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Abstract: In their pioneering work demonstrating measurement and full correction of the eye’s
optical aberrations, Liang, Williams and Miller, [JOSA A 14, 2884 (1997)] showed improvement
in visual performance using adaptive optics (AO). Since then, AO visual simulators have been
developed to explore the spatial limits to human vision and as platforms to test non-invasively
optical corrections for presbyopia, myopia, or corneal irregularities. These applications have
allowed new psychophysics bypassing the optics of the eye, ranging from studying the impact
of the interactions of monochromatic and chromatic aberrations on vision to neural adaptation.
Other applications address new paradigms of lens designs and corrections of ocular errors. The
current paper describes a series of AO visual simulators developed in laboratories around the
world, key applications, and current trends and challenges. As the field moves into its second
quarter century, new available technologies and a solid reception by the clinical community
promise a vigorous and expanding use of AO simulation in years to come.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

The seminal paper of Liang et al. in 1997 [1] demonstrated for the first time measurement
and correction of the ocular high order aberrations (HOA) with Adaptive Optics (AO) and
improvement of both the resolution of retinal images and of visual performance. In the latter,
the investigators showed improvement in contrast sensitivity at two spatial frequencies when the
HOAs of the eye were corrected. This advancement kicked off a new era for exploration of the
limits of spatial vision by bypassing the optics of the eye, which up until that time had been
confined to the use of small pupils or retinal projection of gratings using an interferometry method
[2]. Over the following decade a number of laboratories developed AO systems that allowed
psychophysical experiments under corrected aberrations. Teams led by David Williams and
Geunyoung Yoon at the University of Rochester [3,4], Pablo Artal at the University of Murcia [5],
Chris Dainty at Imperial College/National University of Ireland in Galway [6], Susana Marcos at
the Institute of Optics-CSIC [7], David Atchison at the Queensland University of Technology [8],
and Jack Werner at the University of California at Davis [9] pioneered several of these first devices.
At that time much of the research using AO visual simulators was directed to the understanding
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of the visual benefits of correcting the aberrations of the eye (on visual acuity, contrast sensitivity,
visual tasks such as face recognition), impact of aberration correction on certain functions
such as accommodation, adaptation of the visual system to the natural aberrations of the eye,
correction and induction of aberrations, and effect of induction of spherical aberrations on, for
example, the extension of the ocular depth-of-focus. This research was particularly relevant
at a time when laser refractive correction promised the ability of not only compensating the
low order refractive error (defocus and astigmatism), but a customized ablation which could
minimize the eye’s aberrations [10]. Adaptive optics provided a much-needed foundation for
the understanding, if feasible, of the benefits and consequences of the correction of the HOAs
of the eye. The early 2000s also saw the development of the first so-called Adaptive Optics
Phoropters. Those systems attempted to capitalize on the capabilities of the Hartmann-Shack
wavefront sensor to measure low and high order aberrations of the eye, allowing computation of
retinal image quality metrics which captured more accurately the eye’s best focus (and therefore
refraction). Deformable mirrors were then used as sophisticated programmable trial lenses. The
term AO phoropter was first coined by Lawrence Livermore National Lab, which presented a first
prototype as part of endeavors of the National Science Foundation Center for Adaptive Optics
[11]. The company, Imagine Eyes (Orsay, France) launched the crx1 Adaptive Optics Visual
Simulator, which although no longer commercially available is the basis for some of the AO
research performed in some labs today [12].

Roorda presented a comprehensive review of the state of the art of Adaptive Optics in Visual
Optics in 2011 [13]. There are also practical reviews in the literature that address the practicalities
of the technical implementation of AO devices [14–18]. The current review focuses on more
recent and current developments and studies. New developments include binocular devices and
the incorporation of polychromatic aberrations (measurement and correction) in the image quality
assessment. New applications include the study of neural adaptation and perceptual learning in
specific group populations (myopes, presbyopes or keratoconus), and very specially, the use of
adaptive optics elements (Spatial Light Modulators, in particular) to mimic state-of-the-art or
future multifocal designs. Some of these developments have made their way to clinical practice
and commercial devices.

In this publication, we have collected current designs of Adaptive Optics visual simulators in
different laboratories around the world, selected some recent key applications of those systems
in vision research and discussed the authors’ views of current and future improvements of this
technology.

2. Vobiolab/CVS-Rochester visual optics simulator

2.1. Description of the system

The first Adaptive Optics Visual Simulator developed by Marcos et al. was published in 2008 [7],
and subsequent versions (VioBio polychromatic AO II) in 2015-2021 [19–24], revised in part in a
recent review article [25]. An upgraded version has now started operation at the Marcos Lab in the
Center for Visual Science at the University of Rochester [26]. The main feature of this AO Visual
Simulator is its multi-channel (allowing manipulation of the wave aberrations with multiple
active and passive devices) and its multi-wavelength configuration (allowing monochromatic and
polychromatic measurements). The system is formed by the following channels: (1) Illumination
channel, provided with a supercontinuum laser source (SCLS, SC400 femtopower 1060 by NKT
Photonics, Denmark, in the VioBioLab set-up, and L-CO-28-0082-000, by Leukos, France in the
CVS set-up), coupled with a dual acousto-optic tunable filter (AOTF) module to automatically
select the wavelengths in the visible (450-700 nm) or Near infrared (700-1100 nm) allowing
wavefront sensing, and retinal aerial imaging at multiple wavelength, as well as psychophysical
experiments in selected visible wavelengths [20,27]; (2) The Hartmann-Shack (HS) wavefront
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sensor (microlens array 40× 32, HASO 32 OEM by Imagine Eyes, France); (3) The Deformable-
Mirror (DM, 52 actuators, MIRAO) to correct the subject’s aberrations and/or mimic smooth
refractive optical correction elements; (4) A Spatial-Light Modulator (SLM) channel, provided
with a reflective phase-only LCoS-SLM (SLM; VIS; Resolution: 1920× 1080; Pixel pitch: 8.0
µm; by Holoeye, Germany) to generate static segmented or diffractive lens designs [21]; (5) A
physical testing channel for inserting phase-plates, and in a recent configuration, provided with a
cuvette that allows inserting intraocular lenses of range of powers to be physically projected onto
the eye’s pupil [24]; (6) A double-pass retinal imaging channel allowing capturing retinal images
of a point source, consisting of a spatial-filtering module, a CCD camera (Retiga 1300) and a
collimating lens [20]; (7) A visual stimulus channel for fixation and psychophysical measurements,
consisting of a Digital Micro-Mirror Device (DMD by Texas Instruments), placed in a conjugate
retinal plane, subtending a 1.62 deg field. The DMD is monochromatically illuminated with
light coming from the SCLS through a holographic diffuser (HD) that breaks the coherence of
the laser and provides uniform illumination of the stimulus. In a recent version of the system a
red/blue concentric square slide was inserted for (in combination with a cross-target projected in
the DMD) allows vernier alignment for transverse chromatic aberration measurements [23]; (8)
A pupil monitoring channel (LED illuminator and a CCD camera, conjugate to the eye’s pupil);
(9) A spherical correction/accommodation induction module (a Badal Optometer in the VioBio
Lab system, and an Optotunable lens (Optotune, Switzerland) and offset lens in the CVS system.
Figure 1 shows a schematic diagram of the AO Visual Simulator.

Fig. 1. Schematic diagram of the latest version of the VioBio Lab AOII system [8]. Label
abbreviations: M stands for Mirrors, L for Lenses, BS for Beam Splitters, HM for hot mirror„
POL polarizer, HD for high-density filter. RP are retinal planes; PP are pupil planes.

2.2. Key application

There are two major areas where the system has been applied: (1) Understanding the limits to
spatial vision imposed by the ocular optics: effects of monochromatic and chromatic aberrations
on visual perception and visual performance [28–32]; adaptation of the visual system to native
or imposed ocular aberrations [33–40]; (2) non-invasive testing of vision through simulated
intraocular or contact lens designs [22,41–46].
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The two examples below are representative for each of these two areas:
Effect of monochromatic and chromatic aberrations on visual quality. Monochromatic,

chromatic aberrations and their interactions all affect retinal image quality, and subsequently
vision. Earlier work suggested that monochromatic aberrations protected the eye from the
impact of longitudinal chromatic aberrations due to favorable optical interactions [47], an effect
which was recently confirmed to be dependent on the magnitude of the HOAs (examples in
two subjects are shown in Fig. 2(A)) [33]. The AO Visual Simulator allowed us to correct the
monochromatic aberrations of the eye with the deformable mirror (DM) and test the perceived
image quality of natural images in green and blue light [33] (Fig. 2(B)). Figure 2(C) shows the
optical (Visual Strehl ratios) and visual benefit (visual score ratios) of correcting monochromatic
aberrations in monochromatic green stimuli, and in monochromatic blue stimuli (subject to
chromatic aberration). In green light, the benefit of correcting the ocular optics in perceived
quality is >1, but significantly lower than the optical predictions, likely as a result of neural
adaptation to the natural aberrations. In blue light (in the presence of optical blur produced by
the longitudinal chromatic aberration), correcting monochromatic aberrations reduces both the
optical quality and perceived visual quality, likely as a result of the loss of favorable interactions
between chromatic and monochromatic aberrations (ratio <1). Furthermore, the perceived image
quality of defocused images in green light (by an amount equivalent to the chromatic defocus,

Fig. 2. A. MTF radial profiles calculated from the measured wave aberrations for two
patients (maps on top of each graph with natural HOAs and AO-corrected HOAs). Solid
lines stand for AO-corrected HOAs, and dashed lines for natural HOAs. Green lines are
for 555 nm at best focus. Blue lines are for 480 nm (including chromatic defocus). B.
Illustration of images presented in the psychophysical score experiment through natural and
AO corrected aberrations. Green images are presented in focus and out of focus (defocus
equivalent to green-blue chromatic blur). Blue images are naturally defocused, as the best
focus is set for green. C. Perceived Image quality score and Optical Visual Strehl Ratios
AO/NoAO (upper graph), for green (in focus) and blue (defocused by chromatic defocus).
Correcting HOAs improves the optics by a factor 2, and very moderately perceived image
quality in green; and degrades the optics and perceived image quality (upper graph) in blue;
Perceived image quality score on defocused green images (equivalent chromatic defocus)
and in blue (naturally defocused) (bottom graph). Blue images are consistently scored higher
than defocused green images) for both AO and noAO. Data are average of 10 patients, and
for 6-mm pupils, adapted from [33], where individual data are presented.
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Fig. 3. SLM-based simulations of commercial center distance low, medium and high add
contact lenses for presbyopia. A. Phase-wrapped phase maps of the three contact lens designs,
as mapped on the SLM. B. Through Focus Visual Acuity with the real multifocal contact
lenses on the eye (Top) and the SLM-simulated Contact lenses (Bottom). C. Difference
between Simulation and Real CL (logMAR) as a function of defocus; (D) Shape similarity
metric (correlation) between SLM and Real MCL on the eye. The figure illustrates an
example of an individual eye (S7) from the Vedhakrishnan et al. study [44].

−0.87 D) is consistently lower than those of naturally defocused (by chromatic blur) images in
blue (Fig. 2(C)) [33]. This effect occurs both under natural and corrected high order aberrations,
and may reflect a contingent adaptation to both defocus and blue light.

