0° as baseline. (F,I) Schematic

representations of perceived phase over time observed in both experimental conditions.
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magnitude of the blur-induced phase shift decreased during blur exposure, by -12.7° by the end of
the adaptation period (last block: +13.34° [+6.2° +20.8°]). This attenuation over time was well
captured by a power function (Rzadj =.77, p<.001), corresponding to ~47% reduction by the end of
adaptation. In addition, when we removed AO-induced vertical coma (post-adaptation), PSEs did
not return to baseline levels immediately. Instead, an aftereffect was observed in the opposite
direction (-14.72° [-21.8° -8.0°]), which represents a hallmark of visual adaptation. PSEs returned
to baseline level after ~3-4min (5™ post-adaptation block: -3.18° [-8.8° +2.7°]). Importantly, this
pattern of results did not depend on whether PSE estimates were obtained from binned (Fig.5)
or unbinned data (Fig.S3). All participants showed an attenuation of PSE shifts during adaptation
(by -12.1°+6.4° on average; Fig.S3), with 3 out of 4 participants showing an aftereffect (-13.3+7.6°).

In a control condition, we ruled out confounding factors such as changes in observers’ response
bias over time due to fatigue or serial dependency effects, as well as low-level effects of the
adaptation stimuli presented during the adaptation period. To do so, we maintained AO correction
during the entire control experiment, thus removing any blur-induced phase disruptions the
visual system could adapt to. Instead, during the adaptation period, a phase offset of similar
magnitude and direction than with -0.4pm of vertical coma (+29.5°) was added to compound
stimuli. In the absence of vertical coma, adaptation stimuli should be perceived in-focus and
should not induce blur adaptation, whereas the phase offset should result in a change in the
observer’s response pattern. As expected, we initially observed a significant PSE shift relative to
baseline that matched the phase offset added to the stimuli (+30.4° [+23.4° +37.7°]), matching the
added phase offset (Fig.5G-I ). However, the PSE shift remained stable during the entire
exposure period (last block: 28.86° [+21.7° +35.3°]), returning immediately to baseline once the
phase offset was removed (+1.36° [-5.82° +8.1°]). This pattern was clear across both participants
(Fig.S4). Thus, the attenuation of perceived phase shifts during short-term blur exposure, and the
subsequent aftereffect, likely reflect neural adaptation to phase spectra in the presence of vertical
coma, rather than non-perceptual changes in response bias or low-level interactions during blur
adaptation.

Exp.3 - Altered phase perception following long-

term exposure to poor optics optical aberrations

Finally, we assessed the effects of long-term exposure (months to years) to optical aberrations on
phase perception. To do so, we measured perceived phase in patients with keratoconus (KC)
(Fig.6A@). KC patients are chronically exposed to large amounts of uncorrected HOAs in their
daily life, with particularly large amounts of vertical coma. Long-term exposure to poor optical
quality induces pronounced neural compensatory adjustments in KC patients. For instance, when
tested under full AO correction, KC patients show poorer acuity and altered contrast sensitivity
than healthy participants tested under similar, AO-corrected optical conditions (Barbot et al.,
2021%; Hastings et al., 2021 %; Ng et al., 2022 (% ; Rouger et al., 2010 @ ; Sabesan et al., 2017 ;
Sabesan and Yoon, 2009 @). Here, we tested whether KC patients show evidence of altered phase
perception under fully-corrected optical quality, which would suggest long-term neural
compensatory adjustments to phase spectra.

To do so, we measured perceived phase under AO correction in participants with typical eyes
(N=11) and patients with mild-to-severe KC (N=6)(Fig.S5). For each participant, we estimated the
habitual optical quality as the total RMS error (tRMS) and higher-order aberration RMS error
(hRMS) obtained from wavefront measurements (see Methods). Relative to participants with
typical eyes (tRMS: 1.06+0.31um; hRMS: 0.4+0.13um), KC patients were exposed to poorer retinal
image quality in their daily life (tRMS: 4.04+2.32um; hRMS: 2.47+1.33um). As shown in previous
studies(Barbot et al., 20212 ; Hastings et al., 2021 &; Ng et al., 20227 ; Rouger et al., 2010%;
Sabesan et al., 2017 2; Sabesan and Yoon, 2009(%), AO correction allowed us to bypass optical
factors and maintain total RMS around 0.05um, with no difference between typical (0.051+0.01)
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Altered phase congruency following long-term adaptation to poor optical quality.

(A) Relative to typical ‘healthy’ eyes, KC eyes are affected by large amounts of optical aberrations, as illustrated by the

wavefront maps. As a result, the visual system of KC patients is constantly exposed to degraded retinal images, as illustrated
by simulated acuity letters. AO allows to fully correct all optical aberrations while assessing visual functions, even in KC eyes.

