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Adaptive optics for studying visual function:
A comprehensive review

Austin Roorda University of California, Berkeley, Berkeley, CA, USA @&

Compared to most ophthalmic technologies, adaptive optics, or AO, is relatively young. The first working systems were
presented in 1997 and, owing in part to its complexity, the development of AO systems has been relatively slow.
Nevertheless, AO for vision science is coming of age and the scope of applications continues to increase. Applications of
AO can be broadly split along two lines; for retinal imaging and for testing visual function. This review will focus on the
applications of adaptive optics for testing visual function. Since this represents only a subset of the field of AO for
ophthalmoscopy, it is possible to cite virtually every paper that has been published in the field to date. As such, this is a
comprehensive review whose intent is to get all readers up to speed on the state of the art. More importantly, perhaps, this
review will focus on the types of science that can be accomplished with AO with a view to future applications. The reference
list alone is informative, since the reader will quickly discover that the community that is using AO for vision science is rather

small. Looking at the dates for the cited papers, the reader will also discover that the field is rapidly expanding.
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Introduction

The formalization of the concept that vision begins with
the formation of an image on the retina set the earliest
foundations for understanding the basis of reduced retinal
image quality and reduced visual performance. In the
early 17th century, Johannes Kepler was the first to
accurately describe the optics and corrections of myopia
and hyperopia. 200 years later, Thomas Young (1801)
measured his own astigmatism, even pointing out that it
can be corrected with a tilted lens. George Biddel Airy
(1827) devised a cylindrical lens correction for astigma-
tism. With the correction of defocus and astigmatism
(termed second-order aberrations), the optical aberrations
that generate retinal blur were largely corrected for the
majority of the population. In fact, complaints about the
quality of one’s best-corrected vision are rare and often
indicate a retinal rather than an optical origin. Therefore,
it is not surprising that few efforts were made over the
subsequent 200 years to correct the eye’s optics beyond
that level. Rather, the effort was directed to devising more
comfortable, convenient and cosmetic solutions to refrac-
tive errors such as bifocals, contact lenses, progressive
addition lenses, and various refractive surgeries including
LASIK. The early efforts to produce sharper retinal
images were generally developed to probe retinal func-
tion. The generation of high-contrast interference fringes,
for example, produced high-contrast spatial frequencies
on the retina far exceeding anything achievable with
conventional viewing methods (Arnulf & Dupuy, 1960;
Campbell & Green, 1965; Westheimer, 1960). Even today,
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interference fringes remain the most effective technique
for delivering high contrast images to the retina, albeit
with a limited repertoire of stimulus options (Liang &
Westheimer, 1993).

The early studies of aberrations were largely for
academic purposes. Smirnov (1962), for example, was
the first to record the full wave aberration of the eye. The
data collection involved a psychophysical procedure (i.e.
the measurement relied on subject observations and
responses), and processing the data, which would take
fractions of a second with today’s computer processing
speed, took many hours. Nevertheless, the basic princi-
ples, which involved the measurement of the slope of the
light rays at an array of locations across the pupil aperture,
were no different than most modern methods. Smirnov is
also credited with recognizing that aberrations do not
represent a loss of optical information, just a reconfiguring
of it, and that it would be possible to recover the
information with advanced optical methods (which were
not available at the time). It wasn’t until the use of Shack—
Hartmann wavefront sensing for the eye, which provided
quick and accurate measures of the eye aberrations, that
the notion of correcting the eye’s aberration in any
practical way was possible. These foundations were set
by Dr. Josef Bille at Heidelberg where he and his student
Junzhong Liang developed the first Shack—Hartman wave-
front sensor for the eye (Liang, Grimm, Goelz, & Bille,
1994). Bille’s group also made an early attempt at
adaptive optics but, at that time, neither the wavefront
sensor nor the wavefront corrector was fully developed
(Dreher, Bille, & Weinreb, 1989). The full implementa-
tion of adaptive optics for the eye was not realized until
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Figure 1. The number of peer-reviewed manuscripts, by year, that
have employed adaptive optics to measure some aspect of visual
function. For a complete listing of the papers represented in this
plot, refer to the bibliography in the appendix.

David Williams led an effort in his lab at the University
of Rochester. With a small, but superb, optical team
comprised of Donald Miller and Junzhong Liang, they
built the world’s first adaptive optics system for the eye
(Liang & Williams, 1997; Liang, Williams, & Miller,
1997). Although the primary motivation of the world’s
first AO ophthalmoscope might have been for imaging,
the seminal 1997 paper also reported the first benefits of
high-order aberration correction for vision (Liang et al.,
1997). Since that time AO technology has advanced
tremendously with real-time AO correction (Fernandez,
Iglesias, & Artal, 2001), integration of AO into other
imaging modalities (Hermann et al., 2004; Roorda et al.,
2002) and improved optical design (Gomez-Vieyra,
Dubra, Malacara-Hernandez, & Williams, 2009). By
comparison, the development of new systems and appli-
cations for testing vision has been quite slow, but the
number of systems and the scope of applications is
growing exponentially as can be seen in Figure 1.