Visual performance with simulated multifocal lenses. Multifocal lenses are an increasingly
used alternative for presbyopia management, providing foci at near and far or extending the
depth-of-focus to provide intermediate and near vision functionality in patients that have lost
accommodation [48]. More recently certain contact lens designs have also been used in myopia
control [49]. The AO Visual Simulators are well suited to map different lens profiles onto
the subject’s eye and compare their effects on visual performance, prior to implanting them
(intraocular lenses, IOLs) or placing them in/on the patient’s eye (contact lenses, CLs). We
have used the SLM in the AO Visual Simulator to represent the power profile of multifocal CLs
(center near; low, medium and high adds, Fig. 3(A)) and study the through focus visual acuity
(VA) with different designs on the same eye (Fig. 3(B)) [49]. An intra-subject comparison of the
performance of the simulated lenses and real CLs on the eye showed a high degrees of similarity,
both in absolute values (0.04± 0.01, 0.03± 0.01, and 0.03± 0.04, logMAR VA differences for
LowAdd, MidAdd and HighAdd, averaged across 7 subjects, and 4-D through-focus, Fig. 3(C)),
and shape similarity of the through-focus curves (rho= 0.889± 0.03, rho= 0.825± 0.05 and
rho= 0.651± 0.08, for LowAdd, MidAdd and HighAdd lenses respectively, on average, Fig. 3(D)).
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2.3. Current and future improvements

The VioBio/CVS AO Visual Simulator has grown to accommodate multiple channels, allowing
measurements of monochromatic, longitudinal and transverse chromatic aberrations, closed-loop
correction of HOAs, simulation of refractive, segmented and diffractive optical corrections,
refraction correction/accommodation stimulation, double-pass retinal image monitoring, and
visual psychophysics (visual function, perceived visual quality, neural adaptation). The system
will incorporate also chromatic aberration correction through active components [50,51]. A
drawback of SLM-based simulators is the wavelength-dependence of the programmed phase.
Also, while optical bench systems are versatile, their specifications and footprint are less suited
to be used in a clinical environment, and they are generally not adapted to see the real world. The
angular extent of the display is typically around 2-deg, and the presented stimuli are confined
to 2-D images projected internally in the system. Furthermore, most on-bench AO systems are
monocular, although some laboratories have presented binocular systems [52–55]. In addition
to binocularity, recent instruments have also overcome some of these drawbacks, and deliver a
binocular, see-through experience of the real world through manipulated optics. In particular, the
Simultaneous Vision Simulator (commercialized by 2EyesVision under SimVisGekko) uses the
principle of temporal multiplexing with an optotunable lens to represent multifocal and extended
depth of focus lenses [42,45,56–58]. The system is binocular, head-mounted, open field, and has
a 20 deg field of view. Future systems of interest in research and the clinic should be binocular
and see-through, incorporate a Hartman-Shack wavefront sensor, and (among other possible
transmissive adaptive optics elements) deformable lenses to induce/correct HOAs.

3. Murcia University (LOUM) adaptive optics visual simulators

3.1. Description of the system

The “Laboratorio de Optica de la Universidad de Murcia” (LOUM) is one of the world pioneers in
the development of adaptive optics technologies for the eye. As early as in 1998, we published the
first article demonstrating the static correction of ocular HOAs using a pixelated phase modulator
in transmission [59]. A few years later, we also demonstrated one of the first closed-loop
aberration correction dynamically with a membrane deformable mirror [60]. Although the main
application in the early days of AO for the eye was to improve the resolution and quality of retinal
fundus images, another important application of AO was devised: visual simulation. We realized
that not only HOAs could be corrected, but also any desired aberration pattern could be added to
the eye in a controlled manner. Through an additional optical path, visual stimuli were projected
to the subject’s eye to perform visual testing for a variety of optical conditions. This is the basis
of the concept of the adaptive optics vision simulator. We introduced first the idea and indeed
coined the name of AO visual simulators [5].

The LOUM Adaptive Optics Visual Simulator (AOVS) consists of a wavefront sensor (WS)
to measure the eye’s aberrations and a correcting device to modify the eye’s optics. The
Hartmann-Shack wavefront sensor [61] operates in infrared light to measure the eye’s aberrations
and residual defocus in real time. The correcting/manipulating device is placed in the system
conjugate both with the subject’s pupil plane and the wavefront sensor, by using appropriate
sets of lenses in a telescope configuration. Subjects view a stimulus (letters or any visual scene)
produced either by a pico-projector or a micro-display. Different types of correcting devices,
including phase modulators [62,63] and deformable mirrors have been used separately and also
in combination [64]. The first version of a binocular version of the instrument was proposed [65]
using one single sensor and corrector for both eyes, without the need of replicating a monocular
system. More recently the binocular AOVS was further improved adding full control of the pupil
amplitude and phase [66]. Figure 4(A) shows a schematic diagram of the binocular version
of the AO visual simulator. New capabilities of the AOVS, include extended defocus range of
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operation with the addition of tunable lenses [67] and we have contributed to the transition to a
commercial clinical apparatus developed by Voptica SL, the VAO [68]. Beyond the correction of
aberrations, intraocular scatter affects the eye’s image quality, with special severity in cataracts.
We have recently proposed the use of wavefront shaping (WS) as a type of high-resolution AOVS
for correction of both aberrations and scatter. We were able to improve the eyés PSF through
simulated cataracts of different clinical grades [69]. Figure 4(B) shows the schematic diagram of
the instrument WS-based AOVS.

Fig. 4. A. Schematic of the Murcia AO visual simulators: A. AO system with amplitude and
phase control for the simultaneous generation and compensation of the effects of intraocular
scattering with WS. B. Binocular AO visual simulator. Label abbreviations: FM stands
for flip mirror, M for mirror, RD for rotating diffuser, BS for beam splitter, CA for circular
aperture, POL, linear polarizer, IR LED for infrared light-emitting diode, LC for liquid
crystal, SLM for Spatial Light Modulator, EMCCD for electro-multiplying charged-coupled
device, FPC and LPC for frontal and lateral pupil cameras. The red dotted line depicts the
path of the beam during the feedback based WS correction

3.2. Key application

Since with AOVS, not only defocus and astigmatism, but all optical aberrations can be corrected
and/or induced, this allows optimizing the optical correction for different visual tasks and
conditions. In invasive procedures, such as laser refractive surgery, before a definitive ablation of
the cornea is performed, the optical profile to be induced could be optimized for each patient.
One of our main objectives with the use of the AO visual simulators was pre-testing of different
visual corrections such as intraocular lenses [70] or refractive surgery [71] before any permanent
treatment is performed. This would increase safety and improve the visual outcomes. We have
also extensively used in the lab the binocular AOVS for design and optimization of contact and
intraocular lenses.

In addition to this practical application, we have been also interested in the use of AOVS for a
better understanding of the relationship between the eye’s optics and vision. One early milestone
was the discovery that the visual system is actually adapted to the particular eye’s aberrations
[72]. This research was extensively followed and confirmed by other groups later.

On the other hand, we used a version of the AOVS to explain the possible causes of night
myopia [73] and the combined effect of the spherical and chromatic aberrations on the quality
of vision [74] among other studies. The binocular AOVS allowed us to explore the impact of
aberrations on stereo acuity [53] and the limits of several presbyopic correcting approaches on
stereo vision [75].
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3.3. Current and future improvements

The improvement of the AOVS is a continuous process. We are working on the incorporation
of fast and reliable pupil tracking techniques [76] into the systems and faster processing using
GPUs [77]. Our main current line of research is the integration and miniaturization of the AOVS
to be converted into wearable devices. Although this is posing many technical challenges, we are
making good progress in the development of wearable W-AOVS that can operate under natural
viewing conditions. These new types of systems would open new options for diagnosis and visual
outcomes optimization in ophthalmology.

4. Atchison lab visual simulator

4.1. Description of the system

Figure 5 shows the Atchison Lab Visual Simulator optical setup, which is comprised of three
main arms. The illumination system arm contains a 635 nm laser diode placed at the focal point
of lens L1 and a circular aperture S1 controlling the beam diameter, with beam splitter BS1
directing the collimated laser beam to enter the eye.

Fig. 5. Schematic diagram of the adaptive optics setup used to correct on-axis and peripheral
aberration. LD - Red laser diode (λ= 635 nm), L1 to 8 - achromatic lenses, S1 to 4 - apertures
(S1 - Laser diode luminance controller, S2 - corneal reflection controller, S3 - stop, S4 - field
size controller), M1 - plane mirror, BS1 to 3 - beam splitter, TL -+ 2D or –2D trial lens
to induce defocus, FT - peripheral fixation LED targets (+20°), DM - ALPAO DM69-15
deformable mirror, HSWS - Hartmann-Shack wavefront sensor, F1 - Monochromatic filter
(λ= 532 nm), P – pupil/pupil conjugate plane, R – retina/retinal conjugate plane.

The wavefront sensor arm has three beam splitters BS1 to BS3 and four lenses L2 to L5 to
ensure that the deformable mirror (DM) and the lenslet array of the Hartman-Shack wavefront
sensor (HSWS) are conjugated to the entrance pupil of the eye. HOAs are corrected over the
entire DM surface whose aperture (S3) is 10.5 mm diameter. This acts as a 7 mm pupil stop
because of 1.5x magnification between the DM and the eye.

The stimulus arm has an OLED micro-display to display Gabor gratings of 100% central
contrast. Filter F1 of wavelength 532 nm (10 nm full width at half maximum), in front of the
display restricts chromatic aberration. Light is reflected at BS2 onto the DM. Lenses L6 to L8
conjugate the display with the retina. Aperture S4 controls the field size of the target on the
OLED display.
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4.2. Key application

The theme of the Atchison Lab work has been to evaluate the appropriateness of testing methods
to measure peripheral optics and visual performance. for the adaptive optics component of this
work, we explored the effect of optical blur on the contrast sensitivity function in the peripheral
field, with the hypothesis that we would be able to identify local depressions (notches) that have
been noted in central vision [78]. For this, adaptive optics was applied to isolate the influence of
defocus from other aberrations.

Furthermore, after having noted that the use of interferometers to “bypass” the ocular optics
gives higher visual acuities than screen-based studies using Gabor functions, we investigated the
effect of the degree of Gabor attenuation on the difference [79]. As aberrations will affect acuity
for the screen-based testing but not for the interferometer, adaptive optics was used to minimize
the aberrations for the former to get the closest possible matches.

Figure 6 shows results for the work investigating the effect of optical blur on the contrast
detection sensitivity function. These are for one participant, 20° nasal visual field position,
vertically oriented Gabor gratings and for three defocus levels (0 D,+ 2 D, and −2 D). The results
are similar for both vertically and horizontally orientated gratings and for two other participants.
Notches in the monochromatic defocused Contrast Sensitivity Functions (CSF) occur at 1.5-1.7,
2.7-3.1 and 4.4-4.5 cycles/degree, close to the predicted spatial frequencies. Notch depths (0.2 to
0.5 log unit) are smaller than predicted. Unless recognised, such notches may contribute to noise
in through-focus detection measurements of peripheral visual performance.

