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Stereovision is the ability to perceive fine depth variations from small
differences in the two eyes’ images. Using adaptive optics, we show
that even minute optical aberrations that are not clinically correct-
able, and go unnoticed in everyday vision, can affect stereo acuity.
Hence, the human binocular system is capable of using fine details
that are not experienced in everyday vision. Interestingly, stereo
acuity varied considerably across individuals even when they were
provided identical perfect optics. We also found that individuals’ ste-
reo acuity is better when viewing with their habitual optics rather
than someone else’s (better) optics. Together, these findings suggest
that the visual system compensates for habitual optical aberrations
through neural adaptation and thereby optimizes stereovision
uniquely for each individual. Thus, stereovision is limited by small
optical aberrations and by neural adaptation to one’s own optics.

stereovision | adaptive optics | adaptation | interocular difference |
optical aberrations

Many of us have refractive errors that degrade the quality of
the images formed on our retinas, the most common errors

being myopia, hyperopia, and astigmatism. If uncorrected, these
optical defects can compromise everyday activities such as visually
guided behavior and reading. Collectively known as lower-order
aberrations, these defects are easily corrected with spectacles or
contact lenses. In addition, we all have other optical aberrations
that cannot be so easily corrected. These defects—higher-order
aberrations—also degrade retinal images (1). We are not aware of
these residual native aberrations because everyday experience
provides no basis for knowing what the world would look like if
those aberrations were eliminated. This conundrum raises a fas-
cinating, albeit modest version of Molyneux’s problem (2): What
would the world look like if a person were able to see the world
through eyes with perfect optics? Answering this question will
specify the degree to which the higher-order aberrations limit
human visual function and, in turn, reveal the extent to which the
visual nervous system can utilize spatial information never before
encountered.
This question can be answered using adaptive optics (AO). AO

is a technique that measures optical wavefront distortions through
the pupil of the eye and compensates by setting a complementary
shape on a deformable mirror that reflects visual stimuli into the
eye to achieve nearly perfect, diffraction-limited retinal images (3).
Previous work has shown that removing higher-order aberrations
yields significant improvements in visual acuity and contrast sen-
sitivity (4–7). That work dealt with monocular vision, but humans
are intrinsically binocular, so the question remains as to how ab-
errations of both eyes affect binocular vision. Expanding on tech-
nical advances by Fernandez et al. (8, 9), we developed a binocular
AO system to examine the impact of higher-order aberrations on
binocular depth perception, an aspect of vision that exploits tiny
positional differences between locations of features in the two eyes’
retinal images (10–12). These positional disparities are registered
by binocular neurons that possess pairs of receptive fields, one for
each eye. Activity within those neurons plays a crucial role in

mediating the compelling sense of three dimensionality termed
stereopsis (13, 14).
Stereopsis, like other visual functions, is adversely affected by blur

(15–17), particularly when the images to the two eyes differ in op-
tical quality (18–20). It is not uncommon that the two eyes have
different spherical refractive errors [anisometropia and monovision
are examples (21, 22)] and astigmatism of different magnitudes and
axes. Even in well-focused eyes, higher-order aberration profiles are
seldom the same in the two eyes (23). The profiles often exhibit
some bilateral symmetry, which causes the blur patterns in the two
eyes to differ by reflection about the midline (23).
Are there consequences from living with chronic and conven-

tionally uncorrectable aberrations? We know that monocular im-
ages appear sharpest when they are presented with a person’s
native aberrations rather than other aberrations of the same
magnitude. This observation strongly suggests that people adapt to
the blur caused by their own optics (24–26). Binocular adaptation
to habitual optics also biases the cyclopean percept of blurriness
(27). Plausibly, stereopsis would capitalize on such adaptation too
and thereby improve depth perception under habitually experi-
enced conditions. This explanation was cited in an earlier paper
(28) as a reason for not observing improvement in stereo vision
when optical aberrations were corrected.
With these points in mind, we investigated whether stereopsis is

limited by the optics of the two eyes, and, as a follow up, whether
the neural mechanisms underlying stereopsis become adapted to
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an individual’s degraded retinal images. We pursued this by
measuring stereo acuity when all optical aberrations were elimi-
nated by AO correction, in comparison to measurements with
native optics when the familiar lower- and higher-order aberra-
tions were in place. Improvement in AO-assisted stereopsis would
be noteworthy because it would show that the brain can exploit
greater image sharpness than ever experienced before (Fig. 1).