(B) Under full AO correction, participants with healthy eyes showed PSEs tightly distributed around 0°, as expected. In

contrast, KC patients showed larger PSE shifts, consistent with altered phase congruency. Each data point corresponds to PSE
estimates (x-axis) of individual participants (y-axis) plotted with 95%-CIs (see also Fig.S5). (C) The magnitude of the PSE shift

correlated with the amount of habitual optical aberrations (e.g., higher-order aberrations-hRMS) that each participant is
exposed to in their daily life (see also Fig.S6).
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and KC (0.058+0.01) eyes (Welch’s t-test: t=1.22, p=.260, Cohen d=0.66) (Fig.S6A). This allowed us to
measure PSE estimates for each participant under similar, AO-corrected optical quality (Fig.6 >
and Fig.S5).

Under fully-corrected optical quality, participants with healthy eyes had PSEs distributed around
0° (Fig.6B (7; +1.17°+3.07°; Wilcoxon test: V=42, p=0.465, d=0.27). In contrast, KC patients exhibited
clear shifts in perceived phase away from 0° under similar AO-corrected optical quality (Fig.6B @),
resulting in larger variance in the distribution of PSE estimates between the two groups (Levene’s
test for equality of variance: F=39.17, p<0.001). Relative to the magnitude of absolute PSE shifts
observed in participants with typical eyes (2.04°+2.52°), KC eyes exhibited significantly larger PSE
shifts (14.86°+7.26°)(Welch’s t-test: t=4.19, p=.007, Cohen d=2.36). It is worth re-emphasizing that
both control participants and KC patients were tested under similar aberration-free optical quality,
for which PSEs are expected to remain around 0°. Moreover, we found no correlation between the
magnitude of individual PSE shifts and the amount of residual aberrations under AO correction
(Fig.S6A; r=.26, p=.31). Thus, the difference in PSE we observed likely reflects the impact of neural
compensatory adjustments on phase processing following long-term exposure to optical
aberrations. Consistent with this idea, the magnitude of individual PSE shifts correlated with the
amount of habitual optical aberrations experienced by each participant in their daily life

(Fig.6C @ -hRMS: r=.87, p<.001; Fig.S6B-tRMS: r=.82, p<.001). Finally, larger PSE shifts under AO
correction were associated with stronger deficits in high-contrast letter acuity under full AO
correction (Fig.S6C; second-order polynomial: F=23.3, p<.001, Rzadj = 0.74). These results provide
evidence that long-term exposure to severe optical aberrations alters perceived phase in KC
patients, consistent with the existence of neural compensation adjustments to phase spectra.

Discussion

The present study provides vital insights into comprehending how the brain’s coding of sensory
information adapts to the structure of the degraded retinal image to help provide a clearer and
sharper perceptual experience. AO provided full control over optical factors, allowing us to
efficiently induce specific amounts of vertical coma (Exp.1,2) and to test human observers under
fully corrected optical conditions even in severely aberrated KC eyes (Exp.3). Our results unveil
the visual system’s capacity to adapt visual processing to the phase spectra of the retinal input in
order to counterbalance the impact of optical aberrations on phase congruency. We substantiated
the existence of this novel compensatory mechanism with evidence of both short-term and long-
term neural adaptation effects to the eye’s optics on perceived phase.

A key function of human perceptual systems is to adapt to the environment. Human vision readily
detects blurring of retinal images, and makes compensatory adjustments to render the retinal
image clearer (Artal et al., 2004 &2 ; Georgeson and Sullivan, 19757 ; Sawides et al., 2011b &
Webster et al., 2002 ). Several studies have showed that the visual system relies on contrast gain
control mechanisms to compensate for reductions in image contrast induced by blur (Ba
2021 3; Georgeson and Sullivan, 1975 @; Mon-Williams et al., 1998 @ ; Ng et al., 2022 (%;
Metha, 20102 ; Venkataraman et al., 2015 (% ; Webster, 2017 3, 2015(%). Such a compensation
mechanism is vital given the significant impact contrast information has on visual performance
and image quality. Nevertheless, perceptually-relevant information about recognizable features of
natural images resides almost exclusively within the phase spectrum (Henriksson et al., 2009 % ;
Kovesi, 2000 % ; Morrone and Burr, 1988 % ; Oppenheim and Lim, 1981 2 ; Wang and Simoncelli,
20042 ; Wichmann et al., 2006 2). The visual system depends on phase information to detect edges
and boundaries, which are fundamental for image segmentation and visual recognition. Although
we did not assess performance and perceived focus per se, it is reasonable to infer that phase
compensation would help improve visual processing and perceptual quality in the presence of
blur. In addition, we found that contrast reductions can affect perceived phase, which may impact
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as perceived blur (Murray and Bex, 2010 @) depends on the relative phase of natural images.
These findings suggest that contrast gain control and phase compensation are two neural
adaptation mechanisms that likely interact with each other, allowing visual processing to
recalibrate itself to the natural level of blur present in the retinal image of each individual (Barbot

etal., 2021%; Ng et al., 2022, 2021 (%; Sabesan and Yoon, 2010, 2009 (3 ; Sawides et al.,
2011a®,2011b @)