Spatial frequency (cycles/degree)
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
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Fig. 6. Measured and predicted peripheral contrast sensitivity functions for one participant
with vertical grating orientation: in-focus and with +2 D and −2D blur induced by trial lenses.
Error bars represent the standard deviations for three repetitions. Error bars are not visible
when the standard deviation is less than 0.05 log contrast sensitivity. Log contrast sensitivity
is shown down to −0.5 to better show the pattern of predicted values, although the shaded
region below 0 (where there is 100% contrast) cannot occur physically. Arrows indicate
measured +2 D (red), measured −2D (blue), and predicted (black) spatial frequencies of
notches. Adapted from Jaisankar et al. [78].

4.3. Current and future improvements

The setup can be readily improved by providing a stop to give different effective pupil sizes; the
current 7 mm is overlarge. The lenses to induce blur can be replaced by a trombone system or
active liquid lenses. Experiments required several hours per participant, and efforts should be put
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into refinement of adaptive psychophysical procedures. Furthermore, an interferometry channel
can be added to do comparability measurements.

5. University of Bradford/Manchester visual simulator

5.1. Description of the system

The Bradford/Manchester dual wavefront sensing channel monocular adaptive optics system is
shown in Fig. 7 [80]. The system is mounted on a research-grade breadboard that is 600× 900
mm in size (Newport Ltd, UK).

Fig. 7. Schematic diagram of the dual wavefront sensing channel monocular adaptive optics
system. L, lens, (focal length in millimeters); PM, plane mirror; OAPM, off-axis parabolic
mirror; A, aperture; PBS and CBS, pellicle and cube beamsplitter respectively (transmission:
reflection).

Wavefront sensing eye illumination path: The wavefront sensing light source is an 830 nm
fiber-coupled laser diode (Access Pacific, UK). After the light exiting the fiber tip is collimated by
lens L1, it is focused by L2 onto a rotating diffuser to reduce speckle [81]. All lenses in the system
are spherical achromatic doublets, aside from L1 which is a molded glass aspherical lens. Once
re-collimated by lens L3, the light enters the main path of the system via a pellicle beamsplitter,
PBS. The light is then focused by an off-axis parabolic mirror, OAPM1, and passes through to
plane mirrors, PM1 and PM2, that are mounted on a translation stage. Movement of these plane
mirrors is used to correct for myopia and hyperopia, and to set the accommodative demand.
Following reflection from these plane mirrors, the light is reflected into the eye via OAPM2.
OAPMs are used in the illumination path to mitigate back-reflections that would otherwise be
directed towards the Shack-Hartmann wavefront sensor. In order to prevent back-reflections from
the eye from reaching the sensor, the beam enters the eye off-axis, thus allowing this light to be
blocked by aperture A2. The beam entering the eye is 1 mm in diameter, as set by aperture A1,
and has a power of 120 µW.

Wavefront sensing paths: The Shack-Hartmann wavefront sensor measures the aberrations
at 20 Hz. The sensor consists of a CCD camera (Retiga Exi, QImaging, Canada) and a 7 mm
focal length lenslet array with a pitch of 200 µm. The magnification changes through the system
result in the pupil being sampled at 0.4 mm intervals. A unique feature of the system is that it
contains two wavefront sensing paths. The wavefront sensing light returning from the eye is
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separated into two paths using a cube beamsplitter, CBS. Fifty percent of the light is reflected
directly toward the Shack-Hartmann sensor. It impinges upon the lenslet array after passing
through lenses L4 and L5. This forms the first sensing path. As this light bypasses the deformable
mirror, it is possible to obtain a direct measurement of the eye’s aberrations rather than inferring
them from measurements contaminated by the response of the deformable mirror. From these
measurements, the accommodation response of the eye can also be directly determined.

The light transmitted by CBS passes via lenses L6 and L7 onto a 37-actuator deformable mirror
(Flexible Optical BV, The Netherlands). The mirror is 30 mm in diameter with a stroke of 8 µm.
In order to effectively double its stroke, the light strikes the deformable mirror twice. This is
achieved via lenses L8 and L9 and a plane mirror PM4. On its return path, the light reflected from
CBS is directed towards the Shack-Hartmann sensor using PM5 and PM6. This forms the second
sensing path and is used to control the deformable mirror in a closed-loop. Note that both sensing
paths use the same Shack-Hartmann sensor to reduce cost and complexity. This necessitates the
use of a neutral density (ND) filter in the first sensing path to balance the brightness in the two
paths. The deformable mirror is also used to introduce rapid step changes in the accommodative
demand.

Stimulus path: The stimulus consists of a white light source illuminating a Maltese cross on
a black background. A 550 nm filter is used to render the light monochromatic and results in
a luminance at the retina of 6.7 cd/m2. The stimulus enters the main beam path via PBS and
subtends 1° at the retina. A 45° hot mirror is used to direct the infrared light from the wavefront
sensing light source out of the stimulus path. This is to prevent infrared light from being reflected
from the stimulus and entering the Shack-Hartmann path. Visible light from the stimulus is
prevented from reaching the Shack-Hartmann sensor using a visible-blocking filter.

5.2. Key application

The goal of the system is to investigate the role of ocular monochromatic aberrations in
accommodation. Aberrations present in a typical eye can result in an image appearing different
depending on the sign of the defocus present [82]. Consequently, aberrations have the potential
to guide the accommodation system.

Accommodation response to a dynamic stimulus: We have explored the effect of dynamic
correction of aberrations on+/- 0.5 D steps in accommodative demand [83]. Second order Zernike
aberrations (excluding defocus) and up to and including sixth radial order Zernike aberrations
were dynamically corrected at various time points: after the stimulus step change, before the
stimulus step change, during the accommodative response latency period, and throughout the
experimental run. We found that continued correction of ocular aberrations after the step change
significantly changed the gain of the response. In another study we again used step changes
in accommodative demand, but this time investigated the effect of dynamically inverting the
aberrations of the subject after the step change in accommodative demand. In this case, we found
that the accommodative response would initially be in the wrong direction during some trials,
as shown in Fig. 8 [84]. We have also investigated the accommodative response to a stimulus
fluctuating sinusoidally between 1.5 D and 2.5 D at a frequency of 0.2 Hz [85]. That frequency
was chosen as it is within the low frequency region of accommodation micro-fluctuations, which
are considered to be under neurological control and an aid to the accommodation system [86]. For
one of our subjects, dynamic correction of aberrations reduced the gain of the accommodative
response, but for the others, there was no effect.

Accommodation response to a static stimulus: The system has been used to determine the
effect of dynamic correction of aberrations on the micro-fluctuations in accommodation when
viewing a static stimulus [87,88]. In this study, manipulation of aberrations other than variations
in focus did not generally affect the micro-fluctuations properties.
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Fig. 8. Accommodation responses to a step change in stimulus demand for a single subject
when all aberrations from second order (excluding defocus) up to and including sixth radial
order are inverted following the stimulus step change [84]. An example of a correct and
incorrect accommodative response is shown.

5.3. Current and future improvements

Studies investigating the effect of monochromatic aberrations on the accommodation system [89],
will benefit from natural viewing conditions.

A limitation of the instrument presented here is that it is only able to manipulate the aberrations
monoculary. When viewing the world around us, not only do both eyes accommodate, but they
also change their convergence and pupil size. This triad of changes is inter-linked. While a
small number of binocular adaptive optics systems do exist, see for example [90,54], they are not
capable of dynamically manipulating convergence. Currently, we are developing a binocular
adaptive optics system with this capability. The system uses deformable mirrors with an increased
number of actuators and strokes in comparison to the monocular system presented here (2 x
MirAO-52, Imagine Eyes, France). Galvanometer-controlled mirrors conjugate to the center
of rotation of each eye are used to control convergence. The CCD camera used for wavefront
sensing measures the aberrations of both eyes, while simultaneously capturing an image of both
pupils to measure convergence and pupil size.

6. LuMIn, ENS Paris-Saclay - crx1 adaptive optics visual simulator

6.1. Description of the system

We use a deformable mirror (Mirao, Imagine Eyes, France) in closed-loop with a wavefront sensor
(HASO CSO, Imagine Eyes) either to dynamically correct the subject’s wavefront aberration
and/or to induce various levels of monochromatic aberrations (Fig. 9). The system optically
conjugates the subject’s exit pupil plane with the correcting device, the wavefront sensor and an
artificial pupil. The Shack–Hartmann wavefront sensor has a square array of 1024 lenslets. The
wave-aberration measurements are made at 850 nm.

The wavefront corrective device is a deformable mirror using 52 independent magnetic
actuators. The control of the deformable mirror surface is accomplished by a commercially
available program (HASO CSOTM, Imagine Eyes) which reshapes the deformable mirror
from its normally flat surface to a shape that corrects the aberrations up to the 6th order (25
Zernike coefficients) [91]). The micro-display (eMagin, Rev2 SVGA+White Oled Microdisplay)
subtends a visual angle of 114× 86 arcmin with a resolution of 800× 600 pixels (pixel size= 0.143
arcmin). The pupil position and size are monitored using a CCD camera. The pupil center is
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Artificial pupil

Fig. 9. Schematic diagram of the crx1 device.

aligned with the optical axis of the set-up. The subject’s pupil is not artificially dilated since the
experiments are performed in dim surrounding illumination providing a diameter higher than 6
mm. The mirror changes its shape for any variation of the aberration pattern of the subject, so
the accommodative response to a stimulus is also compensated by the mirror.

6.2. Key application

A typical use of adaptive optics is to statically [91–93] or dynamically [94–98] compensate for
monochromatic aberrations of the observers. As an example, we measured the visual benefit of
correcting HOAs on the contrast sensitivity and visual acuity [99], and determined whether the
correction of HOA would be detectable by “normal” subjects and whether a full correction is
necessary or better than a partial correction of the main HOA [100].

AO has also allowed us to investigate whether subjects with high levels of HOAs (e.g.,
keratoconic eyes) are adapted to their usual aberrations. We determined whether “normal” eyes
viewing through the aberration pattern of keratoconic eyes were able to achieve a similar visual
performance to that of keratoconic eyes [99].

We also used AO to explore the effect of various levels of aberrations on subjective vision by
scoring images or measuring visual acuity or contrast sensitivity [93,100–103], and to examine
the accuracy of image quality metrics in predicting visual performance on these tasks [96,99,100].
Therefore, we were able to compare real optical blur (i.e., induced by a deformable minor) to
simulated blur [94,100,102,103] or image quality metric prediction [94,96,98].

Comparison between real optic and simulated blur. Clinical studies of new lens designs are
time consuming. An alternative to the clinical testing of new designs (e.g., optical designs aiming
to compensate for presbyopia) could be the numerical simulation of their on-eye performance,
although the accuracy of the numerical simulation should be tested. We conducted various
experiments in order to test the ability of a numerical eye model to predict the effect of monochro-
matic aberrations on visual performances and subjective image quality [94,96,100,102,103]. The
term numerical simulation encompasses both calculations of image quality metrics (IQM) based
on the MTF, OTF or PSF and the convolution of the PSF with an original (i.e., un-aberrated)
image. While numerical image quality metrics leave no place for subjectivity, simulated images
judged by real observers seem closer to clinical testing where the subjective patient responses are
required.