Results
Visual Acuity Follows Optical Quality.We first wanted to confirm that
correcting the optical aberrations using our AO system yields
improvement in monocular visual acuity where improvement was
expected. We focused on monocular letter acuity because others
had shown significant improvement in that task when aberrations
are corrected by AO (4–6, 29).
Fig. 2A shows examples of an individual’s aberrated wavefront

pattern, the AO-corrected pattern, and the associated retinal
images. Fig. 2B plots monocular visual acuity with and without
AO correction. Note that the native optics in our study always
included the best conventional refractive correction (sphere and
cylinder). The average acuities for the left eye improved with AO
correction from 20/18 to 20/12.3 (an improvement of 31.7%) and
for the right eye from 20/17 to 20/11 (35.3% improvement). The
improvements were statistically significant (t13 = 10.0, P < 10−7,
one-tailed, all eyes combined). Indeed, the corrected acuities
approached limits set by photoreceptor spacing at the fovea (30,
31). Participants reported that stimuli viewed with AO correction
appeared unusually sharp. These results confirm that our AO
correction substantially improves retinal-image quality.
Visual acuity with the native optics was highly correlated with a

quantitative measure of image quality (see Materials and Methods
for description; Fig. 2C; Pearson r12 = −0.92; P = 0.003). This was
entirely expected as it simply shows that those individuals with
better native optics have better visual acuity. Surprisingly, we also
found a similar degree of individual variability in the acuities
measured under AO correction even though participants had es-
sentially the same (near-perfect) image quality in that condition
(Fig. 2B and SI Appendix, Fig. S1). Notably, the acuities with
corrected optics were correlated with image quality before AO
correction (Fig. 2D; Pearson r12 = −0.90; P = 0.006): those with
poor native optics also exhibited relatively poor visual acuity under
AO correction. Hence, there was no significant association be-
tween native image quality and how much visual acuity improved
(SI Appendix, Fig. S2A). This is in contrast to what one would
predict if photoreceptor sampling were the only factor that limited
vision during AO correction (SI Appendix, Fig. S2B). Comparing
the actual improvements with predictions, we observed that peo-
ple with poorer native optics had far less improvement in their
corrected visual acuity than expected, as compared with those who
had good optics (SI Appendix, Fig. S2C). This suggests not only the
presence of limiting factors other than photoreceptor sampling but
also that these factors are more pronounced in people with poorer

optics. Neural adaptation had been cited as a reason in a similar
previous observation where patients with large higher-order ab-
errations due to corneal disease also show deficits in AO-
corrected visual acuity (29). In the sections below, we examine
the implications of these intriguing observations.

Stereo Acuity Improves with Optical Correction. We next turn to the
main topic of investigation: How do the eyes’ optics affect
the precision of stereopsis? To answer that question, we measured
the smallest disparity that allowed participants to identify the
orientation of a disparity-defined depth corrugation (refs. 32 and
33 and Eqs. 1 and 2) with their native optics and AO-corrected
optics (Fig. 3A). Stereo acuity was measured at three corrugation
frequencies: 1, 2, and 3 cpd.
As can be seen in Fig. 3B, there was a clear improvement in

stereo acuity with AO correction at all three corrugation fre-
quencies. The average improvement (small dark circles with er-
ror bars) was 30.0%, a statistically significant improvement
(F1,36 = 4.08, P = 0.050; two-way repeated randomized-block
ANOVA) and similar in magnitude to the improvement in vi-
sual acuity with AO correction (Fig. 2). Stereo acuity decreased
(i.e., disparity at threshold increased) with increasing corrugation
frequency (F2,36 = 14.96, P < 10−4), but the improvement with
AO-corrected optics relative to the native optics was similar at
all frequencies (frequency × correction interaction: F2,36 = 0.21,
P = 0.81).

Fig. 1. Schematic of the paradigm. The aim of the study was to elucidate
the interplay between optics and neural adaptation in determining
stereoacuity.

A B

C D

Fig. 2. Visual acuity and optical correction. (A) Wavefronts and retinal im-
ages from the right eye of a representative participant (S6). On the left are
maps of the wavefront drawn in the same color scale in the native and
corrected conditions. The color variation represents the distortion of the
wavefront. On the right are simulations of the retinal images of a 20/20
Snellen letter E in the two conditions. (B) Monocular visual acuity with native
and corrected optics. Visual acuity with AO-corrected optics is plotted
against acuity with native optics for both eyes of all participants. Gold and
silver symbols indicate the acuities for the left and right eyes, respectively.
The left and bottom axes are acuity in Snellen notation. The right and top
axes are the equivalent in logMAR units (logarithm of minimal angle of
resolution in minutes of arc). The small circles are the average values for the
left and right eyes. (C) Native and (D) corrected visual acuity as a function of
native retinal-image quality, simulated by convolving individual eyes’ PSFs
with a 20/20 Snellen E (see Materials and Methods). Error bars indicate ±1
SD. Different symbols represent data from different participants as shown in
SI Appendix, Fig. S1.
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Most participants did substantially better in the stereo test
with corrected optics. However, as with visual acuity (Fig. 2D),
we found considerable individual differences in AO-corrected
stereo acuity even though the retinal-image quality was essen-
tially the same for all of them in that condition. One participant
actually performed slightly worse with AO correction than with
native optics (the three cross data points above the identity line
in Fig. 3B), which we will discuss later.