Since there are already a host of excellent publications
describing how an AO system works with some even
giving guidance on how to develop your own AO system
(Hampson, 2008; Miller & Roorda, 2009; Porter, 2006),
only the basic concepts will be described here. An AO
system comprises a wavefront sensor, which records the
ocular wave aberrations, and a wavefront corrector, which
controls, or corrects, for them. An AO controller, usually a
computer, interprets the wavefront sensor image and
computes the appropriate wavefront corrector drive
signals. Most AO systems operate in closed-loop, which
means the wavefront sensor is placed so that it can

Roorda 2

measure the effectiveness of the wavefront correction. As
illustrated in Figure 2, the wavefront sensor will record a
flat wavefront if the mirror is shaped correctly. The
schematic shown in Figure 2 includes both imaging and
stimulus delivery. This schematic is general and applies to
both conventional and scanning laser systems—the differ-
ence being the relay optics, which are not shown. A property
of the system that is worth noting here is that the same
correction used to correct light emerging from the eye can
be used to correct the light going into the eye. The figure
shows how the beam entering the eye is, in effect, pre-
aberrated to be equal and opposite to that of the eye so
that, upon refraction, the wavefront takes a pure spherical
shape.

Before adaptive optics

Before a review on what AO offers for vision
applications, it is useful categorize the types of questions
that were asked about the limits of human vision prior to AO.
These fall into two broad categories, retinal (or neural) and
optical. The problem has been that the study of one was
confounded by the other and vice versa. Clever methods
were developed to handle the confounding factors and,
in the years prior to AO, a clearer picture of the optical and
retinal limits to vision had already started to emerge.

A useful tool to bypass the optical limits and probe
retinal function directly was through the generation of
interference fringes which are high contrast, variable
frequency sinusoidal gratings formed directly on the
retinal surface. Interference between two mutually coherent
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Figure 2. Basic layout of an AO system for imaging and vision
testing.
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retinal illumination patches projected through two small
apertures in the pupil gives rise to a sinusoidally varying
intensity pattern, or interference fringes, on the retina. The
small pupil effectively minimizes any optical distortion in
the interference fringes and makes the contrast of the
pattern immune to ocular aberrations including defocus
and astigmatism. Increasing the separation between the
apertures increases the spatial frequency, with the maxi-
mum frequency being limited by the pupil diameter. The
advantage of the method is that the fringes have
essentially 100% contrast. Ironically, the challenge has
been in how to lower the contrast of the fringes in order to
perform threshold tests (Williams, 1985). The retinal con-
trasts achieved via interference rival anything that can be
reached in conventional viewing. However, aside from
some innovative modifications (Liang & Westheimer,
1993), the method is primarily limited to projection of
sinusoidal gratings over large fields. Nevertheless, the
simplicity of the patterns was very effective, especially
considering that there was an emerging interest in linear
systems theory for human vision during the same time
(Campbell & Robson, 1968; Geisler & Banks, 2010). Simply
put, the visual system could be thought of as a series of
linear filters which, when multiplied together, would
generate the final transfer function relating objects in the
world to how they are perceived. An excellent example of
this approach can be found in Campbell and Green (1965)
who, in order to measure the degradation of the eye’s
optics, measured the eye’s contrast sensitivity function
(CSF) with and without the optical limits. The CSF is a
measure of the eye’s ability to detect contrast, and is
generally plotted as the inverse of the contrast threshold
required for detection of the presence of a sinusoidal
fringe pattern as a function of its spatial frequency. The
shape of the CSF is governed by optics, retinal and neural
factors. Campbell and Green measured the CSF including
optical limits using conventional methods, and measured
the CSF without optical limits using interference fringes
formed on the retina. To get the optical degradation, they
quantified the contrast losses imposed by the optics in the
following way:

CSF, optics bypassed (1)

contrast loss by optics =
CSF conventional

What they actually computed was the modulation transfer
function, or MTF, of the eye. The MTF is a measure of the
ratio of object contrast to image contrast as a function of
spatial frequency. Their paper showed the classical results
of how the MTF changes with pupil size, and their result
was very similar to what is plotted in Figure 4.

Aside from interference fringes, tools to study the
retinal and neural limits to vision on a cellular level were
limited to isolating single classes of S-cones (Williams,
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MacLeod, & Hayhoe, 1981) and projecting small flashes
with intensities set low enough to maximize the proba-
bility that only a single cone would be involved in the
detection (Krauskopf, 1964). Of course, a multitude of
other studies has been done on the retinal limits to vision,
but they did not rely on precise spatial control of the
retinal image.

The other branch of studying limits to vision was to
develop a better understanding of the optics irrespective of
the retina. These involved measures of the optics with
various levels of sophistication (Ames & Proctor, 1921;
Artal, Santamaria, & Bescos, 1988; Berny & Slansky,
1969; Brudzewski, 1900; Campbell, Harrison, & Simonet,
1990; Howland & Howland, 1977; Ivanoff, 1956; Jackson,
1888; Jenkins, 1963; Koomen, Scolnik, & Tousey, 1956;
Koomen, Tousey, & Scolnik, 1949; Pi, 1925; Smirnov,
1962; Stine, 1930; Tscherning, 1924), but no effort was
ever made to correct for them until Shack—Hartmann
methods were introduced and adaptive optics was used.
Prior to AO, the only method to improve image quality
beyond correction of defocus and astigmatism was
through pre-filtering which, in its simplest form, involves
increasing the contrast of higher frequencies in the object
that are suppressed by optical blur (Peli, Goldstein,
Young, Trempe, & Buzney, 1991). But if the aberrations
are characterized well enough, then an object can be pre-
filtered in a way to generate a retinal image that appears as
though it were free from any blur from aberrations (Artal,
1990). However, the cost is that there is an overall loss of
contrast of the retinal image as well as amplification of
noise. Moreover, practical applications of pre-filtering are
limited to 2D images and not actual scenes.