We used our AO system (crx1, Imagine Eyes) to measure visual acuity, contrast sensitivity,
depth-of-focus (i.e., interval of vision for which the target was still perceived acceptable) and
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image quality score in the presence of defocus, astigmatism, coma, spherical aberration (SA4)
and secondary spherical aberration (SA6). We used the deformable mirror to dynamically
compensate for the observer’s aberrations and to simultaneously induce the desired aberration.
The closed-loop system works at 1 Hz that comprised of the double-pass of light through the eye,
so that the total (eye-device) aberrations encountered along the line of sight was continuously
minimized. These dynamically adjusting wavefronts enable the compensation of small eye
decentration and aberration variations due to the tear film or accommodation. During the
experiments, the typical average variance of the residual aberration is around 0.10 µm on a 6 mm
pupil size. The subject views the simulated or original images on a micro-display (typically a
white screen of 100 cd/m2) through an artificial pupil conjugated to the observer’s pupil.

In general, there was a good correlation between contrast sensitivity using sinusoidal gratings
and IQM. This is in agreement with results by de Gracia et al. [104], using the Atchison Lab
Visual Simulator, who showed similar trends for optical and visual improvement in the CSF
as a function of spatial frequency, and across orientations when aberrations were corrected.
However, the visual improvement was much more modest than that predicted by the optics. On
the other hand, the correspondence between predicted and optically simulated visual acuity and
depth-of-focus was poor [93,98], suggesting a mismatch between the simulated and actual blur
on the retinal image or a larger neural component for these tasks.

Computational convolutions have often been used to assess the impact of HOAs on the retinal
image quality. With the deformable mirror of an AO Visual Simulator it is either possible to
induce aberrations and dynamically correct the subject’s aberrations while the subject views an
original image (mirror-controlled condition or real optical blur) or to only dynamically correct
the subject’s aberrations while the subject views a simulated image (object-controlled condition
or simulated optical blur) (Fig. 10) [93,94,96,103].

Fig. 10. Schematic diagram of the two methods used to compare real and simulated optical
blur.

Although from optical principles subjective depth-of-focus [11] or image quality score
[101–103] using convolved images through corrected optics or real aberrations should match
[103], Vincent et al. [103] observed a difference of about 20 and 35% between simulated and
real optical blur, respectively, in the presence of spherical and astigmatism blur. Aissati et
al. [105] demonstrated that, when keeping all other conditions similar in both experiments,
the discrepancies found using polychromatic targets further reduced when the experiment
was conducted in monochromatic light, as monochromatic and chromatic aberrations interact
differently in both conditions.
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6.3. Current and future improvements

The closed-loop system operates at 1 Hz rate, which is too slow to correct the fluctuations of
accommodation. A faster closed-loop (>5 Hz) correction of the eye’s aberrations would improve
the quality of the comparison between real optical and simulated blur, it will also permit to study
the contribution of the micro-fluctuations of accommodation to the accommodation process, and
shed light into their potential role on the eye’s focusing control

7. KTH adaptive optics visual simulator

7.1. Description of the system

The Adaptive Optics Visual Simulator of the Visual Optics group at KTH is specially designed
for peripheral measurements, but can also be used foveally. It consists of a deformable membrane
mirror in closed-loop with a Hartmann-Shack wavefront sensor (Mirao52e and HASO 4 from
Imagine Eyes). The lay-out of the optical set-up, which is shown in Fig. 11, also includes an
additional wavefront sensor for diagnostic purposes (under development, see “Current and Future
Improvements” for more information). The achromatic lenses pairwise form afocal systems
(L1+L2, L3+L5, L3+L4, L6+L7) to conjugate the pupil of the subject to the deformable
mirror, the wavefront sensors, and any additional test-optics. Lens L1 acts as a Badal lens and
the total angular magnification through L1 to L4 is +1. The wavefront measuremfnts are done in
near-infrared, but for defocus calibration visible light from gray-scale test targets shown on a
monitor is used. Hence, the calibration compensates for both longitudinal chromatic aberrations
and the distance to the test targets. A head-chin rest is used for stabilizing the subject. Additional
infrared illumination and a pupil camera aid in positioning the subject correctly. For peripheral
measurements, the fellow eye is most often used for fixation with an external foveal fixation target
as shown in Fig. 11.

Fig. 11. Schematic diagram of the optical set-up of the KTH Adaptive Optics Visual
Simulator. TL Trial lens holder, LD Laser Diode 830 nm; L1-7 achromatic lenses; HS
Hartmann-Shack sensor; BS1-3 Beamsplitters (1 and 3 are hot mirrors; 2 is a pellicle); A
Aperture; Cam Pupil camera.

The key features of the KTH Visual Simulator are: (1) the design for peripheral vision evaluation
with large stroke of the deformable mirror and psychophysical procedures developed in-lab; (2)
the stable continuous closed loop, allowing for optimum aberration correction throughout the
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psychophysical session; (3) the universal defocus calibration that eliminates the need for any
individual defocus adjustments (by foveal through-focus low contrast visual acuity measurements
on experienced subjects with cycloplegia and aberration correction); (4) the additional wavefront
sensor for diagnostic purposes.

7.2. Key application

The KTH Visual Simulator has been in operation since 2011 (first described in Rosén et al. in
2012 [106]). We mainly use the system to investigate how peripheral vision, typically resolution
and detection acuity and contrast sensitivity, is affected by optical errors and stimulus properties.
An example of how the peripheral modulation transfer function and the contrast sensitivity are
affected by monochromatic and chromatic aberrations, and by the orientation of the stimulus, is
shown in Fig. 12. The specific aims of the research projects are (1) to improve optical correction
designs by better understanding the optical limitations of peripheral vision [107–112], (2) to
understand and optimize the optical treatment effect of myopia control interventions [113], and
(3) to improve the remaining peripheral vision for people with central visual field loss through
optical correction [114].

Fig. 12. The monochromatic modulation transfer function (MTF) and contrast sensitivity
(CS) with adaptive optics (AO) versus refractive correction for one subject in the 20°
nasal visual field. The left and right columns show the results for gratings orientated
perpendicularly to and parallel to the field angle, respectively. The solid lines represent the
best image quality in green light, whereas the dashed lines are with monochromatic and
chromatic aberrations still affecting the retinal image. Data from Venkataraman et al. [111].

7.3. Current and future Improvements

The KTH Visual Simulator has recently been updated with a new deformable mirror and a new
wavefront sensor to ensure stable operation and large stroke of the mirror. For the future we see
a need to test commercial optical corrections at the same time as the individual aberrations of
the eye itself are controlled. Therefore, there is space on the optical table to mount additional
test-optics in the pupil plane after lens L4. Such test-optics may for example be multifocal
lenses for myopia control or presbyopia compensation. To be able to monitor the effect that
the test-optics have on the retinal image quality during the vision evaluation, we are currently
incorporating a separate diagnostic unit (the HS diagnostic in Fig. 11). This diagnostic unit can
be a wavefront sensor, as shown in Fig. 11, or a camera to record a double-pass image of the
point-spread function of the eye.



Review Vol. 13, No. 12 / 1 Dec 2022 / Biomedical Optics Express 6524

Another future improvement of the system is to update the monitor that shows the test targets
for the vision evaluation. We are currently using an analogue cathode-ray-tube monitor (Nokia
446Xpro) driven by a Linux PC with a 10-bit NVIDIA graphics card. The advantage of this
monitor is that it can be calibrated to give a linear response in luminance and allow for resampling
of the gamma curve to achieve more test-levels in the low contrast region and, hence, more
accurate contrast sensitivity measurements. However, the monitor has a limited spatial resolution
and maximum luminance.

8. University of Houston binocular adaptive optics visual simulator

8.1. Description of the system

Figure 13 shows the schematic optical layout of the University of Houston Binocular Adaptive
Optics Visual Simulator. The system consists of two identical monocular AO systems that have
evolved from the original large stroke monocular AO system [115]. Each monocular system can
be operated independently or synchronized by a single master computer as a binocular system.
Below is a summary of the main components and unique capabilities of the system.

Fig. 13. Schematic optical layout of University of Houston Binocular Adaptive Optics
Visual Simulator. DM: Deformable Mirror, LCSLM: Liquid Crystal Spatial Light Modulator,
HSWS: Hartmann-Shack Wavefront Sensor, SLD: Superluminescent Laser Diode, DMD:
Digital Micromirror Device, VC: Vergence Control, BD: Badal Optometer, PC: Pupil
Camera, PO: Phoropter, AP: Artificial Pupil, BF: Binocular Fusion lock

Main components: (1) HSWS: High-resolution Hartmann-Shack wavefront sensor (sampling
resolution:133 µm, up to 30 frames/second); (2) DM: 97 actuators deformable mirror (Alpao,
France) with large stroke (86 µm wavefront tip/tilt), stable closed-loop control with bandwidth
up to 1.38 kHz; (3) LCSLM: Liquid-Crystal Spatial Light Modulator (Jasper Display, Taiwan),
1920× 1080 resolution, 6.4 µm pixel pitch, amplitude/phase modulation for 430-750 nm, HDMI
input; (4) DMD: Digital Micromirror Display (TI, USA), 1920× 1080 resolution, 5.4 µm
mirror pitch, HDMI input, refresh rate up to 120 Hz; (5) SLD: Superluminescent Laser Diode
(Inphenix, USA), 35 nm broadband @ λ= 840 nm. Unique features of the system: (1) Monocular
and binocular optical and visual testing; (2) Custom AO software: full, partial, and selective
correction, aberration induction, automatic DM calibration, automatic blink detection; (3)
Visual psychophysics: visual acuity, contrast sensitivity, contrast matching, natural image quality
assessment, dynamic video display, stereo performance, binocular rivalry, motion detection, vision
testing synchronized with AO control, (4) Motorized vergence control: binocular accommodation,
virtual reality experiment; (5) Badal Optometer: motorized adjustment of the subjective best
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focus, target distance control without changing magnification; (6) Phoropter: pre-compensation
for large sphero-cylindrical refractive errors; (7) Pupil size control: motorized artificial pupil to
control static and dynamic changes in pupil diameter; (8) Peripheral vision testing with off-axis
fixation

8.2. Key application

The Limits of Human Vision – Long-term Neural Adaptation to Ocular Aberrations. Visual
functions are first influenced by the optics of the eye determining retinal image quality, and then
by the neural system sampling the image and interpreting information via complicated neural
processing. With the advent of ocular wavefront sensing technology, our understanding of the
optical factors impacting vision has been greatly improved over the past three decades. Optical
imperfections including aberrations and light scatter limit visual performance if uncorrected
[115,116]. It is a relatively recent discovery that prolonged visual experience with poor optics can
alter the way the neural system processes images formed on the retina [117,118]. A longstanding
clinical example of this finding is that both resolution and contrast sensitivity after astigmatism
correction were found to be poorer along the original cylindrical axis than the orthogonal
orientation [119]. Despite the significance of the phenomenon from basic science and clinical
wisdom, little is known about the mechanism underlying the effects of long-term neural adaptation
to imperfect ocular optics on neural processing of images. The overarching goal of our project is
to address questions about optical and neural contributions to human vision.