What Causes Individual Differences in Stereo Threshold? Previous
studies have found significant individual differences in stereo
acuity (34, 35); we observed this with the native optics too (hori-
zontal spread in Fig. 3B). Why do people differ in this task? To
tackle that question, we investigated whether peoples’ native op-
tical aberrations determined the individual differences. There are
two possibilities. First, some people simply have better optics than
others. Consequently, those with minimal higher-order aberra-
tions, and hence better image quality, are able to perform better.
This hypothesis is consistent with the observation that stereo
acuity is better with sharp images in the two eyes than with blurred
images (16, 36). Our results show this too, because stereo acuity
with AO correction was generally better than acuity without AO
correction (Fig. 3B). Second, alternatively, individual differences
in stereo acuity might largely derive from interocular differences
in the aberrations. This hypothesis is suggested by the blur paradox
(16), i.e., stereo acuity is actually better when both eyes’ images
are equivalently blurred compared to when only one eye’s image is
blurred and the other eye’s image is not blurred. The blur paradox
implies that the binocular matching required to see depth from
disparity is dependent on having images of equivalent contrast
energy and spatial-frequency content in the two eyes. We next
sought to determine which of the two hypotheses is the better
predictor of stereo acuity across individuals.
We simulated what the left and right retinal images for each

participant would be by convolving their point-spread functions
(PSFs) with our random-dot stimuli (SI Appendix, Fig. S3). From
the resulting images, we quantified binocular image quality in two
ways: the average image quality (ImQMean; Eq. 4) and the inter-
ocular difference in image quality (ImQIOD; Eq. 5). Note that our
metric of interocular difference incorporated the difference in

both magnitude and the pattern of blur between the eyes. Results
from those simulations are summarized in Fig. 4.
Fig. 4A plots stereo acuity with native optics as a function of

average image quality; they do not covary systematically (Pear-
son’s r5 = −0.13, −0.30, and −0.43 at 1, 2, and 3 cpd; all P >
0.34). Fig. 4B plots native stereo acuity as a function of the
difference in optical quality between the two eyes. Here we see a
clear association: There were significant positive correlations for
corrugation frequencies of 2 and 3 cpd (Pearson r5 = 0.89 and
0.91, respectively; P < 0.01 in both cases) and a positive trend for
1 cpd (Pearson r5 = 0.55; P = 0.13). In other words, participants
with similar native aberration patterns in the two eyes exhibit
better stereo acuity than participants with larger interocular
differences. These results reveal that the blur paradox is not
specific to lower-order aberrations (such as defocus) but gener-
alizes to interocular differences in higher-order aberrations.
Individual differences in stereo acuity under native optics were

expected. However, we also found similarly large intersubject
variability under AO correction (vertical spread in Fig. 3B). That
is, there were still notable individual differences when optical
quality was essentially the same in all eyes because the optical
imperfections had been corrected. Interestingly, participants’ ste-
reo acuity with AO-corrected optics was significantly correlated
with their stereo acuity with their native optics at the higher cor-
rugation frequencies (1 cpd: Pearson’s r5 = −0.048, P = 0.92;
2 cpd: r5 = 0.80, P = 0.032; 3 cpd: r5= 0.86, P = 0.013).

A B

Fig. 3. Stereo thresholds and optical correction. (A) Simulated retinal im-
ages, one for each eye of the random-dot stimulus, are depicted for the
native- and AO-corrected-optics conditions. The reader can cross-fuse to
observe the depth corrugation. (B) Stereo thresholds with native and AO-
corrected optics. The smallest discriminable disparity with correction is
plotted against the smallest discriminable disparity with native optics for
each participant and corrugation frequency (red for 1 cpd, green for 2 cpd,
and blue for 3 cpd). The small circles are the average values for each fre-
quency. Errors bars are SDs. Different symbols represent data from different
participants as shown in SI Appendix, Fig. S1.