What are the limits/benefits of wavefront
control?

Before one takes the time, effort and expense to build an
adaptive optics system for controlling the retinal stimulus,
it is imperative to be aware of what the typical eye’s
optical quality is and what can be potentially achieved.
Fortunately, physical optical principles can be used to
generate accurate estimates of retinal contrast, resolution,
PSF size and these techniques will be used here.

First, the image of a point source (called the point
spread function or PSF) is never a point. As such, no
retinal image ever provides a perfect representation of the
object. Even if the eye has no optical imperfections,
diffraction still causes the light to spread. This is the
reason why an eye that is free from aberrations is still
called diffraction-limited. This spread distorts and reduces
the contrast of the object, primarily affecting the transfer
of high spatial frequencies, or fine details, from the object
to the image. Figures 3 and 4 show the two most common
ways that the performance of an optical system is
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represented: the PSF, which is the most direct representa-
tion of blur, and the corresponding MTF, which quantifies
the contrast ratio as a function of spatial frequency that
remains after an image is blurred by that PSF. One
immediately sees how extensive the losses in the human
eye are, particularly in the MTF representation.

Despite the extent of the blur caused by aberrations and
diffraction, the non-optimal performance does not seem to
pose a major handicap for vision. In fact, most people are
not aware of the limits imposed by their aberrations. This is
mainly because getting along in our world does not depend
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on seeing much detail beyond 15 cycles per degree. To put
that into context, the three horizontal lines on a letter E of
size 20/40 (twice the size of a 20/20 letter) comprise a
section of a square wave grating of 15 cycles per degree.
20/40 text is the typical spatial frequency of newspaper
text. Moreover, foveal cone sampling imposes a limit of
about 60 cycles per degree and so any contrast reaching the
retina above that spatial frequency has little value.

Applications of AO for vision testing

As is customary with any new technology, the first
vision experiments performed with an AO system were
not so ambitious, satisfied to simply explore the new
space offered by aberration correction. These early
experiments showed convincingly that correction of high
order aberrations resulted in improved visual perfor-
mance. Liang et al. (1997), in the first AO paper reported
dramatic improvements in contrast sensitivity showing,
for example, significant contrast sensitivity at 55 cycles
per degree, a spatial frequency that was undetectable prior
the AO correction. Subsequent studies have continued to
confirm the contrast sensitivity and the visual acuity
benefits offered by aberration correction (Artal, Manzanera,
Piers, & Weeber, 2010; Li et al., 2009; Yoon & Williams,
2002). Even everyday tasks such as face recognition were
shown to improve after aberration correction (Sawides,
Gambra, Pascual, Dorronsoro, & Marcos, 2010) as well as
modest improvements in visual performance in the
periphery, where optics are not generally expected be the
limiting factor for spatial resolution (Lundstrom et al.,
2007). The clear improvements shown in the early
publications generated a lot of excitement, particularly in
the refractive surgery field, since lasers developed for
refractive surgery (LASIK and PRK) already had the
capability to generate custom corneal ablation profiles that
could potentially correct the eye to the diffraction limit.
Computing and delivering the appropriate corneal laser

Figure 3. PSFs for a diffraction-limited eye (left column) and for a
typical eye (right column). These PSFs are computed after
removal of astigmatism but include an amount of defocus that
optimizes the Strehl ratio for each pupil size. The Strehl ratio is the
ratio of peak height of the actual PSF compared to the diffraction-
limited case for the same pupil and has been shown to provide
good correlations with perceived image quality (Marsack, Thibos,
& Applegate, 2004). These PSFs have been normalized so that
the structure in the aberrated PSF is visible. The 8 mm pupil
actually has a Strehl ratio of 0.0077, and if properly scaled would
have a peak value of 0.77 % compared to its diffraction-limited
counterpart (left column). This means that small, dim objects, like
stars, will be less detectable owing to their lower peak intensity.
Note also that the structure within the aberrated PSF has a
graininess (or speckle) that is consistent with the size of the
diffraction-limited PSF.



Journal of Vision (2011) 11(5):6, 1-21

Image contrast/object contrast

0_
0 50 100 150 200 250
Spatial frequency (cycles/deg)

Figure 4. The modulation transfer function (MTF) for a diffraction-
limited eye (blue lines) and a typical eye (red lines) for pupil sizes
ranging from 1 to 8 mm. Aside from the MTFs for the 1 mm pupil,
which overlap, the trends with increasing pupil size are in the
opposite directions. The contrast reaching the retina increases
with pupil size for a diffraction-limited eye but decreases for a
typical eye. These MTFs are computed after removal of astigma-
tism but with an amount of defocus that optimizes the Strehl ratio
for each pupil size.