To study long-term neural adaptation to poor optics, we have been using a unique group of
patients with keratoconus (KC), a chronic, non-inflammatory, bilateral corneal disease. This
disease is characterized by localized thinning of the cornea, inducing large amounts of HOAs
[120], which results in substantially degraded visual performance. This study group is ideal
because (1) their visual system has been chronically exposed to optical defects for a long period
of time and (2) the magnitude of the optical defects is significantly larger than normal subjects.
Therefore, the effects of neural adaptation in KC patients are greater compared to normals, which
renders investigation of neural factors more robust and accurate. Our previous studies found that
visual performance measured in these patients after full AO aberration correction is significantly
poorer than that predicted from optical theory and that in normal eyes [118]. We hypothesized
that this unexplained loss in visual performance is an adverse effect of long-term neural adaptation
to optical aberrations, which gradually alters the way the neural system processes images.

We have identified two potential mechanisms underlying long-term neural adaptation so far;
(1) adaptation to phase spectra and (2) gain adjustment of individual spatial frequency channels.
Visual acuity and contrast sensitivity were measured with KC subjects who experienced their
habitual aberrations and with normal subjects who experienced the equivalent KC aberrations
induced by our AO [117]. Although the two groups experienced identical image quality, the KC
group outperformed normal subjects when the stimuli were broadband (i.e. visual acuity) but
not when they were narrowband (i.e. contrast sensitivity). This strongly suggests that the KC
neural system had effectively compensated for phase incongruence induced by their habitual
aberrations. This compensatory neural process through long-term adaptation to the phase
spectra alleviates the detrimental effects of habitual, uncorrected optics on retinal image quality.
However, this mechanism plays an adverse role in visual acuity immediately after the removal
of the aberration with AO as the neural system is no longer familiar with the improved optics
(Fig. 14(A)) [118]. To test the second hypothesis, we measured contrast sensitivity under fully
corrected optical conditions (Fig. 14(B)). KC subjects showed atypical neural contrast sensitivity
functions, revealing impaired sensitivity at high spatial frequencies (SFs) and enhanced sensitivity
at low SFs compared to normal subjects [121]. These trends increased with KC severity. Notably,
this effect cannot be explained by optical factors and we postulate the following. Under natural
viewing, the KC visual system is exposed to an amplitude spectrum that is weighted heavily
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toward low SFs due to the severe optics, resulting in adaptive changes that optimize sensitivity to
better match this altered diet of SFs.

Fig. 14. Effects of long-term neural adaptation on neural functions (A. visual acuity,
B. contrast sensitivity) after full AO correction of the eye’s aberrations in normal and
keratoconus subjects, and C. stereo threshold as a function of inter-ocular difference in native
optical quality. Different symbols represent data from different participants.

Binocular vision under modified optics. The effects of optics on binocular vision are relatively
unexplored. Binocular performance is superior to monocular performance (known as binocular
summation) when each eye provides similar image quality [122]. However, when the brain
combines monocular images with very different quality, binocular summation is reduced [55]
and can even lead to ‘binocular inhibition’ i.e. binocular performance being worse than either
monocular performance. On the other hand, our earlier work showed that the visual system
can adaptively combine two monocular images when inter-ocular image quality differences are
induced by mirror symmetry in the aberration profiles (e.g. horizontal coma) and orthogonal
blur orientation (astigmatism) [123]. We further investigated how the eyes’ optics affect the
precision of stereopsis so as to understand more about limitations imposed by post-optical
mechanisms. Contrary to the previous finding [124], our work found that stereo acuity was
indeed improved after correcting the HOAs, suggesting that stereo resolution is still limited by
the eyes’ optics. Also, the improvement with AO was smaller in individuals who have had large
inter-ocular differences in their habitual optical quality (Fig. 14(C)), indicating that past binocular
experience with different monocular visual inputs affects binocular neural processing similar to
our monocular findings [125]. Neural plasticity is a ubiquitous property of normal adult systems,
and can also be elicited in highly aberrated eyes [126]. Given the functional importance of vision,
there has been an increasing focus on training vision in individuals with typical and low vision.
Future research involving advanced correction methods [127,128] will assess whether altered
neural function resulting from long-term adaptation can be reversed and to what extent this can
occur.

8.3. Current and future improvements

Although the current binocular AO system has been a powerful tool, allowing us to investigate
the optical and neural contribution to human vision, there are a few technical challenges. The
closed-loop bandwidth of AO is still significantly slower than typical fixational eye movements.
This is due mainly to relatively slow ocular wavefront sensing due to low light levels available
from the eye. A faster and high-sensitivity imaging sensor combined with computer processing
power and a wavefront corrector with more degrees of freedom (i.e. actuators) will further
improve our ability to achieve targeted optical quality over a long period of time.
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9. Future trends and challenges in adaptive optics visual simulation

Since the first demonstration 25 years ago, Adaptive Optics Visual Simulators have incorporated
new active elements to correct and induce aberrations, and to simulate different optical corrections
(refractive, segmented and diffractive optics). Some recent systems can correct not only
monochromatic but also chromatic aberrations. They have increased speeds in wavefront
measurement and corrections, and are even binocular. These expanded capabilities have
increased the number of applications, and their clinical use. While some systems have moved
into commercial devices and started to be used in the daily clinical practice, overcoming some
technical challenges will open up new research, development and clinical application opportunities.
Desirable features of the next generation of Adaptive Optics Visual Simulators include aberration
measurement and correction in a small footprint, potentially wearable device, wide and open-view
visual field stimulation, increased speed and integration with other biometry imaging devices.
Envisioned solutions to these issues include: (1) see-through wavefront correctors instead of
mirror-based solutions, including deformable lenses and transmission spatial light modulators
with increased spatial and temporal resolutions over state-of-the-art, (2) new generation of optical
elements, in line with those being developed in AR/VR technologies, (3) eye-tracking system, (4)
faster response and higher-sensitivity imaging sensors, faster control and processing algorithms
and more powerful computer architectures and (5) integrated photonics and optical devices.
Funding. National Eye Institute (P30EY 001319, R01EY014999, R01EY034151); Agencia Estatal de Investigación
(PID2019-105684RB-I00, PID2020-115191RB-I00); Vetenskapsrådet (2019-05354); Engineering and Physical Sciences
Research Council (G015473/1); Research to Prevent Blindness (N/A Unrestricted funds (UoR)); H2020 Marie Skłodowska-
Curie Actions (#675137); Empire State Development’s Division of Science, Technology and Innovation (CEIS
#2130C002).

Acknowledgements. SM acknowledges contributions to AO developments and applications presented in this work
to the following individuals: Dr Lucie Sawides (VioBioLab-CSIC), Dr Maria Vinas (VioBioLab-CSIC and Marcos Lab
UoR), Dr Sara Aissati (VioBioLab-CSIC and Marcos Lab UoR), Dr Carlos Dorronsoro (VioBioLab-CSIC), Dr Clara
Benedi-Garcia (VioBioLab-CSIC), Shrilekha Vedhakrishnan (VioBioLab-CSIC), Dr Karteek Kunala (CVS-UoR) and
Tianlun Zhou (MarcosLab-UoR), PA acknowledges significant role of E. Josua Fernandez, Dr Pedro Prieto, Dr Silvestre
Manzanera and Dr Christina Schwarz at UM; DA acknowledges Dr Durgasri Jaisankar, Dr Marwan Suheimat, and Dr
Robert Rosén (QUT); KH acknowledges collaboration with Prof. Ed Mallen (University of Bradford); RL acknowledges
contributions from Y. Benard, M. Vincent, and H. Rouger; LL acknowledges co-development of the instruments with
Dr. Peter Unsbo, Dr Robert Rosén, Dr Abinaya Venkataraman, Dr Simon Winter, Dr Petros Papadogiannis, Dr Dmitry
Romashchenko, and Charlie Börjeson; GY acknowledges contributions of Dr. Ramkumar Sabesan, Dr. Len Zheleznyak,
Antoine Barbot, Cherlyn Ng, Jiakai Lyu, Seungpil Bang and Keith Parkins in research and developments of AO at UoR.

Disclosures. SM discloses funding from Alcon Research Labs (CSIC), BVI-PhysIOL (CSIC), ClerioVision (UoR)
Coopervision (CSIC, UoR), Essilor International (CSIC), Johnson and Johnson (CSIC), Staar Surgical (CSIC), Meta
Reality Labs (UoR), Hoya (CSIC) for research with the described instruments. SM is a co-founder, shareholder and
board member of 2EyesVision SL, a spin-off company of CSIC, which licenses related Vision Simulator technologies
and is a co-inventor of patents P201730854, US9693679 and US10213358 licensed to 2EyesVision; SM is co-inventor of
patent US10226327 and P201930791 (PhysIOL) and US2018042474 (Essilor) that used the described AO technology in
their development. PA is a co-founder of Voptica SL, a start-up of the University of Murcia and co-inventor of patents
US20120154742 and US20120038884 licensed to Voptica. DA discloses support by Carl Zeiss Vision. RL discloses
funding from Essilor International. LL discloses support from Johnson and Johnson where the AO system was used. GY
discloses support from Bausch and Lomb, Johnson and Johnson, and Alcon.

Data availability. Data underlying the results presented in this paper are not publicly available at this time but may
be obtained from the authors upon reasonable request.

References
1. J. Liang, D. R. Williams, and D. T. Miller, “Supernormal vision and high-resolution retinal imaging through adaptive

optics,” J. Opt. Soc. Am. A 14(11), 2884–2892 (1997).
2. F. W. Campbell and D. G. Green, “Optical and retinal factors affecting visual resolution,” J. Physiol. 181(3), 576–593

(1965).
3. D. Williams, G. Yoon, J. Porter, A. Guirao, H. Hofer, and I. Cox, “Visual benefit of correcting higher order

aberrations of the eye,” J. Refract. Surg. 16(5), S554–S559 (2000).
4. G. Y. Yoon and D. R. Williams, “Visual performance after correcting the monochromatic and chromatic aberrations

of the eye,” J. Opt. Soc. Am. A 19(2), 266–275 (2002).

https://doi.org/10.1364/JOSAA.14.002884
https://doi.org/10.1113/jphysiol.1965.sp007784
https://doi.org/10.3928/1081-597X-20000901-12
https://doi.org/10.1364/JOSAA.19.000266


Review Vol. 13, No. 12 / 1 Dec 2022 / Biomedical Optics Express 6528

5. E. J. Fernandez, S. Manzanera, P. Piers, and P. Artal, “Adaptive optics visual simulator,” J. Refract. Surg. 18(5),
S634–S638 (2002).

6. E. Dalimier, C. Dainty, and J. L. Barbur, “Effects of higher-order aberrations on contrast acuity as a function of light
level,” J. Mod. Opt. 55(4-5), 791–803 (2008).

7. S. Marcos, L. Sawides, E. Gambra, and C. Dorronsoro, “Influence of adaptive-optics ocular aberration correction
on visual acuity at different luminances and contrast polarities,” J. Vis. 8(13), 1 (2008).

8. D. A. Atchison, H. Guo, W. N. Charman, and S. W. Fisher, “Blur limits for defocus, astigmatism and trefoil,” Vision
Res. 49(19), 2393–2403 (2009).

9. S. L. Elliott, S. S. Choi, N. Doble, J. L. Hardy, J. W. Evans, and J. S. Werner, “Role of high-order aberrations in
senescent changes in spatial vision,” J. Vis. 9(2), 24 (2009).