The visual system’s ability to compensate for phase disruptions caused by the eye’s optics suggests
that the brain possesses a representation of what constitutes an optimal (i.e., unaberrated) image.
Invariants present in natural scenes play a key role by enabling the visual system to detect and
correct for the presence of blur. Phase relations are inherently robust in the optical images of
objects present in our natural environment, with edges corresponding to points of maximum local
phase congruency (Henriksson et al., 2009 2; Kovesi, 2000 % ; Morrone and Burr, 1988 (%;
Oppenheim and Lim, 1981 & ; Wang and Simoncelli, 2004 @). Phase coding in the visual system is
‘tuned’ to those phases, with infants developing sensitivity to spatial phases by 2-3 months of age
(Braddick et al., 1986 @ ). Natural images, as used in our study, are typically chosen to induce blur
adaptation and evaluate perceived image focus (Radhakrishnan et al., 2015 ; Sawides et al.,
2011b @, 2010 &; Venkataraman et al., 2015 (% ; Webster et al., 2002 ), as they contain invariants
the visual system relies on for signaling the presence of blur and recalibrating itself.

The present study helps reconcile earlier observations of long-term neural compensation in KC
patients. As previously mentioned, when tested under their own native optical aberrations, KC
patients exhibit better letter acuity than typical observers tested under similar KC’s optical
aberrations, all while showing no clear advantage in contrast sensitivity (Rouger et al., 2010%;
Sabesan and Yoon, 2010@). Some authors have interpreted these findings as evidence that neural
adaptation to poor retinal image quality depends on the visual task (Rouger et al., 2010 @),
occurring for real-life tasks such as letter acuity tasks but not with grating stimuli. It is also
important to note that visual acuity measurements alone do not allow to differentiate between
contrast gain adjustments and phase compensation, as both mechanisms would improve
broadband acuity. Our results provide evidence of poorer letter acuity and altered perceived
phase in KC patients under AO correction, with the magnitude of both effects being positively
correlated to the amount of habitual optical aberrations. Note that KC patients exhibit neural
insensitivity for higher SFs relative to typical eyes under AO correction (Barbot et al., 2021 (2;
Hastings et al., 2021 & ; Ng et al., 2022 (3 ; Sabesan et al., 2017 (3; Sabesan and Yoon, 2009 %),
which could have attenuated the magnitude of the shifts in perceived phase we observed. The
present findings support the hypothesis that long-term exposure to poor optical quality in KC
alters phase processing, which would improve the processing of broadband information, such as
acuity letters and natural images, without affecting narrowband Gabor stimuli typically used in
contrast sensitivity tasks. Given that neural compensation to the eye’s optics remain limited and
perceptual quality poor in KC patients, our results hold promise for developing better clinical care
and visual rehabilitation strategies.

Although the present results hold significance, we should be careful not to overgeneralize our
findings. Compound gratings are simplified broadband stimuli that have been successfully used to
study phase perception (Atkinson and Campbell, 1974 2; Badcock, 1984 (2 ; Bennett and Banks,
1987 2 ; Burr, 1980 (% ; Henriksson et al., 2009 2 ; Mechler et al., 2002 (%), allowing us to efficiently
manipulate and predict phase shifts for specific amounts of vertical coma. While the power of our
approach lies in its simplicity, the experimental conditions were optimized to potentially induce
neural adaptation to the phase spectra; i.e., by testing the impact of vertical coma on horizontal
compound gratings. As such, our results may not fully capture the complexity of neural adaptation
to the eye’s optics. Natural images encompass a wide spectrum of orientations and SFs, which
likely interact and affect blur adaptation. Predicting perceived phase shifts becomes progressively
intricate when using more natural stimuli, or when considering more severe habitual aberration
patterns, such as in KC eyes. For instance, while larger amounts of habitual optical aberrations
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were associated with larger shifts in perceived phase in KC patients, we observed PSE shifts in
both directions that cannot simply be accounted by the amounts of vertical coma present in KC
eyes. Moreover, it’s important to note that most optical aberration patterns do not necessarily lead
to phase disruptions. Thus, there remains a need for further investigation into the broader, overall
contribution of phase compensation mechanisms to neural adaptation to the eye’s optics.