ablation pattern from a wavefront measurement was
technically possible and so the prospects of correcting
the eye’s aberration seemed relatively straightforward.
But this turned out to be too simplistic. Not only had it
proven difficult to predict the cornea’s response to a laser
ablation, but the actual benefits of aberration-correction, if
achieved, were beginning to be questioned. AO played an
important role in developing a better understanding of the
practical benefits as well as the trade-offs of aberration
correction. Enthusiasm was dampened first by the
reminder that the eye suffers from more than monochro-
matic aberrations. In fact, chromatic aberrations (the
change in refractive power as a function of wavelength)
become more apparent after monochromatic aberration
correction (Yoon & Williams, 2002) to the extent that it
has been suggested that monochromatic aberrations may
protect the eye against chromatic aberration (McLellan,
Marcos, Prieto, & Burns, 2002). Enthusiasm was further
dampened by a collection of other factors. For example,
the largest physiological pupils, which stand to benefit the
most from aberration correction, are only realized in dim
light conditions at which retinal factors limit the benefit
(Dalimier & Dainty, 2008; Dalimier, Dainty, & Barbur,
2008; Marcos, Sawides, Gambra, & Dorronsoro, 2008). A
potential adverse consequence of aberration correction is
the increased possibility of aliasing. At the fovea, the cone
spacing is about 0.5 minutes of arc which, from a
simplistic sampling point of view, provides a maximum
sampling frequency of 60 cycles per degree. Figure 4
shows that well-corrected optics will transfer frequencies
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well beyond this cutoff. These higher frequencies can
masquerade as something different, or be perceived as an
‘alias’ of the actual pattern. Using high contrast interfer-
ence fringes, Williams (1985) showed that aliasing is in
fact perceived and, owing to the size of the cone aperture,
can persist for spatial frequencies as high as 200 cycles
per degree. Our optical imperfections effectively mitigate
against this aliasing for foveal vision. Other factors such
as limits imposed by adaptation, potential adverse affects
on accommodation and compromises to the depth of field
will be discussed in the next sections.

How much can vision improve?

Although AO-correction provided an immediate benefit
to vision, the question remained as to whether the visual
system was equipped to take full advantage of the new,
unprecedented spatial detail delivered to the retina, and
also to what extent the retina could sample the corrected
retinal image. After all, if the brain had never been
presented with high contrast images at any point during its
lifetime, then why would it have developed the neural
machinery to process them? This is not an unfamiliar
concept, since children who are deprived of a sharp retinal
image during critical periods of their development are
prone to developing amblyopia (defined as a visual deficit
that cannot be improved by sharpening the retinal image).
Perhaps past experience sets a limit beyond which no
further optical correction can improve visual performance,
at least in the short term.

An important paper that set the stage for most of the
recent work in this area was by Artal et al. (2004). They
showed that one perceives an image that is blurred by
their native PSF as sharper than one blurred by a rotated
version of the same PSF, even though the magnitude of
the blur is the same and the same spatial frequency
content is present in both images. To do this experiment,
they used an AO system not to correct the eye’s
aberration, but rather to manipulate them in such a way
to rotate the eye’s native PSF. Example PSFs are shown in
Figure 5. Subjects were asked to view a scene and
compare the scene blurred by their native PSF to a similar
scene blurred by their rotated PSF. In order to make a
subjective blur match, the subjects had to reduce the
magnitude of the aberrations in the rotated PSF condition
to match that of the native PSF condition. Figure 5 shows
that the aberrations that generate an unfamiliar PSF need
to be reduced by over 20% to make the blur appear similar
to one generated by the native PSF. They concluded that
eye somehow adapts to the blur generated by its own PSF.

The adaptation to one’s aberrations not only results in
an apparent reduction in perceived blur, but extends to
improvements in visual performance. Studies have sug-
gested that people develop strategies to identify letters
blurred by their own optics and that these strategies fail
when they have someone else’s optics. Mon-Williams,
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Figure 5. Blur matching as a function of PSF orientation from Artal
et al. (2004). The lower images illustrate the range of PSF
orientations that were tested in the experiment with the leftmost
PSF being its native orientation. The matching factor (y-axis) is
the amount that that magnitude of the aberrations had to be
changed from the initial magnitude to generate a degree of blur
that appeared equivalent to the blur produced by the subject’s
native PSF orientation. All rotated PSFs appeared blurrier than
the native PSF and the subject had to reduce their magnitude to
make a subjective blur match.

Tresilian, Strang, Kochhar, and Wann (1998), in experi-
ments that did not rely on AO, showed that myopic eyes
are better at visual acuity tasks in the presence of blur than
emmetropic eyes. To investigate whether this effect
extends to higher-order aberrations, Sabesan and Yoon
(2010) studied vision and adaptation in eyes with
keratoconus, a disease of the cornea where local thinning
gives rise to an irregular shape and severe aberrations.
They used an AO system with a high-stroke deformable
mirror to bestow normal eyes with the aberrations of a
keratoconic eye and found that they performed much
worse on an acuity task than the eye with the keratoconus.
These results begged the question; to what extent does
adaptation to our own aberrations limit the effectiveness
of an aberration correction? Does past visual experience
set a visual performance limit?

To provide a framework for further discussion, we will
adopt the terms defined by Sabesan and Yoon (2009) who
define “neural compensation” as an improvement in visual
performance (acuity, contrast sensitivity) or a reduction in
perceived blur achieved after adaptation to a blurred
retinal image and define “neural insensitivity” as less-
than-optimal visual performance when presented with a
diffraction-limited retinal image or an image blurred by an
unfamiliar PSF.