10. R. Krueger and S. MacRae, Customized Ablation: The Quest for Supervision (Slack Inc, 2001).
11. S. S. Olivier, “Adaptive Optics Applications in Visual Science,” in Proceedings SPIE Photonics West LASE2003

(2003).
12. K. M. Rocha, L. Vabre, N. Chateau, and R. R. Krueger, “Enhanced visual acuity and image perception following

correction of highly aberrated eyes using an adaptive optics visual simulator,” J. Refract. Surg. 26(1), 52–56 (2010).
13. A. Roorda, “Adaptive optics for studying visual function: a comprehensive review,” J. Vis. 11(5), 6 (2011).
14. K. M. Hampson, “Adaptive optics and vision,” J. Mod. Opt. 55(21), 3425–3467 (2008).
15. D. T. Miller and A. Roorda, “Adaptive optics in retinal microscopy and vision,” in Handbook of Optics. Vol. 3

(Optical Society of America, 2001).
16. J. Porter, Adaptive Optics for Vision Science (Wiley-Interscience, 2006).
17. E. J. Fernandez, “Adaptive optics for visual testing,” in Handbook of Visual Optics. Vol 2 (CRC Press, 2017).
18. S. Marcos, J. S. Werner, S. A. Burns, W. H. Merigan, P. Artal, D. A. Atchison, K. M. Hampson, R. Legras, L.

Lundstrom, G. Yoon, J. Carroll, S. S. Choi, N. Doble, A. M. Dubis, A. Dubra, A. E. Elsner, R. Jonnal, D. T. Miller,
M. Paques, H. E. Smithson, L. K. Young, Y. Zhang, M. Campbell, J. Hunter, A. Metha, G. Palczewska, J. Schallek,
and L. C. Sincich, “Vision science and adaptive optics, the state of the field,” Vision Res. 132, 3–33 (2017).

19. E. Gambra, L. Sawides, C. Dorronsoro C, and S. Marcos, “Accommodative lag and fluctuations when optical
aberrations are manipulated,” J. Vis. 9(6), 4 (2009).

20. M. Vinas, C. Dorronsoro, D. Cortes, D. Pascual, and S. Marcos, “Longitudinal chromatic aberration of the human
eye in the visible and near infrared from wavefront sensing, double-pass and psychophysics,” Biomed. Opt. Express
6(3), 948–962 (2015).

21. M. Vinas, C. Dorronsoro, A. Radhakrishnan, C. Benedi-Garcia, E. A. LaVilla, J. Schwiegerling, and S. Marcos,
“Comparison of vision through surface modulated and spatial light modulated multifocal optics,” Biomed. Opt.
Express 8(4), 2055–2068 (2017).

22. M. Vinas, C. Benedi-Garcia, S. Aissati, D. Pascual, V. Akondi, C. Dorronsoro, and S. Marcos, “Visual simulators
replicate vision with multifocal lenses,” Sci. Rep. 9(1), 1539 (2019).

23. S. Aissati, M. Vinas, C. Benedi-Garcia, D. Dorronsoro, and S. Marcos, “Testing the effect of ocular aberrations in
the perceived transverse chromatic aberration,” Biomed. Opt. Express 11(8), 4052–4068 (2020).

24. C. Benedi-Garcia, M. Vinas, C. M. Lago, S. Aissati, A. de Castro, C. Dorronsoro, and S. Marcos, “Optical and
visual quality of real intraocular lenses physically projected on the patient’s eye,” Biomed. Opt. Express 12(10),
6360–6374 (2021).

25. S. Marcos S, C. Benedí-García, S. Aissati S, A. M. Gonzalez-Ramos, C. M. Lago, A. Radhkrishnan, M. Romero, S.
Vedhakrishnan, L. Sawides, and M. Vinas, “VioBio lab adaptive optics: technology and applications by women
vision scientists,” Ophthalmic Physiol. Opt. 40(2), 75–87 (2020).

26. K. Kunala, T. Zhou, S. Aissati, M. Vinas, and S. Marcos, “Adaptive optics visual simulator of multifocal lenses
for myopia control,” presented at the 22nd Center for Emerging and Innovative Sciences University of Rochester
Technology Showcase, Rochester, NY, USA 22 April 2022.

27. M. Vinas, C. Dorronsoro, N. Garzon, F. Poyales, and S. Marcos, “In vivo subjective and objective longitudinal
chromatic aberration after bilateral implantation of the same design of hydrophobic and hydrophilic intraocular
lenses,” J. Cataract Refract. Surg. 41(10), 2115–2124 (2015).

28. L. Sawides, E. Gambra, D. Pascual, C. Dorronsoro, and S. Marcos, “Visual performance with real-life tasks under
adaptive-optics ocular aberration correction,” J. Vis 10(5), 19 (2010).

29. P. de Gracia, C. Dorronsoro, E. Gambra, G. Marin, M. Hernandez, and S. Marcos, “Combining coma with
astigmatism can improve retinal image over astigmatism alone,” Vision Res. 50(19), 2008–2014 (2010).

30. P. de Gracia, C. Dorronsoro, G. Marin, M. Hernandez, and S. Marcos, “Visual acuity under combined astigmatism
and coma: optical and neural adaptation effects,” J. Vis 11(2), 5 (2011).

31. C. Benedi-Garcia, M. Velasco-Ocana, C. Dorronsoro, D. Pascual, M. Hernandez, G. Marin, and S. Marcos,
“Perceptual impact of astigmatism induction in presbyopes,” Vision Res. 165, 143–151 (2019).

32. S. Marcos, M. Velasco-Ocana, C. Dorronsoro, L. Sawides, M. Hernandez, and G. Marin, “Impact of astigmatism
and high-order aberrations on subjective best focus,” J. Vis. 15(11), 4 (2015).

33. C. Benedi-Garcia, M. Vinas, C. Dorronsoro, S. A. Burns, E. Peli, and S. Marcos, “Vision is protected against blue
defocus,” Sci. Rep. 11(1), 352 (2021).

34. M. Vinas, P. de Gracia, C. Dorronsoro, L. Sawides, G. Marin, M. Hernandez, and S. Marcos, “Astigmatism impact
on visual performance: meridional and adaptational effects,” Optom. Vis. Sci. 90(12), 1430–1442 (2013).

https://doi.org/10.3928/1081-597X-20020901-27
https://doi.org/10.1080/09500340701469641
https://doi.org/10.1167/8.13.1
https://doi.org/10.1016/j.visres.2009.07.009
https://doi.org/10.1016/j.visres.2009.07.009
https://doi.org/10.1167/9.2.24
https://doi.org/10.3928/1081597X-20101215-08
https://doi.org/10.1167/11.5.6
https://doi.org/10.1080/09500340802541777
https://doi.org/10.1016/j.visres.2017.01.006
https://doi.org/10.1167/9.6.4
https://doi.org/10.1364/BOE.6.000948
https://doi.org/10.1364/BOE.8.002055
https://doi.org/10.1364/BOE.8.002055
https://doi.org/10.1038/s41598-019-38673-w
https://doi.org/10.1364/BOE.396469
https://doi.org/10.1364/BOE.432578
https://doi.org/10.1111/opo.12677
https://doi.org/10.1016/j.jcrs.2015.11.009
https://doi.org/10.1167/10.5.19
https://doi.org/10.1016/j.visres.2010.07.014
https://doi.org/10.1167/11.2.5
https://doi.org/10.1016/j.visres.2019.10.008
https://doi.org/10.1167/15.11.4
https://doi.org/10.1038/s41598-020-79911-w
https://doi.org/10.1097/OPX.0000000000000063


Review Vol. 13, No. 12 / 1 Dec 2022 / Biomedical Optics Express 6529

35. L. Sawides, S. Marcos, S. Ravikumar, L. Thibos, A. Bradley, and M. Webster, “Adaptation to astigmatic blur,” J Vis.
10(12), 22 (2010).

36. L. Sawides, P. de Gracia, C. Dorronsoro, M. Webster, and S. Marcos, “Adapting to blur produced by ocular
high-order aberrations,” J. Vis. 11(7), 21 (2011).

37. A. Radhakrishnan, C. Dorronsoro, L. Sawides, and S. Marcos, “Short-term neural adaptation to simultaneous
bifocal images,” PLoS One 9(3), e93089 (2014).

38. L. Sawides, P. de Gracia, C. Dorronsoro, M. A. Webster, and S. Marcos, “Vision is adapted to the natural level of
blur present in the retinal image,” PLoS One 6(11), e27031 (2011).

39. L. Sawides, C. Dorronsoro, A. M. Haun, E. Peli, and S. Marcos, “Using pattern classification to measure adaptation
to the orientation of high order aberrations,” PLoS One 8(8), e70856 (2013).

40. L. Sawides, C. Dorronsoro, P. de Gracia, M. Vinas, M. Webster, and S. Marcos, “Dependence of subjective image
focus on the magnitude and pattern of high order aberrations,” J. Vis. 12(8), 4 (2012).

41. M. Vinas, C. Dorronsoro, V. Gonzalez, D. Cortes, A. Radhakrishnan, and S. Marcos, “Testing vision with angular
and radial multifocal designs using Adaptive Optics,” Vision Res. 132, 85–96 (2017).

42. M. Vinas, S. Aissati, M. Romero, C. Benedi-Garcia, N. Garzon, F. Poyales, C. Dorronsoro, and S. Marcos,
“Pre-operative simulation of post-operative multifocal vision,” Biomed. Opt. Express 10(11), 5801–5817 (2019).

43. M. Vinas, S. Aissati, A. M. Gonzalez-Ramos, M. Romero, L. Sawides, V. Akondi, E. Gambra, C. Dorronsoro, T.
Karkkainen, D. Nankivil, and S. Marcos, “Optical and visual quality with physical and visually simulated presbyopic
multifocal contact lenses,” Transl. Vis. Sci. Technol. 9(10), 20 (2020).

44. S. Vedhakrishnan, M. Vinas, S. Aissati, and S. Marcos, “Vision with spatial light modulator simulating multifocal
contact lenses in an adaptive optics system,” Biomed. Opt. Express 12(5), 2859–2872 (2021).

45. X. Barcala, M. Vinas, S. Ruiz, F. Hidalgo, D. Nankivil, T. Karkkainen, E. Gambra, C. Dorronsoro, and S. Marcos,
“Multifocal contact lens vision simulated with a clinical binocular simulator,” Cont. Lens Anterior Eye. 20, 101716
(2022).

46. S. Vedhakrishnan, A. de Castro, M. Vinas, S. Aissati, and S. Marcos, “Accommodation through simulated multifocal
optics” Biomed. Opt. Express in press.

47. J. S. McLellan, S. Marcos, P. M. Prieto, and S. A. Burns, “Imperfect optics may be the eye’s defence against
chromatic blur,” Nature 417(6885), 174–176 (2002).

48. J. S. Wolffsohn and L. N. Davies, “Presbyopia: effectiveness of correction strategies,” Prog. Retin. Eye Res. 68,
124–143 (2019).

49. N. A. Brennan, Y. M. Toubouti, X. Cheng, and M. A. Bullimore, “Efficacy in myopia control,” Prog. Retin. Eye Res.
83, 100923 (2021).

50. X. Jiang, J. A. Kuchenbecker, P. Touch, and R. Sabesan, “Measuring and compensating for ocular longitudinal
chromatic aberration,” Optica 6(8), 981–990 (2019).

51. N. Suchkov, E. J. Fernández, and P. Artal P, “Impact of longitudinal chromatic aberration on through-focus visual
acuity,” Opt. Express 27(24), 35935–35947 (2019).