Our results are largely agnostic regarding the neural bases by which the visual system detects
disruptions in local phase congruence and recalibrates sensory processing accordingly. The visual
system is sensitive to differences in relative phase between SF components, a trait observed as
early as the primary visual cortex (V1)(Aronov et al., 2003 ; Henriksson et al., 200973 ; Mechler et
al., 20023 ; Williams and Shapley, 2007 (7). Phase-sensitive pooling of SF information represents a
statistically optimal way to analyze the output from V1 neurons (Hyvarinen et al., 2005 (2). In the
macaque V1, phase-selective mechanisms, as well as to phase differences in compound grating
stimuli (Henriksson et al., 2009 (@ ). However, selectivity for phase congruency increases along the
visual hierarchy (Henriksson et al., 2009 @), and only higher-level areas can discriminate between
broadband edges and lines (Perna et al., 2008 ). These findings support the idea that higher
visual areas mediate phase-sensitive pooling of SF information across multiple spatial scales,
which is required for human perception of broadband natural images (Henriksson et al., 2009 (2).
The detection of disrupted local phase congruency in natural images likely engages higher-level
areas that, through feedback, modulate phase-sensitive mechanisms in early visual regions.

While a single neural adaptation mechanism operating over different timescales could account for
both short-term and long-term adaptation effects, there is evidence of distinct adaptation
mechanisms tuned to specific timescales (Bao and Engel, 2012 ; Webster, 2015 (%), which may
affect neural compensation to the eye’s optics in qualitatively different ways. Considering that
phase-sensitive SF pooling is ubiquitous in the human visual cortex, short-term and long-term
adaptation effects may reflect changes at different stages of visual processing. Moreover, while
short-term adaptation generally yields relatively brief after-effects, readaptation to enhanced
optics in patient populations often occurs over longer timeframes and may involve perceptual
learning interventions (Sabesan et al., 2017 Vinas et al., 2012 (2). Neural adaptation to phase
spectra might also differ across the visual field, given differences in phase perception between
central and peripheral visual locations (Bennett and Banks, 1987 % ; Morrone et al., 1989(%).

Simoncelli, 2011 ; Zhang et al., 20142, with a greater emphasis on phase information near the
fovea and an increasing role of amplitude in the periphery. These results suggest that neural
adaptation to the eye’s optics might be eccentricity-dependent, potentially resulting in weaker
adaptation to phase spectra at peripheral locations.

Neural adaptation to the phase spectra should benefit binocular vision (Ng et al., 2021 (%),

perceived phase only in one eye. However, neural compensation for the eye’s optics likely involves
both eyes. Under natural viewing, individuals are chronically exposed to interocular differences in
blur, which potentially leads to distinct adjustments in each eye over extended timeframes.
Evidence suggests that the retinal image quality of the eye with the best optics serves as reference,
with perceived best focus measured independently in each eye matching the optical blur of the
better eye(Kompaniez et al., 2013 & ; Radhakrishnan et al., 2015 (%). Future research should
investigate the impact of interocular differences on phase perception and neural adaptation, over
both short- and long-term time periods.

In summary, the present study reveals the existence of neural adaptation mechanisms that detect
and mitigate signal disruptions in local phase congruency by recalibrating visual processing.
Given the critical role of phase information in visual recognition and perceived image quality,
neural adaptation to the phase spectra emerges as a potentially vital mechanism for enhancing
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perception in the presence of blur. These findings deepen our understanding of the adaptive
mechanisms by which the brain optimizes perception despite the limitations of the human eye,
offering valuable implications for fields spanning neuroscience, ophthalmology, and the broader
study of neuroplasticity and visual rehabilitation.

Methods

Participants

All participants were cyclopleged with tropicamide (1%) to dilate their pupil and paralyze
accommodation during testing, after being screened by one of our ophthalmologists to ensure
dilation was safe and provide standard information (e.g., corneal curvature, refractive error). An
additional screening session was performed to ensure we could obtain good quality wavefront
measurements and reach stable AO correction. Habitual optical quality was estimated for each
participant from wavefront measurements collected using their everyday correction method, if
any. The square root of the sum of Zernike coefficients for a 6-mm pupil was used to estimate total
RMS error (tRMS: all coefficients, except piston and prisms) and HOAs RMS error (hRMS: 6-65th
coefficients). Three participants (3 males; 22-51yo) with typical optical quality (tRMS: 1.04um,
range: 0.57-1.42pm; hRMS: 0.44um, range: 0.35-0.54pm; 6-mm pupil) completed Exp.1 and S1
(Fig.4%,S1). Exp.2 included an additional participant (25yo female) with typical optical quality
(RMS: 1.59pum, hRMS: 0.56um). Exp.3 included eleven participants with typical eyes (8 males,
32+11.8yo0; tRMS: 1.06+0.31um; hRMS: 0.4+0.13um) and six KC patients (5 males, 35.7+15.5y0; tRMS:
4.04+2.32pm; hRMS: 2.47+1.33um). All control observers were emmetropes or low
myopes/hyperopes with well-corrected optical quality in both eyes. All patients had been
diagnosed with KC at least 12 months before testing (reported onset around their twenties), and
had been wearing the same habitual corrective method without substantial changes in their vision
for at least 6 months before testing. The eye with the most severe optical aberrations was selected
20213; Ng et al., 2022 (@ ; Sabesan et al., 20172 ; Sabesan and Yoon, 2009(%), except for one
patient due to the presence of scarring in the worst eye incompatible with AO correction. Two KC
patients and one control observer did not pass the screening stage, and were not tested further
along. The Research Subjects Review Board at the University of Rochester approved all
experiments, which adhered to the tenets of the Declaration of Helsinki and were conducted after
obtaining informed, written consent. Participants were compensated$12/hr.