Evidence of neural insensitivity was provided by Chen,
Artal, Gutierrez, and Williams (2007) who showed that an
image that appears the sharpest is not necessarily the one
that is generated with a full AO correction. In their
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experiments, subjects selected an image that was blurred
by some remaining aberration as the sharpest image,
rather than the diffraction-limited image. Rossi, Weiser,
Tarrant, and Roorda (2007) showed results which sug-
gested that performance on a visual acuity task depends
on past visual experience. Low myopes, who are more
likely to live in a chronically blurred environment, but
also have no other adverse ocular complications, per-
formed worse after aberration correction than did emme-
tropes. In a more extreme case, Sabesan and Yoon (2009)
used a high stroke deformable mirror to show that
corrected keratoconic eyes perform much worse than
emmetropes despite an equally good aberration correction.
But are these hard limits? Likely not. Levi (2005) has
shown that training can improve visual performance in
adults with ambyopia, and it is conventional wisdom in
the optometry profession to coach patients on the benefits
of adaptation to new spectacles, particularly ones that
correct large amounts of astigmatism (Adams, Banks, &
van Ee, 2001). It is also reported that the full benefits of
wavefront guided LASIK surgeries with excellent optical
outcomes are generally not reached until months after the
surgery is complete (Pesudovs, 2005). Rossi and Roorda
(2010a) showed that even emmetropes, who performed
exceptionally well immediately after AO correction
(better than 20/10 acuity on average) improved after one
week of training for one hour per day. Perhaps myopes
and eyes with keratoconus and other conditions (Rocha,
Vabre, Chateau, & Krueger, 2010) will take more time to
adapt to a sharp retinal image if it is provided, but it seems
possible that all eyes could eventually reach a similar
performance limit, especially those who had sharp vision
during their critical period for vision development. For
eyes with keratoconus, who stand the most to gain, the
potential of using scleral contact lenses to provide
comfortable and effective optical corrections for these
eyes should tell us about long term adaptation (Romero-
Rangel et al., 2000).

Role of AO to study accommodation

Vision systems that use AO offer a new set of tools to
aid in our understanding of accommodation, a process
whereby the eye alters the power of its lens to allow it to
focus on objects over a range of distances. Questions still
remain on what properties in the retinal images reaching
one and/or both eyes drive accommodation, and how
altering these stimulus properties might affect accommo-
dation. Research in this area not only sheds light on the
basic mechanisms of accommodation, but is becoming
increasingly relevant with the surge in interest in 3D
display technology and the prospect of restoring accom-
modation in presbyopes (see next section). Table 1 lists
known factors that offer signals that indicate the direction
that the eye would need to accommodate to focus on an
object.
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Binocular cues

* Retinal disparity

Monocular cues

» Texture gradients

* Perspective

* Relative size
 Familiarity

* Occlusion

* Relative height

» Chromatic aberration
* Monochromatic aberrations
 Motion parallax*
 Microfluctuations*

» Looming*

Table 1. Cues that provide signals as to the sign of Defocus
(adapted from Wolfe et al., 2006). Note: *Indicates signals that are
not instantaneous but that are derived over time.

Although cues from monochromatic aberrations exist,
whether the eye uses them to aid accommodation on an
object remains undetermined. Until we know this, we can
only speculate on how accommodation might be helped or
hindered with an aberration correction. Considering the
directional signals generated from monochromatic aberra-
tions it has been shown that typical eye aberrations will
generate PSF patterns that differ on either side of focus
(Wilson, Decker, & Roorda, 2002). These are easily
distinguishable, even for complex scenes, and therefore
provide a potential cue to for the eye to indicate the sign
of defocus. Given this fact, removing aberration cues that
consequently remove cues to the sign of defocus could
confuse the accommodative system. Additionally, remov-
ing or manipulating the aberrations will alter how the
image and its contrast will change through focus. If the
accommodation system uses the rate of change of image
contrast with focus as a feedback signal to drive
accommodation (Charman & Jennings, 1976), then how
might a more rapid contrast loss with defocus in an
AO-corrected eye affect accommodation? On one hand, it
could provide a stronger signal and make accommodation
more precise. On the other hand, a similar accommodative
reaction to an altered stimulus could cause accommoda-
tive instability (i.e. result in a poorly controlled feedback
system).

Definitive tests of the role of ocular aberrations on
accommodation remain to be done. To date, experiments
have been mostly limited to the examination of static
accommodation responses with fixed corrections, and
results in the literature are mixed. Fernandez and Artal
(2005) found that removing odd-order aberrations reduced
the response time of accommodation, although the
removal of odd-order aberrations was a curious choice
since odd-order aberrations do not provide a signal to the
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sign of defocus (Wilson et al., 2002). Chen, Kruger,
Hofer, Singer, and Williams (2006) found mixed results in
the eye’s ability to accommodate with and without
aberrations corrected and under no circumstance did they
find that accommodation ever improved with an AO
correction. Chin, Hampson, and Mallen (2009a) found no
effect of aberrations in the eye’s ability to accommodate
to a stimulus whose accommodative demand varied
sinusoidally, but it is not clear why they should have seen
any differences, given the predictability of the stimulus.
Gambra, Sawides, Dorronsoro, and Marcos (2009) were
less interested in whether aberrations provided a direc-
tional signal, but rather looked at the effects of different
aberrations on the accuracy of the static accommodative
response to a stimulus. Importantly, the subjects used their
physiologic pupil throughout the task, allowing it to dilate
or constrict depending on the accommodative conditions.
Different aberration conditions produced systematic and
different responses. Most notably, the aberration-free
conditions resulted in slightly reduced accommodative
lag for near objects. Also, accommodative lag was quite
small for eyes with negative spherical aberration, an
aberration for which a construction in pupil size gives an
additional anterior shift in the focal plane (see Figure 6).
The accommodative fluctuations were smallest for the
natural aberration condition, perhaps indicating some
confusion arising from the unfamiliar aberrations.