A B

C D

E F

Fig. 4. Stereo thresholds and image quality. (A and B) Stereo threshold with
the native optics as a function of the average (ImQMean; Eq. 4; A) and
interocular difference (ImQIOD; Eq. 5; B) in the native image quality. The
smallest discriminable disparity was plotted for each participant and corru-
gation frequency against the average image quality for the two eyes. Dif-
ferent symbols represent data from different participants as shown in
SI Appendix, Fig. S1. Error bars indicate ±1 SD. Solid lines are conditions that
yielded significant correlations with each image-quality metric. Dashed lines
are conditions that did not yield significant correlations. (C and D) Stereo
threshold with AO-corrected optics as a function of the same two image-
quality metrics. (E and F) Improvement in stereo acuity during AO correction.
Improvement in stereo acuity was calculated using the formula (Native−
Corrected)=Native, where Native and Corrected represent stereo thresholds
measured with native optics and AO-corrected optics, respectively. Positive
values indicate better performance with AO correction.
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Similar to our observations of stereo acuity with native optics,
overall image quality was not significantly correlated with AO
performance. (Fig. 4C; 1 cpd: Pearson’s r5 = −0.73, P = 0.06;
2 cpd: r5 = −0.43, P = 0.33; 3 cpd: r5 = −0.50; P = 0.25). However,
interocular difference in native image quality was well correlated
with AO-corrected stereo acuity even though the optical aberra-
tions had been eliminated (Fig. 4D; 1 cpd: Pearson’s r5 = 0.63, P =
0.13; 2 cpd: r5 = 0.93, P = 0.0024; 3 cpd: r5 = 0.99, P < 0.0001).
Like monocular visual acuity (SI Appendix, Fig. S2A), we did not
observe greater or lesser improvement in stereo acuity in people
whose optics were bad to begin with (Fig. 4 E and F; average
optical quality 1 cpd: Pearson’s r5 = 0.54, P = 0.21; 2 cpd: r5= 0.21,
P = 0.65; 3 cpd: r5 = 0.05; P = 0.91; interocular difference 1 cpd:
Pearson’s r5 = 0.048, P = 0.92; 2 cpd: r5= 0.28, P = 0.54; 3 cpd:
r5 = 0.22; P = 0.64). Taken together, our results suggest that other
factors also affect stereovision such that people with poorer native
optics do not show greater improvement than people with good
optics when corrected (within the typical range of the native op-
tics, as tested in the present study).
In summary, individuals who have had large interocular dif-

ferences in optical quality during everyday viewing had poorer
stereo acuity with their native optics but also with AO-corrected
optics (SI Appendix, Fig. S1). The finding with corrected optics is
paradoxical because the people who received the greatest im-
provement in interocular image-quality difference had the
poorest stereo acuity with AO-corrected optics. Why would
people with larger interocular differences have poorer stereopsis
than people with smaller differences, when the differences had
been eliminated? We explore that question next.

Adaptation to Native Optics. The inability of individuals with poorer
native optics to achieve greater improvement in stereo acuity
implies that neural circuits subserving stereopsis have been shaped
by the visual experience delimited by their habitual optics. To
examine this, we replaced the optics of one person with those of
another and measured the effect on stereo acuity (Fig. 5A).
We measured the wavefront aberrations of both eyes in six

participants (SI Appendix, Fig. S3). Fig. 5B shows average native
image quality and interocular difference in quality for each of
them. We zeroed in on participant S5, who had the best average
quality and the smallest interocular difference in quality. Then, as
indicated in Fig. 5A, we used the AO system to fully correct the
native optics and simultaneously impose the optics of S5 on par-
ticipants S1, S2, S3, and S4. By doing so, we made the retinal
images the same for all participants and made the quality of the
retinal images better than those people were used to experiencing.
We then examined stereo acuity when S1 through S4 viewed the
stimuli with the improved but unfamiliar optics. Based on optical
quality alone, we would expect that all four participants viewing
the stimuli with the same optics would have the same stereo acuity
and that that acuity would be the same as S5’s.
Fig. 5C shows the results. The horizontal axis plots stereo

thresholds for S5 for corrugation frequencies of 1, 2, and 3 cpd.
The vertical axis plots thresholds for the other four participants
when given the optics of S5. We emphasize that S1 through S4
now had the same optics and therefore the same retinal images.
The four participants with unfamiliar optics performed more
poorly than S5, who was tested with his native optics. Remarkably,
S4 had the largest decline in performance even though her image
quality (average and interocular difference) was most similar to
S5. Although her optical quality was similar to S5’s, the patterns of
blur from her aberrations were quite different from his (SI Ap-
pendix, Fig. S3). The fact that she did relatively poorly with S5’s
optics indicates that familiarity with one’s optics is important for
fine stereopsis.
We also compared stereo thresholds in participants S1 through

S4 with their native optics and with the improved but unfamiliar
optics of S5. There was no systematic difference (Fig. 5D). This

finding suggests that there are two offsetting factors that deter-
mine how optics affects stereopsis: a benefit from improving op-
tical quality and a detriment from having unfamiliar optics.
Notably, the one participant whose stereo acuity did not improve
with AO correction (Fig. 3B) was among the best performers with
the native optics. It was plausible that the optical improvement
provided by AO was insufficient to counteract the negative ad-
aptation effects as a result of unfamiliar optics.
To further investigate the importance of familiarity, we swapped

the optics between the two participants with comparable inter-
ocular difference in optical quality: S1 and S6. Both participants
performed significantly more poorly when given the other person’s
optics (particularly at high corrugation frequencies). S1’s thresh-
olds went from 17.4 arcsec with her own optics to 19.2 arcsec with
S6’s optics at 1 cpd (a 10.3% increase), from 21.9 to 48.6 arcsec at
2 cpd (122%), and from 50.7 to 94.7 arcsec at 3 cpd (87%). S6’s
thresholds exhibited even more dramatic changes. His thresholds
went from 15.2 arcsec with his own optics to 64.9 arcsec with S1’s
optics at 1 cpd (270%), from 25.3 to 158 arcsec at 2 cpd (525%),
and from 56.2 arcsec to unmeasurable at 3 cpd. These results
again illustrate that stereopsis is significantly poorer when viewing
stimuli with someone else’s optics even when the optical quality of
the participants is equivalent in magnitude. This again strongly
suggests that the binocular visual system adapts to particular as-
pects of retinal images experienced in everyday life.