52. E. J. Fernández, P. M. Prieto, and P. Artal, “Binocular adaptive optics visual simulator,” Opt. Lett. 34(17), 2628–2630
(2009).

53. E. J. Fernández, P. M. Prieto, and P. Artal, “Adaptive optics binocular visual simulator to study stereopsis in the
presence of aberrations,” J. Opt. Soc. Am. A 27(11), A48–A55 (2010).

54. R. Sabesan, L. Zheleznyak, and G. Yoon, “Binocular visual performance and summation after correcting higher
order aberrations,” Biomed. Opt. Express 3(12), 3176–3189 (2012).

55. K. H. Hampson and E. A. H. Mallen, “Binocular Adaptic Optics system with dynamic convergence control,”
presented at the 8th International Workshop on Adaptive Optics for Industry and Medicine, Murcia, Spain 5-9 June
2011.

56. A. Radhakrishnan, D. Pascual, S. Marcos, and C. Dorronsoro, “Vision with different presbyopia corrections
simulated with a portable binocular visual simulator,” PLoS One 14(8), e0221144 (2019).

57. V. Akondi, L. Sawides, Y. Marrakchi, E. Gambra, S. Marcos, and C. Dorronsoro, “Experimental validations of a
tunable-lens-based visual demonstrator of multifocal corrections,” Biomed. Opt. Express 9(12), 6302–6317 (2018).

58. X. Barcala, M. Vinas, M. Romero, E. Gambra, J. L. Mendez-Gonzalez, S. Marcos, and C. Dorronsoro, “Multifocal
acceptance score to evaluate vision: MAS-2 EV,” Sci. Rep. 11(1), 1397 (2021).

59. F. Vargas, P. Prieto, and P. Artal, “Correction of the aberrations in the human eye with a liquid crystal spatial light
modulator: limits to the performance,” J. Opt. Soc. Am. A 15(9), 2552–2562 (1998).

60. E. Fernandez, I. Iglesias, and P. Artal, “Closed loop adaptive optics in the human eye,” Opt. Lett. 26(10), 746–748
(2001).

61. P. M. Prieto, F. Vargas-Martin, S. Goelz, and P. Artal, “Analysis of the performance of the Hartmann-Shack sensor
in the human eye,” J. Opt. Soc. Am. A 17(8), 1388–1398 (2000).

62. P. M. Prieto, E. J. Fernandez, S. Manzanera, and P. Artal, “Adaptive Optics with a programmable phase modulator:
applications in the human eye,” Opt. Express 12(17), 4059–4071 (2004).

63. E. J. Fernandez, P. M. Prieto, and P. Artal, “Wave-aberration control with a liquid crystal on silicon (LCOS) spatial
phase modulator,” Opt. Express 17(13), 11013–11025 (2009).

64. C. Canovas, P. M. Prieto, S. Manzanera, A. Mira, and P. Artal, “Hybrid adaptive-optics visual simulator,” Opt. Lett.
35(2), 196–198 (2010).

https://doi.org/10.1167/10.12.22
https://doi.org/10.1167/11.7.21
https://doi.org/10.1371/journal.pone.0093089
https://doi.org/10.1371/journal.pone.0027031
https://doi.org/10.1371/journal.pone.0070856
https://doi.org/10.1167/12.8.4
https://doi.org/10.1016/j.visres.2016.04.011
https://doi.org/10.1364/BOE.10.005801
https://doi.org/10.1167/tvst.9.10.20
https://doi.org/10.1364/BOE.419680
https://doi.org/10.1016/j.clae.2022.101716
https://doi.org/10.1038/417174a
https://doi.org/10.1016/j.preteyeres.2018.09.004
https://doi.org/10.1016/j.preteyeres.2020.100923
https://doi.org/10.1364/OPTICA.6.000981
https://doi.org/10.1364/OE.27.035935
https://doi.org/10.1364/OL.34.002628
https://doi.org/10.1364/JOSAA.27.000A48
https://doi.org/10.1364/BOE.3.003176
https://doi.org/10.1371/journal.pone.0221144
https://doi.org/10.1364/BOE.9.006302
https://doi.org/10.1038/s41598-021-81059-0
https://doi.org/10.1364/JOSAA.15.002552
https://doi.org/10.1364/OL.26.000746
https://doi.org/10.1364/JOSAA.17.001388
https://doi.org/10.1364/OPEX.12.004059
https://doi.org/10.1364/OE.17.011013
https://doi.org/10.1364/OL.35.000196


Review Vol. 13, No. 12 / 1 Dec 2022 / Biomedical Optics Express 6530

65. E. J. Fernandez, P. M. Prieto, and P. Artal, “Binocular adaptive optics visual simulator,” Invest Ophthalmol Vis Sci.
Suppl 50 (2009).

66. C. Schwarz, P. M. Prieto, E. J. Fernandez, and P. Artal, “Binocular adaptive optics vision analyzer with full control
over the complex pupil functions,” Opt. Lett. 36(24), 4779–4781 (2011).

67. N. Suchkov, E. J. Fernandez, and P. Artal, “Wide-range adaptive optics visual simulator with a tunable lens,” J. Opt.
Soc. Am. A 36(5), 722–730 (2019).

68. L. Hervella, E. A. Villegas, C. Robles, and P. Artal, “Spherical aberration customization to extend the depth of
focus with a clinical adaptive optics visual simulator,” J. Refract. Surg. 36(4), 223–229 (2020).

69. A. Arias and P. Artal, “Wavefront-shaping-based correction of optically simulated cataracts,” Optica 7(1), 22–27
(2020).

70. P. A. Piers, E. J. Fernandez, S. Manzanera, S. Norrby, and P. Artal, “Adaptive optics simulation of intraocular lenses
with modified spherical aberration,” Invest. Ophthalmol. Vis. Sci. 45(12), 4601–4610 (2004).

71. B. Leray, M. Cassagne, V. Soler, E. Villegas, C. Triozon, G. Perez, J. Letsch, E. Chapotot, P. Artal, and F. Malecaze,
“Relationship between induced spherical aberration and depth of focus after hyperopic LASIK in presbyopic
patients,” Ophthalmology 362, 1–11 (2014).

72. P. Artal, L. Chen, E. J. Fernandez, B. Singer, S. Manzanera, and D. R. Williams, “Neural adaptation for the eye’s
optical aberrations,” J. Vis. 4(8), 281 (2004).

73. P. Artal, C. Schwarz, C. Canovas, and A. Mira-Agudelo, “Night myopia studied with an adaptive optics visual
analyzer,” PLoS One 7(7), e40239 (2012).

74. C. Schwarz, C. Canovas, S. Manzanera, H. Weeber, P. M. Prieto, P. Piers, and P. Artal, “Binocular visual acuity for
the correction of spherical aberration in polychromatic and monochromatic light,” J. Vis. 14(2), 8 (2014).

75. E. J. Fernandez, C. Schwarz, P. M. Prieto, S. Manzanera, and P. Artal, “Impact on stereo-acuity of two presbyopia
correction approaches: monovision and small aperture inlay,” Opt. Express 4(6), 822–830 (2013).

76. J. Mompean, J. L. Aragon, P. M. Prieto, and P. Artal, “Design of an accurate and high-speed binocular pupil tracking
system based on GPGPUs,” J. Supercomput. 74(5), 1836–1862 (2018).

77. J. Mompean, J. L. Aragon, P. M. Prieto, and P. Artal, “GPU-based processing of Hartmann–Shack images for
accurate and high-speed ocular wavefront sensing,” Future Gener. Comput. Syst. 91, 177–190 (2019).

78. D. Jaisankar, M. Suheimat, R. Rosén R, and D. Atchison, “Defocus contrast sensitivity in peripheral vision,”
Ophthalmic Physiol. Opt. 42(2), 384–392 (2022).

79. D. Jaisankar, M. Suheimat, R. Rosén, and D. A. Atchison, “Accommodation with AO-simulated multifocal contact
lenses in myopes,” Biomed. Opt. Express, in press (2022).

80. K. M. Hampson, S. S. Chin, and E. A. H. Mallen, “Dual wavefront sensing channel monocular adaptive optics
system for accommodation studies,” Opt. Express 17(20), 18229–18240 (2009).

81. S. S. Chin, K. M. Hampson, and E. A. H. Mallen, “Binocular correlation of ocular aberration dynamics,” Opt.
Express 16(19), 14731–14745 (2008).

82. B. J. Wilson, K. E. Decker, and A. Roorda, “Monochromatic aberrations provide an odd-error cue to focus direction,”
J. Opt. Soc. Am. A 19(5), 833–839 (2002).

83. K. M. Hampson, S. S. Chin, and E. A. H. Mallen, “Effect of temporal location of correction of monochromatic
aberrations on the dynamic accommodation response,” Biomed. Opt. Express 1(3), 879–894 (2010).

84. S. S. Chin, K. M. Hampson, and E. A. H. Mallen, “Role of ocular aberrations in dynamic accommodation control,”
Clin. Exp. Opt. 92(3), 227–237 (2009).

85. S. S. Chin, K. M. Hampson, and E. A. H. Mallen, “Effect of correction of ocular aberration dynamics on the
accommodation response to a sinusoidally moving stimulus,” Opt. Lett. 34(21), 3274–3276 (2009).

86. W. N. Charman and G. Heron, “Microfluctuation in accommodation: an update on their characteristics and possible
role,” Ophthalmic Physiol. Opt. 35(5), 476–499 (2015).

87. K. M. Hampson and E. A. H. Mallen, “Multifractality in steady-state accommodation control is robust to dynamic
correction of aberrations using adaptive optics,” J. Mod. Opt. 59(12), 1056–1063 (2012).

88. K. M. Hampson, M. P. Cufflin, and E. A. H. Mallen, “Effect of correction of aberration dynamics on chaos in human
ocular accommodation,” Opt. Lett. 38(22), 4747–4749 (2013).

89. P. Bandela, S. R. Bharadwaj, A. Ho, and E. Papas, “The role of retinotopic cues in deciphering the direction and
magnitude of monocular dynamic ocular accommodation: A review,” Vis. Res 196, 108026 (2022).

90. C. Schwarz, S. Manzanera, and P. Artal, “Binocular visual performance with aberration correction as a function of
light level,” J. Vis. 14(14), 6 (2014).

91. E. J. Fernandez, L. Vabre, B. Hermann, A. Unterhuber, B. Povazay, and W. Drexler, “Adaptive optics with a
magnetic deformable mirror: applications in the human eye,” Opt. Express 14(20), 8900–8917 (2006).

92. Y. Benard, N. Lopez-Gil, and R. Legras, “Subjective depth of field in presence of 4th-order and 6th-order Zernike
spherical aberration using adaptive optics technology,” J. Cataract Refract. Surg. 36(12), 2129–2138 (2010).

93. M. Vincent, G. Marin, and R. Legras, “Subjective evaluation of defocus and astigmatism combinations using image
simulation in Presbyopes,” Optom. Vis Sci 98(1), 73–80 (2021).

94. Y. Benard, N. Lopez-Gil, and R. Legras, “Optimizing the subjective depth-of-focus with combinations of fourth-
and sixth-order spherical aberration,” Vision Res. 51(23-24), 2471–2477 (2011).