Perhaps the most informative paper was by Chin,
Hampson, and Mallen (2009b) where, along with a step
change in the vergence of the accommodative stimulus,
they introduced either (i) no new aberrations, (ii) removed
the aberrations, or (iii) reversed the aberrations from their
native state. In effect, they generated directional cues that
were consistent, nonexistent, or inconsistent with the
change in defocus. The defocus steps with the inconsistent
cues caused the greatest number of opposite accommoda-
tion responses, more initial accommodation errors and
longer latencies.

With due appreciation to the efforts already made, the
published results have not really shed much new light on
the role of monochromatic aberrations for accommoda-
tion. The phenomenon is complex—accommodation and
disaccommodation themselves are not symmetric pro-
cesses and the dynamics of each are quite different.
Accommodation in the absence of binocular cues and
shifts in gaze direction (Schor, Lott, Pope, & Graham,
1999) do not really mimic normal conditions; nor do
measures of accommodation under conditions where the
pupil size is fixed. What is needed is an AO system that
has the frequency response to stay ahead of the accom-
modation dynamics, and that can limit the accommodative
cues well enough so that an eye, when presented with an
ambiguous defocused stimulus, makes its initial response
in a random direction. Once that starting point is
established, the responses under manipulated optical
conditions will be much more informative. If such a
condition cannot be found, then we need to look for
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Figure 6. This illustration offers the basic rationale for using
aberrations, or multifocality, to extend the eye’s depth of field. In
both cases, the eye has the same amount of negative spherical
aberration. Upper figure: Light from a distance object is refracted
by the optics, and the marginal rays (bold and colored green)
focus on the retina, while the paraxial rays focus in front. Lower
figure: For a near object, the paraxial rays focus on the retina and
the marginal rays focus beyond the retina. Constriction of the
pupil, which is generally associated with convergence on near
objects further augments the effect by blocking some of the non-
focusing rays. The vignetted rays are shown as dashed in the
lower figure. Although the pupil constriction mechanism may be
effective for near work, keep in mind that the same pupil
constriction would also render the eye myopic when the pupil
constricts in bright lights.

additional cues or physiological mechanisms, beyond the
ones we already know, that can indicate the sign of
defocus.

Presbyopia

Of course, for many of us, the ability to accommodate is
a thing of the past. By the mid-forties presbyopia, the age-
related loss in the focusing ability of the crystalline lens,
has taken hold. Promising new accommodating intra-
ocular lens designs are on the horizon, but there is
currently no cure. At present, the only recourse is to
relieve the effects of presbyopia, which can be done in a
variety of ways including reading glasses, multifocal
spectacles (bifocals, trifocals, progressive addition lenses),
monovision (where one eye is given a near correction and
the other eye is given distance vision), and pupil size
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control (Seyeddain et al., 2010). An emerging option has
been to generate multifocality within the optical zone of a
single lens. This is done by actually adding aberrations to
the optical system which, in effect, makes different parts
of the optical system focus at different distances (see
Figure 6). Bifocal, multifocal and continuous optical
corrections are available today as contact lenses or intra-
ocular lenses and are even being implemented in laser
refractive surgery. There is a cost to overall contrast
however, since for every part of the optical system that
provides a sharp image, there is another part that produces
an out-of-focus image of the same object. Acceptance of
these lens designs are varied, which could be due to
individual preferences, or due to the variable optical
interactions between the eye aberrations and those of the
correction (Legras, Benard, & Rouger, 2010; Martin &
Roorda, 2003).

AO can play an important role in this interim effort to
relieve presbyopia. If adding aberrations is an effective
mechanism to relive presbyopia, then does reducing
aberrations make the effects of presbyopia worse? The
answer is yes! Figure 7 shows how the loss in image
quality with focus is more precipitous when aberrations
are corrected than when they are not.

AO can be used to quantify the extent to which reduced
depth of focus that arises with corrected aberrations is a
problem for vision (Guo, Atchison, & Birt, 2008; Legras
et al., 2010; Piers, Fernandez, Manzanera, Norrby, &
Artal, 2004). Second, induction of aberrations with AO in
combination with vision testing can be used to discover
aberration types and magnitudes that prove to be the most
beneficial for depth of field at minimal cost to the best
vision performance (Werner, Elliott, Choi, & Doble,
2009). After all, considering that our optics are already
far from perfect (see Figures 3 and 4), it seems that we can
already tolerate a lot of aberration. Given this built-in
tolerance, it ought to be possible to manipulate these
aberrations in a sensible way to increase an eye’s depth
of focus at little or no cost to the sharpness of its vision.
AO systems turn out to be a cost-effective approach to
discover the optimal aberration profiles that will achieve
this goal, since only the successful profiles would ever
be implemented into an actual product. For example,
Piers et al. used an AO system to test the cost vs. benefit
of removing spherical aberration on visual performance.
The study concluded that removing spherical aberration
benefits retinal image contrast with little cost to the eye’s
depth of focus (Piers et al., 2004; Piers, Manzanera,
Prieto, Gorceix, & Artal, 2007). These and related studies
examining the practical benefits of spherical aberration
correction in the presence of scatter and with or without
chromatic aberration (Artal et al., 2010; Pérez, Manzanera,
& Artal, 2009) led to the development of a very popular
intra-ocular lens design, the Tecnis (Abbot Medical
Optics, Santa Ana, California) which was designed with
an amount of negative spherical aberration that cancels
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Figure 7. Plot of the Strehl ratio as a function of defocus for an
AO-corrected eye and for a typical eye (corrected for astigma-
tism). Strehl ratio is the ratio of the peak height of the PSF for the
actual eye to the peak height of the PSF of a diffraction-limited
eye with the same pupil size. Strehl ratios range from 0 to 1 where
the higher number indicates a sharper image. The pupil size was
5 mm for both cases. At best focus, the image quality in the
aberration-free eye far exceeds that of the typical eye, but image
quality drops quickly with defocus. By the time the defocus is
+0.15 D or more, the aberration-correction actually results in
worse image quality than if it were uncorrected. This illustrates
how aberrations can serve to increase the depth of focus of the
eye. It also illustrates the cost of correcting ones aberrations.