Discussion
Everyone’s visual system has operated for years with the optics
unique to the individual. The optics of our two eyes have inscribed
their uniqueness on the distributions of light formed on the two
retinae, i.e., their metaphorical, unique optical signature. The in-
formation embodied in those two images, in turn, is transcribed
into neural representations that are utilized in mediating every
aspect of visual perception including stereopsis. The present study

A B

DC

Fig. 5. Stereo thresholds with nonnative optics. (A) Experimental paradigm.
(B) Image quality for each participant. Average quality (black) and inter-
ocular difference in quality (gray) are plotted for each of the six participants.
We imposed the optics of S5 on the eyes of S1, S2, S3, and S4. We also im-
posed the optics of S1 on the eyes of S6, and vice versa. (C) Stereo thresholds
with nonnative optics. The smallest discriminable disparity is plotted for S1,
S2, S3, and S4 compared with S5, whose optics were imposed. As in B, ■
represents S1, ♦ S2, ▲ S3, and • S4. Colors represent measurements at dif-
ferent corrugation frequencies (red for 1 cpd, green for 2 cpd, and blue for
3 cpd). (D) Comparisons of the stereo thresholds of S1 through S4 with their
native optics and with S5’s optics. Error bars indicate SDs.
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sheds light on the consequences of manipulating those optical
signatures using AO. Our results reveal that those consequences
can be advantageous (i.e., improve stereo acuity) or deleterious
(i.e., impair stereo acuity), depending on how closely AO cor-
rection conforms to the uniqueness of a given individual’s native
optics. The following sections consider these two consequences
and their implications for understanding human binocular vision.

AO-Mediated Improvement in Vision. When aberrations in the ha-
bitual optics are corrected in the laboratory using AO, the world
temporarily looks noticeably different (26). Accompanying those
changes in visual appearance are significant improvements in visual
acuity and contrast sensitivity (5, 25, 37–39). These improvements
are not surprising given the well-documented, deleterious impact
that blur has on resolution (3, 5, 6, 39–43). Indeed, participants with
full AO correction in our experiments exhibited high visual acuity
that approached the limit imposed by the sampling frequency of the
photoreceptor lattice. Similarly, we found that correcting higher-
order aberrations, which are not visually conspicuous in well-
corrected eyes, improves stereo acuity, especially with higher-
frequency modulations in disparity.
The improvement we observed in stereo acuity with AO-

corrected optics stands in contrast to results from an earlier
study out of our laboratory (28) that suggested that higher-order
aberrations have essentially no impact on stereo acuity. We be-
lieve that procedural differences were responsible for the dif-
ference in findings. The earlier study used optical phase plates to
achieve static correction of the higher-order aberrations,
whereas the present study used real-time AO correction which,
unlike static phase plates, compensates for eye movements and
thus mitigates optical effects of pupil/image misalignment that
can happen when viewing with a static correction. By constantly
updating the correction profile, AO also compensates for other
small sources of dynamic fluctuations in the aberrations brought
about by the tear film and microfluctuations in accommodation
from breathing and heartbeat. We are thus confident that the
improved AO device and testing procedures employed in this
study are responsible for revealing a genuine improvement in
stereo acuity attributable to elimination of higher-order aberra-
tions. This, in turn, raises the following question: How does this
improvement come about?

AO Improves Stereopsis. Our results reveal that the precision of
stereopsis achieved with AO exceeds that measured when viewing
with normal optics. This achievement is remarkable given that the
limits of human stereopsis assessed with natural optics already
qualifies as a form of hyperacuity, i.e., disparity resolution that
exceeds the sampling frequency of the photoreceptor mosaic
(16, 36, 44–47).
What is the basis of this improvement in stereopsis with AO

correction? It is natural to wonder whether the improvement
might arise from more stable, accurate vergence fixation prompted
by the enhanced clarity of edge information in the AO-corrected
retinal images (48). We doubt, however, that more stable vergence
accounts for our results because earlier work showed that 1)
vergence accuracy is unaffected by bandpass spatial-frequency
filtering of texture stereograms, a maneuver that mimics blur
(49), and 2) fixation disparity [a proxy for vergence error that
affects stereopsis (50)] is essentially the same when viewing stereo
gratings ranging in spatial frequency from 0.5 to 8 cpd (51). In-
stead, we are inclined to attribute the improved stereopsis with
AO-corrected images to neural processes involved in cortical
disparity computation per se. To investigate this, we first need to
consider the nature of the disparities arising from viewing condi-
tions simulating three-dimensional objects (in our case, a corru-
gated textured surface) seen from two viewpoints. There are
various ways to conceptualize the nature of those disparities (52,
53). One is in terms of positional disparities between pairs of