Adaptive Optics Vision Simulator

Optical quality and visual performance were assessed under white light conditions using an
Adaptive Optics Vision Simulator (AOVS). As previously detailed (Barbot et al., 2021 ; Ng et al.,
20223, 2021 @; Sabesan et al., 2017 @ ; Sabesan and Yoon, 20102, 2009 2 ; Zheleznyak et al.,

2016 %), our AOVS (Fig.3A(2) consists of a custom-built Shack-Hartmann wavefront sensor that
measures observers’ wavefront aberrations, and a deformable mirror (ALPAO-DM97, Montbonnot,
France) used to correct and/or induce wavefront aberrations online. An artificial pupil controls
pupil size while visual stimuli are presented using a modified digital light processor (8bits,
SharpXR-10X, Osaka, Japan). The visual display subtended 3.98x2.98deg (1024x768, 75Hz; ~0.23
arc/min per pixel) and was gamma-corrected with a PR-650 SpectraScan Colorimeter
(PhotoResearch, Chatsworth, CA). A superluminescent diode (840+20nm) was used for wavefront
sensing. Head movements were stabilized with a headrest and a dental impression bite bar
mounted to X-y-z translation stages. A camera imaging observers’ pupil was used to maintain pupil
alignment. The AOVS operates in a continuous closed loop between wavefront sensing and
deformable mirror correction, at ~8Hz. Full correction of all coefficients was applied during
testing, with the exception of defocus for which subjective values were used to correct axial
chromatic aberrations and ensure the best focus in white light conditions. Subjective defocus was
estimated by asking participants to adjust defocus using a motorized Badal prism while correcting
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all other aberrations in order to maximize image quality. We verified that subjective defocus
values provided the highest acuity and perceived image focus under AO correction. Consistent
with previous studies (Barbot et al., 2021 & ; Ng et al., 2022 (%, 2021 3; Sabesan et al., 2017 Z;
Sabesan and Yoon, 20104, 2009 (% ; Zheleznyak et al., 2016 &), the AOVS offered full control of
wavefront aberrations over sustained periods (~0.05um residual RMS), in both ‘healthy’ and
severely aberrated eyes.

Compound grating stimuli

Suprathreshold horizontal compound stimuli were created by adding two sinusoids with
frequency fand 2f. The relative phase of the two components was shifted from a reference point at
which the troughs of the two sinusoids are aligned and compound stimuli appear ‘square-wave-
like’ (0° relative phase)(Fig.3B (@). Varying the f-2f relative phase resulted in ‘saw-tooth-like’ stimuli
pointing either ‘downward’ (-90°) or ‘upward’ (+90°). The absolute phase of the fundamental fwas
randomly set on each trial to avoid low-level repetition effects related to local image contrast. A
raised-cosine envelope (2.6deg diameter) was used to avoid sharp, high-SF borders. The amplitude
of fand 2fwas set to 66% and 33% contrast, respectively. To account for contrast reductions under
AO-induced blur and maintain the f/2f contrast ratio (Exp.1,2), the amplitude of the two
components was adjusted using corresponding MTF values. A fundamental frequency of 3
cycles/deg (2f: 6 cycles/deg) was used in all experiments (except Exp.S1).

Phase perception task

On each trial, participants reported whether a compound grating stimulus presented foveally for
80ms appeared upwards or downwards (Fig.3B,C @). No feedback was provided. All participants
were first familiarized with the task using compound gratings presented until response. We
computed the percent of upwards trials as a function of the f-2f relative phase. We used the
Palamedes Toolbox (Prins and Kingdom, 2018 @) to fit data with a Cumulative Normal
psychometric function using maximum likelihood estimation, and estimate the point-of-subjective
equality (PSE)-i.e., the relative phase at which stimuli were perceived “aligned”. Non-parametric
bootstrapping was used to compute 95%-CIs of PSE estimates and assess differences in PSE
estimates. We randomly resampled individual trials with replacement to generate and fit
resampled datasets. This procedure of resampling and refitting was repeated 10,000 times to
generate bootstrap distributions of PSE estimates. Goodness of fit was verified using log likelihood
with a global maximum successfully found for all fits.