the average positive spherical aberration that is present in
the age-group that is likely to be receiving these implants.

Clinically deployable AO systems also have the
potential to show the patient the range of optical
correction options before they decide on the solution they
want. More on this in the technology section.

Technology

As the technology develops, it seems inevitable that AO
systems will find their way into routine clinical use. This
may be in the form of AO ophthalmoscopes (which are
not discussed in this review) but may also be in the form
of advanced AO phoropters. An AO phoropter could
perform autorefraction based on the wavefront (Campbell,
2004; Cheng, Bradley, Hong, & Thibos, 2003; Guirao &
Williams, 2003; Watson & Ahumada, 2008) as well as
expedite the subjective refraction procedure. Additionally,
the eye doctor could use it to allow the patient to preview
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and help guide their decision when selecting from the
myriad of options available to relieve presbyopia. An
early commercial effort has already been made in this
direction (crx1 Adaptive Optics Visual Simulator, Imag-
ine Eyes, France), but perhaps the most exciting new
development comes from Pablo Artal’s group who
recently unveiled the first binocular AO vision simulator.
The binocular aspect is important because all practical
vision tests, vision tasks, and vision corrections employ
both eyes and so it is sensible that a practical system
should take that into consideration. A typical AO system
is usually designed for a single eye and so making a
system binocular would normally double the complexity,
cost and size. Artal, however, has developed a very
practical solution by using a liquid crystal spatial light
modulator wavefront corrector (LCOS) that can, on a
single device, provide independent corrections to both
eyes simultaneously (Fernandez, Prieto, & Artal, 2009,
2010). Moreover, the LCOS can correct and generate both
low and high order corrections as well as simulate
discontinuous optical designs, like diffraction or multi-
focal lenses (Manzanera, Prieto, Ayala, Lindacher, &
Artal, 2007). Although the LCOS design has its limi-
tations (reduced performance with broadband light,
reliance on polarization (Doble & Miller, 2006)) it
represents a viable path for more widespread use of AO
technology for clinical applications. These and other
technical achievements are expanding the scope of how
AO can be used and increasing the control over our
experiments.

Simultaneous imaging and stimulus delivery

AO should be considered as only one part of a system
for testing visual function. AO can control the optical
properties of whatever stimulus is presented, but control-
ling other factors, such as axial and lateral placement of
the stimulus requires more advanced systems. These
comprise a class of systems that are capable of retinal
imaging as well as stimulus delivery—the image provid-
ing or guiding the where, and the AO providing the what.
Some early experiments clarified the usefulness of this
capability. In one experiment, the preferred locus of
fixation was determined on the retina and compared with
the point of maximum cone photoreceptor density (Putnam
et al., 2005). They found that the eye did not necessarily
use the position of highest cone density as the preferred
retinal locus. In another experiment, the color appearance
of a sequence of small, AO-corrected spots presented at
random locations was recorded and psychophysical results
were compared with the known arrangement and propor-
tion of the three cone classes in the vicinity of the test
(Hofer, Singer, & Williams, 2005). Finally, detection of
small spots was used to infer the functional consequence
of ‘holes’ in the cone mosaic of a patients with a unique
mutation that lead to functional loss of one spectral class
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of cone (Makous et al., 2006). While these showed the
strength of the combined measures of structure and
function, they did not fully control the stimulus and at
best could only determine where it landed after the fact.

More recently, our group has shown that a scanning
laser ophthalmoscope modality with adaptive optics
(AOSLO) is an attractive choice for more complete
control of the stimulus and its placement. To form an
image in an AOSLO, a detector records the scattered light
from a small focused spot on the retina as it scans in a raster
pattern across a region of interest (typically a 1-5 degree
square field). AO ensures that the focused spot is as small
as possible, which improves the contrast and resolution
over conventional SLOs. The presentation of a retinal
stimulus involves modulating the scanning laser during
the scan, much in the same way that electrons are steered
and modulated to produce the image on a CRT television
monitor (Poonja, Patel, Henry, & Roorda, 2005). Figure 8
illustrates the basic principles behind this method. Using
this method, the stimulus gets encoded directly onto the
image and so the operator has an unambiguous and real-
time record of where the stimulus has landed. Moreover,
multiple lasers can be coaligned with the imaging laser to
deliver stimuli of any wavelength. Another feature of the
AOSLO system is that it can be used as a high-frequency
eye tracker (Stevenson & Roorda, 2005; Stevenson,
Roorda, & Kumar, 2010; Vogel, Arathorn, Roorda, &
Parker, 2006). Owing to the scanning method, eye
motions generate unique distortions in each recorded
frame, much like the distortions observed whenever you
move a page while it is being imaged on a flat bed
scanner. In effect, these distortions are a record of the eye
motion and, if decoded fast enough, can provide a real-
time record of eye motion. The frequency of eye tracking
is not constrained by the frame rate of the AOSLO system
(currently 30 Hz), but rather depends on how well the
distortions can be recovered from each frame. The
resolution of AOSLO enables cone-level eye tracking at
frequencies over 1 kHz. Combining the high frequency
eye tracking with the ability to deliver stimuli has enabled
us to deliver AO-corrected stimuli to the retina to targeted
retinal locations with an accuracy of a single cone
photoreceptor (Arathorn et al., 2007; Yang, Arathorn,
Tiruveedhula, Vogel, & Roorda, 2010).