matching features. A convenient means for extracting that infor-
mation would be with location-specific cortical receptive fields
that function as spatial-frequency-selective neural filters (54).
Another complementary view concerns disparity in the phase
domain (55). An impetus for this view comes from neurophysio-
logical studies showing that binocular cortical neurons are sensi-
tive to different phase shifts within pairs of monocular images (56,
57). Several groups have made the case for the joint involvement
of both forms of disparity in mediation of stereopsis (58, 59). Our
aim here is not to critique the different models of stereopsis but
rather to surmise how AO, through the elimination of higher-
order aberrations ordinarily embedded in each eye’s retinal im-
age, might augment the luminance distribution information de-
fining those images.
Higher-order aberrations of the eye’s optics degrade retinal

images in three ways: 1) They reduce contrast over a range of
spatial frequencies, 2) they eliminate very high spatial frequencies
altogether, and 3) they alter phase relationships among spatial
frequencies that crucially define spatial information portrayed
within images. The disruption of this phase congruency causes a
significant loss in key structural elements such as sharp edges that
make features hard to match accurately between the eyes. In that
way, estimating fine positional disparities becomes difficult. Cor-
recting the aberrations with AO recovers the phase spectra of low
spatial frequencies. Adding the phases of high-frequency compo-
nents that were unavailable before correction enables phase dis-
parity computation from a larger set of channels. It is plausible
that this improvement in both contrast and phase congruency in a
broadband stimulus, like the random-dot stereogram, allows the
visual system to detect even smaller disparities than those resolved
with well-focused normal optics. Further investigation is required
to learn whether the binocular system can compensate for the
phase disruption through long-term adaptation to the eyes’ native
optics and, if so, the extent to which the improvement in human
stereopsis with perfect optics is compromised by phase adaptation
(60, 61).
Putting aside those speculations about the bases of AO’s con-

tribution to improved stereo acuity, we next turn to a second in-
triguing feature of our results: the consequence of viewing the world
through someone else’s optics that was unexpectedly not beneficial
despite ocular improvements relative to the participant’s own optics.

Individual Differences in the Impact of AO Viewing. As noted earlier
when discussing the blur paradox, differences in the patterns of
blur and the sharpness of images viewed by the two eyes ad-
versely affect stereo acuity (62), suggesting that having similar
optical quality in the eyes is critical for fine stereopsis. We found
that stereo acuity measured with AO was related to an individ-
ual’s interocular difference in their native, habitually experi-
enced optics. Why would that be the case?
Perhaps over the long period of natural viewing the visual

nervous system adapts to the optical profile unique to the indi-
vidual. This neural adaptation to one’s own optics would support
“normal” vision, including stereopsis, under natural, everyday
viewing (63), but in a manner specific to the aberrations present in
the optics of each eye (27). However, would the visual system not
have to adapt to constantly changing aberrations due to changes in
pupil size and accommodation? Previous work has shown that
such changes in aberrations are small; specifically, aberration
patterns remain fairly constant, except for magnitude, when pupil
size changes (29). Hence, viewing with AO correction could dis-
rupt the previously stable relation between optical profile and the
visual nervous system, with the degree of disruption presumably
being greater for individuals with more pronounced aberrations.
Indeed, this is just what we found for both visual acuity and ste-
reopsis (Figs. 2D and 4D): People with poorer native optical
quality also had poorer performance during AO correction. Also
consistent with this conjecture is our finding that individuals tested
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while viewing with the optics of another person exhibited poorer
stereo acuity even though the nonhabitual optics were similar to or
even better than their own. This kind of adaptation to blur is not
limited to the laboratory. In the eye clinic, it is a common practice
not to prescribe full eyewear correction (e.g., for astigmatism) so
as to avoid short-term visual discomfort.
We conclude that visual performance with improved but un-

familiar optics is affected by two opposing factors: 1) improve-
ment brought about by better optics and 2) disrupted neural
adaptation that counteracts the effect of optical improvement.