95. R. Legras and H. Rouger, “Calculations and measurements of the visual benefit of correcting the higher-order
aberrations using adaptive optics technology,” J. Optom. 1(1), 22–29 (2008).

https://doi.org/10.1364/OL.36.004779
https://doi.org/10.1364/JOSAA.36.000722
https://doi.org/10.1364/JOSAA.36.000722
https://doi.org/10.3928/1081597X-20200212-02
https://doi.org/10.1364/OPTICA.7.000022
https://doi.org/10.1167/iovs.04-0234
https://doi.org/10.1016/j.ophtha.2014.08.021
https://doi.org/10.1167/4.8.281
https://doi.org/10.1371/journal.pone.0040239
https://doi.org/10.1167/14.2.8
https://doi.org/10.1364/BOE.4.000822
https://doi.org/10.1007/s11227-017-2193-5
https://doi.org/10.1016/j.future.2018.09.010
https://doi.org/10.1111/opo.12932
https://doi.org/10.1364/OE.17.018229
https://doi.org/10.1364/OE.16.014731
https://doi.org/10.1364/OE.16.014731
https://doi.org/10.1364/JOSAA.19.000833
https://doi.org/10.1364/BOE.1.000879
https://doi.org/10.1111/j.1444-0938.2009.00361.x
https://doi.org/10.1364/OL.34.003274
https://doi.org/10.1111/opo.12234
https://doi.org/10.1080/09500340.2012.683826
https://doi.org/10.1364/OL.38.004747
https://doi.org/10.1016/j.visres.2022.108026
https://doi.org/10.1167/14.14.6
https://doi.org/10.1364/OE.14.008900
https://doi.org/10.1016/j.jcrs.2010.07.022
https://doi.org/10.1097/OPX.0000000000001627
https://doi.org/10.1016/j.visres.2011.10.003
https://doi.org/10.3921/joptom.2008.22


Review Vol. 13, No. 12 / 1 Dec 2022 / Biomedical Optics Express 6531

96. R. Legras and H. Rouger, “Just-noticeable levels of aberration correction,” J. Optom. 1(2), 71–77 (2008).
97. H. Rouger, Y. Benard, and R. Legras, “Effect of monochromatic induced aberrations on visual performance measured

by adaptive optics technology,” J. Refract. Surg. 26(8), 578–587 (2010).
98. P. Bernal-Molina, R. Montes-Mico, R. Legras, and N. Lopez-Gil, “Depth-of-field of the accommodating eye,”

Optom. Vis. Sci. 91(10), 1208–1214 (2014).
99. H. Rouger, Y. Benard, D. Gatinel, and R. Legras, “Visual tasks dependence of the neural compensation for the

keratoconic eye’s optical aberrations,” J. Optom. 3(1), 60–65 (2010).
100. R. Legras and Y. Benard, “Measurement and prediction of subjective gradations of images in presence of

monochromatic aberrations,” Vision Res. 86, 52–58 (2013).
101. R. Legras, Y. Benard, and N. Lopez-Gil, “Effect of coma and spherical aberration on depth-of-focus measured using

adaptive optics and computationally blurred images,” J. Cataract Refract. Surg. 38(3), 458–469 (2012).
102. M. Vincent, G. Marin, and R. Legras, “Effect of simulated and real spherical and astigmatism defocus on visual

acuity and image quality score,” Optom. Vis. Sci. 97(1), 36–44 (2020).
103. R. Legras, Y. Benard, and H. Rouger, “Through-focus visual performance measurements and predictions with

multifocal contact lenses,” Vision Res. 50(12), 1185–1193 (2010).
104. P. de Gracia, S. Marcos, A. Mathur, and D. A. Atchison, “Contrast sensitivity benefit of adaptive optics correction

of ocular aberrations,” J. Vis. 11(12), 5 (2011).
105. S. Aissati, C. Benedi-Garcia, M. Vinas, A. de Castro, and S. Marcos, “Matching convolved images to optically

blurred images on the retina,” J. Vis. 22(2), 12 (2022).
106. R. Rosén, L. Lundström, and P. Unsbo, “Adaptive optics for peripheral vision,” J. Mod. Opt. 59(12), 1064–1070

(2012).
107. R. Rosén, L. Lundström, A. P. Venkataraman, S. Winter, and P. Unsbo, “Quick contrast sensitivity measurements in

the periphery,” J. Vis. 14(8), 3 (2014).
108. S. Winter, M. Taghi Fathi, A. P. Venkataraman, R. Rosén, A. Seidemann, G. Esser, L. Lundström, and P. Unsbo,

“Effect of induced transverse chromatic aberration on peripheral vision,” J. Opt. Soc. Am. A 32(10), 1764 (2015).
109. A. P. Venkataraman, S. Winter, R. Rosén, and L. Lundström, “Choice of grating orientation for evaluation of

peripheral vision,” Optom. Vis. Sci. 93(6), 567–574 (2016).
110. A. P. Venkataraman, P. Lewis, P. Unsbo, and L. Lundström, “Peripheral resolution and contrast sensitivity: effects

of stimulus drift,” Vision Res. 133, 145–149 (2017).
111. A. P. Venkataraman, P. Papadogiannis, D. Romashchenko, S. Winter, P. Unsbo, and L. Lundström, “Peripheral

resolution and contrast sensitivity: Effects of monochromatic and chromatic aberrations,” J. Opt. Soc. Am. A 36(4),
B52–B57 (2019).

112. A. P. Venkataraman, R. Rosén, A. Alarcon Heredia, P. Piers, C. Canovas Vidal, and L. Lundström, “Peripheral
vision and hazard detection with average phakic and pseudophakic optical errors,” Biomed. Opt. Express 12(6),
3082–3090 (2021).

113. P. Papadogiannis, D. Romashchenko, P. Unsbo, and L. Lundström, “Lower sensitivity to peripheral hypermetropic
defocus due to higher order ocular aberrations,” Ophthalmic Physiol. Opt. 40(3), 300–307 (2020).

114. K. Baskaran, R. Rosén, P. Lewis, P. Unsbo, and J. Gustafsson, “Benefit of adaptive optics aberration correction at
preferred retinal locus,” Optom. Vis. Sci. 89(9), 1417–1423 (2012).

115. R. Sabesan, K. Ahmad, and G. Yoon, “Correcting highly aberrated eyes using large-stroke adaptive optics,” J.
Refract. Surg. 23(9), 947–952 (2007).

116. R. P. Hemenger, “Intraocular light scatter in normal vision loss with age,” Appl. Opt. 23(12), 1972 (1984).
117. R. Sabesan and G. Yoon, “Neural compensation for long-term asymmetric optical blur to improve visual performance

in keratoconic eyes,” Invest. Ophthalmol. Vis. Sci. 51(7), 3835–3839 (2010).
118. R. Sabesan and G. Yoon, “Visual performance after correcting higher order aberrations in keratoconic eyes,” J Vis.

9(5), 6 (2009).
119. D. E. Mitchell, R. D. Freeman, M. Millodot, and G. Haegerstrom, “Meridional amblyopia: evidence for modification

of the human visual system by early visual experience,” Vision Res. 13(3), 535–558 (1973).
120. S. Pantanelli, S. MacRae, T. M. Jeong, and G. Yoon, “Characterizing the wave aberration in eyes with keratoconus

or penetrating keratoplasty using a high-dynamic range wavefront sensor,” Ophthalmology 114(11), 2013–2021
(2007).

121. A. Barbot, W. J. Park, C. J. Ng, R. Y. Zhang, K. R. Huxlin, D. Tadin, and G. Yoon G, “Functional reallocation of
sensory processing resources caused by long-term neural adaptation to altered optics,” Elife 10, e58734 (2021).

122. A. Alarcon, L. Zheleznyak, M. Banks, and G. Yoon, “Binocular combination of optically-induced asymmetric
interocular blur,” Invest Ophthalmol Vis Sci. Suppl. 54, 2660 (2013).

123. L. Zheleznyak, R. Sabesan, J. S. Oh, S. MacRae, and G. Yoon, “Modified monovision with spherical aberration to
improve presbyopic through-focus visual performance,” Invest. Ophthalmol. Vis. Sci. 54(5), 3157–3165 (2013).

124. B. N. Vlaskamp, G. Yoon, and M. S. Banks, “Human stereopsis is not limited by the optics of the well-focused eye,”
J. Neurosci. 31(27), 9814–9818 (2011).

125. C. J. Ng, R. Blake, M. S. Banks, D. Tadin, and G. Yoon, “Optics and neural adaptation jointly limit human
stereovision,” Proc. Natl. Acad. Sci. U. S. A. 118(23), e2100126118 (2021).

126. R. Sabesan, A. Barbot, and G. Yoon, “Enhanced neural function in highly aberrated eyes following perceptual
learning with adaptive optics,” Vision Res. 132, 78–84 (2017).

https://doi.org/10.3921/joptom.2008.71
https://doi.org/10.3928/1081597X-20090901-01
https://doi.org/10.1097/OPX.0000000000000365
https://doi.org/10.3921/joptom.2010.60
https://doi.org/10.1016/j.visres.2013.04.009
https://doi.org/10.1016/j.jcrs.2011.10.032
https://doi.org/10.1097/OPX.0000000000001463
https://doi.org/10.1016/j.visres.2010.04.001
https://doi.org/10.1167/11.12.5
https://doi.org/10.1167/jov.22.2.12
https://doi.org/10.1080/09500340.2012.683827
https://doi.org/10.1167/14.8.3
https://doi.org/10.1364/JOSAA.32.001764
https://doi.org/10.1097/OPX.0000000000000832
https://doi.org/10.1016/j.visres.2017.02.002
https://doi.org/10.1364/JOSAA.36.000B52
https://doi.org/10.1364/BOE.419120
https://doi.org/10.1111/opo.12673
https://doi.org/10.1097/OPX.0b013e318264f2a7
https://doi.org/10.3928/1081-597X-20071101-16
https://doi.org/10.3928/1081-597X-20071101-16
https://doi.org/10.1364/AO.23.001972
https://doi.org/10.1167/iovs.09-4558
https://doi.org/10.1167/9.5.6
https://doi.org/10.1016/0042-6989(73)90023-0
https://doi.org/10.1016/j.ophtha.2007.01.008
https://doi.org/10.7554/eLife.58734
https://doi.org/10.1167/iovs.12-11050
https://doi.org/10.1523/JNEUROSCI.0980-11.2011
https://doi.org/10.1073/pnas.2100126118
https://doi.org/10.1016/j.visres.2016.07.011


Review Vol. 13, No. 12 / 1 Dec 2022 / Biomedical Optics Express 6532

127. R. Sabesan, T. M. Jeong, L. Carvalho, I. G. Cox, D. R. Williams, and G. Yoon, “Vision improvement by correcting
higher-order aberrations with customized soft contact lenses in keratoconic eyes,” Opt. Lett. 32(8), 1000–1002
(2007).

128. R. Sabesan, L. Johns, O. Tomashevskaya, D. S. Jacobs, P. Rosenthal, and G. Yoon, “Wavefront-guided scleral lens
prosthetic device for keratoconus,” Optom. Vis. Sci. 90(4), 314–323 (2013).

https://doi.org/10.1364/OL.32.001000
https://doi.org/10.1097/OPX.0b013e318288d19c