Visual acuity

Multiple visual acuity (VA) thresholds (10+6 on average) were measured for each participant
under AO correction using a 4-AFC letter orientation task. On each trial, participants reported the
orientation of a high-contrast, tumbling E acuity letter (Sloan) presented for 250ms. Letter size was
adjusted from trial-to-trial using the QUEST staircase method (Watson and Pelli, 1983 (%) to
estimate 62.5%-correct thresholds (40 trials/staircase). Note that all included thresholds were
obtained from successfully converged staircases, and were highly consistent within each observer.

Optical theory predictions

The transfer function of the eye, like any optical system, can be characterized by the Modulation
Transfer Function (MTF) and Phase Transfer Function (PTF), which specify the amplitude
reduction and phase shift as a function of the signal SF, respectively. To obtain the MTF and PTF,
we first compute the generalized pupil function containing the eye’s aberrations, as follows:

P(x,y) = A(x, y) * exp( 2mi / wavelength * W(x,y))
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where P(x,y) is the pupil function at x,y Cartesian coordinates, A(X,y) the amplitude function, and
W(x,y) the wavefront aberrations. This function is then used to calculate the point spread function
(PSF) and optical transfer function (OTF) using 2-dimensional Fourier Transform (fft2):

PSF(x,y) = [fft2(P(x,y))|"2
OTF(fx,fy) = fft2(PSF(x,y))

The OTF can further be decomposed into the MTF and PTF by taking the modulus (magnitude) and
phase of the complex OTF:

OTF(fx,fy) = MTF(fx,fy) * exp(i * PTF(fx,fy))

Predicted shifts in relative phase between fand 2f components were computed using PTF values
for various amounts of vertical coma (Fig.4B 3). These functions were used to generate simulated
images for specific optical conditions, with or without compensating for the impact of MTF or PTF
(Fig.13®@).

Phase shift validation

Predicted phase shifts under specific amounts of vertical coma selected for testing in Exp.1 were
validated directly from the AOVS (Fig.4C 2). A foldable mirror was inserted into the path to
redirect it onto a CCD sensor and take measurements of the display. A collimated single mode
diode laser was used to provide a signal to the Shack-Hartmann sensor and induce aberrations
without the eye’s optics. Gratings of varying f-2f frequencies were displayed under AO-induced
vertical coma ranging from -0.5 pm to +0.5 um. Ten images were collected for each condition and
averaged together. Segments of fand 2fimages were fit with cosine waves of variables amplitude,
period, phase and vertical translation. The relative phase between the fand 2f was then computed
from these fits to validate predictions from our theoretical simulations.

Blur-induced shifts in perceived phase (Exp.1)

Observers judged the appearance of compound gratings (f: 3 cycles/deg; relative phase: -90° to
+90°, 10° steps) under nine conditions of AO-induced vertical coma (0, +0.2, +0.3, 0.4, +0.5um). We
selected this range of values to ensure that the magnitude of observed phase shifts could be
effectively evaluated using the compound grating appearance task (i.e., within +90° in relative
phase, for reliable PSE estimation). As described above, the amplitudes of fand 2f components
were adjusted according to MTF values to account for blur-induced contrast reductions and
maintain the f/2f contrast ratio. PSE estimates were compared to optical theory predictions
(Fig.4D-F2). Each condition was tested on separate blocks counterbalanced across sessions. In the
MTF-adjusted control condition (Fig.4E @), we tested the impact of blur-induced contrast
reductions on perceived phase by testing participants under AO correction using compound
stimuli whose contrast and relative phase were adjusted according to both MTF and PTF values for
+0.5um vertical coma (i.e., phase offset: +52.3°). 95%-CIs are provided to assess changes in PSEs
across conditions. A total of 6097 trials was collected on average per observer (~553 trials for each
of the eleven tested conditions). Additional data was collected using higher-SF compound gratings
(f: 4 cycles/deg) and positive vertical coma (Fig.S2).