Implications for Neural Plasticity and Clinical Relevance. The visual
circuitry underlying stereovision was traditionally thought to reach
maturity during childhood, beyond which little plasticity remains
(64, 65). However, there have been anecdotal instances of post-
pubertal recovery: “Stereo Sue” (14) and, more recently, Bruce
Bridgeman (66). Using more controlled training paradigms, ster-
eoblind people can also recover stereovision to certain extents (67,
68), implying that the binocular system is more plastic than pre-
viously thought. We assume that people adapt because the optics
changes gradually throughout the lifespan (69, 70), yet there ap-
pears to be a benefit when viewing with their own native state at
the time of testing. We found that thresholds with AO correlate
with interocular image-quality difference presumably due to long-
term adaptation, but less so with the average image quality in the
native optics. It is conceivable that the effects are even more
substantial in participants with highly aberrated eyes such as those
of patients with keratoconus. Keratoconus is a disease that causes
an irregular corneal surface profile and emerges in otherwise
normal-sighted individuals during the second or third decade of
life. Their large aberrations are usually quite different in the two
eyes. We observed that these patients, even with AO correction,
have no or very poor stereopsis. Various advanced vision correc-
tion methods (71, 72) that provide supernormal vision are currently
available or under development. It is of scientific and clinical in-
terest to determine if normal binocular function can be recovered
by having the visual system become readapted to the new, im-
proved optics over time and, if so, how quickly this readaptation
can occur.

Materials and Methods
Participants. Eight adults participated, including C.J.N. and G.Y. The gender,
age, and eyewear prescription of each individual are provided in SI Appendix,
Table S1. The participants had eye examinations within the past year and
had normal vision while wearing their usual prescription, if any: 20/20
Snellen acuity or better and 40 arcsec stereo threshold or better (Randot
stereo test). The human participants’ protocol was approved by the Uni-
versity of Rochester Research Review Board. All participants signed an in-
formed consent form before participating. Prior to testing, 1% tropicamide
solution was administered to both eyes to produce short-duration mydriasis
(pupil dilation) and cycloplegia (paralysis of accommodation).

Apparatus. The binocular AO system used in this study has been described in
detail elsewhere (43). The apparatus can measure and completely correct and/or
manipulate lower- and higher-order optical aberrations while visual perfor-
mance is measured with images projected separately to the two eyes. The ap-
paratus consists of two identical systems, one for each eye. Each has a
Shack–Hartmann wavefront sensor that measures the eye’s aberrations from the
retinal reflections of a superluminescent diode at 850 nm (Inphenix Inc.). Each
wavefront sensor communicates with a deformable mirror (DM-97-15; ALPAO)
that controls the amount and type of optical aberration by conforming its shape
to yield the desired wavefront for each eye in real time at 12 Hz.

Aberrations were corrected for 6-mm pupil diameters while the actual
pupil sizes during testing were restricted to 5.8 mm using artificial apertures
placed at the pupil-conjugate planes. Participants rested their heads on a
chin rest and a pair of temple mounts. The rest and mounts were translated
by a three-axis motorized stage to center both pupils as monitored by a pair
of pupil cameras. The same pair of pupil cameras monitored eye movements
throughout the experiments to make sure that the visual axes were always
aligned to the optical axes of the system. Interpupillary distance was set for
each participant using a translation stage. Left- and right-eye stimuli were

projected on to the retinae by two digital light-processing projectors
(DLPDLCR4710EVM-G2; Texas Instrument Inc.), one for each eye. The stimuli
were 8.4° wide by 4.7° high, spanning 1,920 × 1,080 pixels. Each pixel sub-
tended 0.26 arcmin. RMS wavefront errors as well as image quality during
AO correction of individual eyes are provided in SI Appendix, Fig. S1.

Visual Acuity. Monocular visual acuity was measured with the Tumbling E task
(73). The black letter E was presented for 250 ms in one of four orientations on
a white background of 120 cd/m2. Participants indicated the perceived orien-
tation in a four-alternative, forced-choice (4-AFC) response (SI Appendix, Fig.
S4A). Auditory feedback was provided for each correct response. Letter size in
terms of stroke width ranged from 0.3 to 50 arcmin (Snellen 20/6 to 20/1,000)
and was varied over a 40-trial sequence according to the QUEST+ adaptive
staircase method (74). The procedure was repeated three times (120 trials
total) to obtain the letter size associated with 72.4% correct using the best-
fitting cumulative Weibull function and Bayesian estimation provided by
QUEST+.

Stereo Acuity. Binocular stereo thresholds were measured using random-dot
stereograms that portrayed a densely textured surface with disparity-defined
sinusoidal depth corrugations (Figs. 1 and 3, SI Appendix, Fig. S4B, and ref. 33).
We used such stimuli because they allow one to eliminate monocular cues and
because blur significantly affects the ability to see the depth corrugation (75).
A trial started with the presentation of a fixation target consisting of a small
dot and four diagonal lines seen by both eyes, along with vertical and hori-
zontal nonius lines seen by one or the other eye. The parts that were seen by
both eyes aided accurate alignment of the eyes. The parts seen only by one
eye or the other allowed the participant to assess the accuracy of alignment.
When the fixation target was properly fused and aligned, it looked like one
dot and eight lines. Once fusion was achieved, participants initiated stimulus
presentation with a key press.

Each dot in the random-dot stereogram was a small bright square (83.5 ×
83.5 arcsec) on an otherwise dark background. The dot pattern was generated
by first populating a hexagonal grid at nodal points spaced 110 arcsec apart.
Each dot was then randomly displaced from the nodal point with a direction
drawn from a uniform distribution ranging from 0 to 2π and a distance from
0 to 55 arcsec. Dot density was 180 dots per degree2 in a super-Gaussian
window (W):

W = e
− x  −  xo( )2

2 · σ2
 +  y  −  yo( )2

2 · σ2
( )P( )

, [1]

where P = 5 and σ = 0.5°. The values [xo, yo] are nodal points and [x, y] are
horizontal and vertical screen coordinates. Edges of the circular window were
blended into the background so that the only fusion cues were the random
dots themselves.

Left and right images were created from the random-dot pattern by
displacing each dot in opposite directions in the two eyes:

Disparity x, y( ) =  
A
2
  cos 2πf y cos θ − x sin θ( )  +   ϕ( ), [2]

where A, f, ϕ, and θ are the peak-to-trough disparity amplitude, spatial fre-
quency, phase, and orientation of the disparity-defined sinusoidal corrugation,
respectively. Thresholds (the smallest discriminable disparity) were measured
for corrugation frequencies of 1, 2, and 3 cpd. The corrugation presented on
each trial had a random phase between 0 and 2π and an orientation of either
+10° (slightly anticlockwise) or −10° (slightly clockwise) from horizontal. Par-
ticipants indicated which of the two orientations were presented on each trial,
guessing if necessary (2-AFC). Each stimulus was displayed for a maximum of
10 s, but participants were instructed to respond as soon as they were confi-
dent of their judgment. Most responses were completed under 1 s. The dis-
parity amplitude was varied from trial to trial according to the method of
constant stimuli. Five amplitudes (determined for each person in pilot testing)
were each presented 40 times for a total of 200 trials per condition. More trials
with large disparities were sometimes added to obtain the full psychometric
function. We did not present disparity amplitudes that exceeded the disparity-
gradient limit (75, 76). Auditory feedback was provided when a correct re-
sponse was made. Data for each corrugation frequency were fitted with a
cumulative Weibull function using psignifit (77). Stereo thresholds were de-
fined as disparity amplitudes that produced 81.6% correct responses. Individ-
ual psychometric functions are provided in SI Appendix, Fig. S5.

Retinal-Image Quality. The PSF represents how a point source of light is
blurred by the eye’s aberrations on the retina. PSFs were calculated for the
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left (PSFLE) and right eyes (PSFRE) of each participant when their lower-order
(spherical and cylindrical) refractive errors were corrected (using clinically
prescribed eyewear), but their higher-order aberrations were not. The re-
sultant PSFs were a combination of the higher-order aberrations as well as
any residual lower-order ones. We quantified retinal-image quality in the
following ways. For the visual-acuity experiment, we first generated simu-
lated retinal images by convolving a 20/20 Snellen E with the eye’s PSF. We
then correlated the obtained images with the original perfect images.
Specifically, we calculated the two-dimensional cross-correlation and took
the maximum to avoid image translations as being judged of lower quality
(78). The metric values can range from −1 to +1, where +1 would mean
perfect image quality, unadulterated by aberrations and diffraction limited,
and −1 would indicate anticorrelated image quality. This process was re-
peated for all four orientations of the E used in the experiment. The average
of the four coefficients was used as the image-quality value associated with
the monocular acuity stimuli.

We used the same approach for the stereo experiment, but by convolving a
random-dot pattern presented to an eye with the eye’s PSF. We did this for 10
different instances of random-dot patterns. Left-eye image quality (ImQLE) is

ImQLE = ∑n
i=1max( PSFLE*  RDPi( )  ⋆RDPi)

n
, [3]

where RDP is the random-dot pattern, n = 10 represents the 10 instances of
RDPs, * is the two-dimensional (2D) convolution, ⋆ is the 2D cross-correlation,

and max(⋆) provides the maximum of the 2D cross-correlation matrix. Right-
eye quality (ImQRE) was calculated the same way. Comparisons of the left-
and right-eyes’ image quality are shown in SI Appendix, Fig. S6.

We also calculated the average image quality (ImQMean) defined as the
mean of the two eyes’ quality indices across the 10 presentation instances:

ImQMean = ImQLE + ImQRE

2
. [4]

Finally, an index of the interocular difference in image quality (ImQIOD) was
derived by cross-correlating the left and right retinal images and then sub-
tracting the resultant from unity:

ImQIOD = 1 −∑n
i=1max((PSFLE*RDPi)⋆(PSFRE*RDPi))

n
. [5]

In doing so, differences in the magnitude and patterns of blur between the
eyes were incorporated.

Data Availability. Anonymized visual threshold and eye aberration data have
been deposited in Zenodo at https://doi.org/10.5281/zenodo.4776439.
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