Short-term blur adaptation (Exp.2)

We assessed the effects of sustained exposure to vertical coma on perceived phase (Fig.5®).
Participants judged compound gratings (f: 3 cycles/deg) with relative phase ranging from -90° to
+90° (15° steps). Each experimental session (Fig.5A ) consisted of 1599 trials divided into 41
successive blocks (39 trials each) across 3 periods: baseline, adaptation, and post-adaptation. The
baseline (pre-adaptation) consisted of 8 blocks (312 trials; ~8 min) collected under AO correction
(PSEpregicteq: 0°)- During blur adaptation, observers were exposed to AO-induced vertical coma
(=0.4um; PSE ) egicteq: +29-5°) over 21 blocks (819 trials; ~70 min). The first 3 blocks (117 trials; ~3
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min) only contained compound stimuli to estimate the initial blur-induced shift in PSE. The
following 18 adaptation blocks (702 trials; ~67 min) contained natural images (e.g., animals,
buildings, walls, humans) and checkerboard textures presented before each compound stimulus,
serving as perceptual cues the visual system could adapt to in the presence of blur (Fig.5B,C ).
Each trial started with 6-12 adaptation stimuli, each presented for 240ms and separated by 13ms.
After a 253-ms delay, a compound stimulus was presented for 80ms. Note that adaptation stimuli
changed rapidly to homogenize local light adaptation and minimize afterimages, as done in
previous studies(Elliott et al., 2011 3, 2007 @ ; Sawides et al., 2011a(%). Each adaptation stimulus
had an equal probability to be a natural image or a checkerboard stimulus. Natural images were
randomly selected from ~700 natural grayscale images and could not repeat within the same trial.
Checkerboard stimuli had random square size (3,4,5 or 6 square width) and phase. Immediately
following blur adaptation, AO-correction was switched back on and 12 post-adaptation blocks (468
trials; ~12min) were collected with only compound gratings presented, as in the baseline.
Participants were allowed to take short breaks (~1-2 min each) away from the bite-bar at specific
moments within each session (Fig.5A (Z). To minimize the impact of these interruptions on the
adaptation speed or depth, participants were asked to stay in the experimental room under the
same lighting conditions. During blur adaptation, the first trial following a break started with top-
up adaptation (60 adaptation images)(Fig.5B ). The control condition was identical to the blur
adaptation condition, except that participants were always tested under full AO-correction.
Instead of inducing blur, a phase offset of +29.5° was added to compound stimuli, mimicking the
phase shift under -0.4pum of vertical coma. Thus, participants’ responses were similarly biased
during the adaptation period. However, there was no clear phase disruption the visual system
could detect and adapt to as adaptation stimuli were presented under full AO correction.

Each participant performed at least two experimental sessions on separate days. To better
characterize changes in perceived phase across time, PSE estimates at a specific timepoint ¢ (i.e.,
block number) were computed by binning trials from adjacent blocks (+1; i.e,, trials from ¢-1, ¢, and
t+1). This binning procedure was adjusted to ensure not to bin trials across different experimental
periods (baseline, adaptation and post-adaptation), for which trials from only two blocks were
binned together. Importantly, our results did not depend on this binning procedure (Fig.S3). 95%-
CIs were provided to assess changes in PSEs across time. In order to better visualize PSE changes
relative to baseline, the mean of PSE estimates during baseline was subtracted from all PSE
estimates, correcting for small individual biases and treating 0° as reference.

Impact of long-term exposure to poor optical quality (Exp.3)

We assessed the effects of long-term (i.e., months to years) exposure to poor optical quality on
phase perception. We measured perceived phase in patients with keratoconus (KC)-a corneal
disease causing severe optical blur in neurotypically-developed adults (Fig.6A ). KC results in
large amounts of HOAs, particularly of vertical coma that primarily affects resolution along the
vertical axis (i.e., horizontally-oriented signals). As previously detailed (Barbot et al., 2021 Z; Ng et
al., 20223 ; Sabesan et al., 2017 &3; Sabesan and Yoon, 2010, 2009 @ ; Zheleznyak et al., 2016 2),
our AOVS is able to correct all optical aberrations and estimate visual functions under similar,
aberration-free conditions in both healthy and KC eyes. We measured PSE estimates under full AO
correction in eleven control participants with healthy eyes and six KC patients (Fig.6B (2,S5).
Relative to the optical quality of control participants, habitual optical quality in KC eyes was
severely degraded despite their everyday optical correction (tRMS: 1.06+0.31um in controls,
4.04+2.3um in KCs), particularly when looking at the amount of uncorrected HOAs (hRMS:
0.38+0.13um in controls, 2.47+1.33um in KCs). Poorer habitual optical quality was associated with
stronger alterations of visual functions (Fig.6 2,S6). Note that all participants were tested across
+90° range in relative phase, but the exact values used slightly varied mainly due to time
constraints, with either 19 phase levels (10° equal steps), 13 phase levels (15° equal steps), or 9
phase levels (+90°,£45°,+15°,+7.5°, and 0°). A total of ~900 trials was collected on average per
participant.
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Reviewer #1 (Public review):
Summary:

Optical blur is characterized by contrast losses and phase shifts that alter the local
relationship between the component spatial frequencies in the image. The eye experiences
optical blur on several occasions - for instance, physiologically, when the focus state of the
eye does not match the optical vergence demand and, in cases of pathologies like keratoconus
where the cornea gets progressively distorted leading to degraded retinal image quality.
Recalibration of the visual system to suprathreshold contrast losses arising from the optical
blur and the mechanisms that may underlie such a recalibration have been well-researched.
This study by Barbot et al presents convincing evidence that the visual system could also
recalibrate itself to the phase distortions experienced with optical blur. This was
demonstrated, in principle, on a small number of participants with normal vision but with
induced blur (?? experienced psychophysical observers) and in a few keratoconic patients
using their state-of-the-art adaptive optics apparatus. In the former cohort, known
magnitudes of radially asymmetric blur from a vertical coma were induced while
participants judged the position of a compound grating target that shifted in predictable ways
with the induction of blur. Immediate exposure to images blurred with such higher-order
aberrations resulted in position shifts that were consistent with optical theory, but prolonged
exposure to such blur resulted in the position shift returning to veridical perception (albeit,
not completely). When the blur was removed after the adaptation phase, after effects of the
position offset were noticed. In the keratoconic cohort, such position offsets were observed
even when the eye was completely corrected for optical degradation. These results are
discussed in the context of the perception of real-world targets, the underlying
neurophysiology, and what it means to space perception in disease conditions like
keratoconus.

Strengths:
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A clear hypothesis, a parameterized experimental space, rigor of optical correction and
psychophysical judgements, and clarity in the explanation of results are the major strengths
of the paper. Additional strengths include the control experiments to address confounders
and the additional analyses shown in the supplementary section to rule out analytical
inconsistencies in explaining the results.

Weaknesses:

The small sample size (especially in the keratoconic cohort) may be a limitation of the study.
While the experiments conducted in this study are meant to demonstrate a basic visual
phenomenon, that only 6 keratoconic patients were included in the study precludes the
results from being extrapolated to the heterogeneity of disease presentation. It must,
however, be noted that these are difficult experiments to conduct, and getting multiple
participants to agree to such an experiment is not an easy task.

Second, the analysis shown in Figure 6C relating the magnitude of habitual higher-order RMS
to the absolute PSE shift is not convincing. The PSE's were both positive and negative in the
KC patients. The direction of the phase shift experienced by the patient (i.e., positive or
negative shift in the PSE) should also be determined by the pattern of HOA's in their eyes.
Simply comparing the absolute magnitudes does not make sense. Would it be possible to
convolve the compound grating with the PSF obtained from each patient and predict which
direction should the PSE shift? This prediction can then be compared with the observed shift
in the PSE's.

A third weakness of the study may be the assumption that the phase recalibration in
keratoconic cohort may be eye-specific. That is, if the participant has dissimilar severities of
keratoconus, the probed eye's aberration profile may determine the phase profile that the eye
is calibrated to. I am not sure to what extent this assumption is valid. Further, under natural
viewing, the pupil size will change with light intensity and accommodative state and this will,
in turn, determine the optical quality of the eye. Given this, it is not clear what will the visual
system recalibrate itself to, when the phase shifts in the retinal image may keep changing
from the underlying blur profile in the retina. Also, if the disease is progressive in nature (in
their cohort, the authors indicate that the disease did not progress), the calibration state
should also constantly change. What is the time scale of such a calibration and could there be
multiple states of such adaptation remains to be explored. This, of course, is not a weakness
of the present study, but an open question for the future.

Finally, one additional experiment could have been performed (this is good to have
information and certainly not a necessity). What is the wavefront profile of a few keratoconic
patients that participated in the study, used as the adaptation profile in the 2nd experiment
(as opposed to a fixed level of coma)? Would a 60-min paradigm result in adapted states that
will result in phase shifts matching what is experienced by keratoconic eyes (see Marella et
al,, Vis Res, 2024 for a similar induced experiment for studying the impact of phase shifts on
visual and stereoacuities)?

https://doi.org/10.7554/eLife.100758.1.sa1

Reviewer #2 (Public review):
Summary:

The authors examine the ability of the human visual system to adapt to optically induced
phase shifts. The study shows clear adaptation to the relative phase created by exposure to
vertical coma. The study assesses the impact of adaptation to the coma on the perceived
relative phase of f and 3f compound gratings. It is observed that during the first couple of
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minutes of a 1-hour exposure to induced vertical coma, the apparent relative locations of the
f and 3f shifted in the opposite direction to that induced by the coma, a classic adaptation
effect. This result highlights a neural mechanism by which flawed information is used to
create seemingly accurate perceptions of the visual environment.

Strengths:

Sophisticated and rigorous optical and psychophysical methods, and a clear research
question. The manuscript is well-written and the data quality is very high. The authors are to
be congratulated on this challenging and complex optics and psychophysics study.

Weaknesses:

Some more details on the phase and amplitude consequences of the induced coma would add
value to the reader.
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