AOSLO systems provide both structural and functional
information and facilitate a new class of experiments. The
fact that such systems are in the hands of only a few labs
owes more to the complexity than to the scientific
potential of these instruments. In time, however, these
systems should become more widespread and find new
applications.

Learning about vision at the scale of single
photoreceptors

Having microscopic control of the retinal stimulus
allows researchers to explore the functional properties of
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Figure 8. In the AOSLO, the stimulus is printed directly onto the
retina by modulating the scanning laser, line-by-line, as it scans a
raster pattern on the retina. The upper cartoon shows a situation
where the scanning beam is been modulated to project a letter ‘E’
on the retina. Lower left: The image that the subject sees. Lower
right: An actual single frame image from a video showing what the
operator sees. The modulated letter is directly encoded onto the
retinal image, in this case showing the mosaic of cones. In this
way, the operator can ensure that the stimulus is focused
accurately on the cones and can also determine exactly which
cones have interacted with the stimulus during its presentation.

single cells in the same way that electrophysiologists have
done using electrodes for decades. Responses to single
cell stimulation can help to build a better picture of how
the entire system works. Hofer et al. (2005) were the first
to do this when they explored the color perceptions
elicited with single cone stimulation. The basic concepts
and main results of their experiment are shown in Figure 9.
They discovered that the color appearance of light
stimulating a single cone was much more complex than
some of the simpler theories would have suggested.
Instead of eliciting three classes of response generated
from the stimulation of the three cone classes, they found
that subjects demanded as many as 7 color categories.
Analysis of the responses suggested that the color
appearance generated by a single cone is more a function
of how it is situated with respect to other cones rather than
by its spectral subtype (Brainard, Williams, & Hofer,
2008). Cones that are in a position to provide strong
chromatic cues generate colored percepts, whereas cones
that are not in a good position to do so generate
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Figure 9. The experiment of Hofer et al. (2005) involves delivery of
AO-corrected stimulus to a cone mosaics whose short-, middle-
and long-wavelength sensitive (SML) cone locations are known.
The upper image simulates the random landing points of repeated
stimulations that arise from natural fixation instability. For each
stimulus, the subject is asked to judge the color of what they saw.
The bar chart shows that the five subjects, whose SML cone
ratios varied 45-fold (see middle row for images and L:M cone
ratios), saw a wide variety of color responses. (adapted from
Hofer et al., 2005).

achromatic, or white percepts. Given the random arrange-
ment of the three cone classes in the retina (Hofer, Carroll,
Neitz, Neitz, & Williams, 2005; Roorda & Williams,
1999), it is sensible that the visual system would develop
in this way to best handle the dual role that retina has in
conveying both spatial and color vision.

To address questions about retinal limits to spatial
vision, advanced AO systems provide for the first time,
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the ability to measure spatial vision limits and correlate
them directly to the sampling frequency of the retinal
mosaic. Rossi and Roorda (2010b) used an AOSLO to
measure visual acuity as a function of eccentricity. At
each tested location they carefully measured the cone
sampling density and confirmed that, at the foveal center,
the acuity matched the sampling limits of the cone mosaic
quite well but, almost immediately outside, the functional
receptive fields were larger than single cones, suggesting
that ganglion cells pool information from more than one
cone at smaller eccentricities than previously thought
(Figure 10). They might not have come to that conclusion
if it were not for a direct and unambiguous measure of the
spatial vision and exact cone spacing and density at each
tested location. Other investigators measured similar
acuity limits as a function of eccentricity but, because
they relied on histological records of cone spacing from
different individuals, they came to a different conclusion
(see supplemental material in Rossi and Roorda, 2010b).
To drill deeper into questions about receptive fields,
Sincich, Zhang, Tiruveedhula, Horton, and Roorda (2009)
combined all the tracking and light delivery features of the
AOSLO and brought them to the electrophysiology lab,
where they measured LGN neurons while tracking and
optically stimulating individual cones. Simply put, what
AO offers to electrophysiologists is unprecedented control
of the retinal stimulus. In fact, the experiments of Sincich
et al. represented the first time where single cells had been
stimulated optically while single neurons were recorded in
a living animal (see Figure 11). With the exception of the
delivery of interference fringes to the retina in one
ambitious electrophysiology experiment (McMahon,
Lankheet, Lennie, & Williams, 2000), the visual stim-
ulation in electrophysiology experiments have generally
been limited to presentations on monitors or tangent
screens. Because of the limitations of these stimuli caused
by eye movements (which persist even under anesthesia
and neuromuscular blockage) and by optical blur (which
is difficult to monitor), detailed studies of receptive field
properties are necessarily more accurate when performed
in the periphery. The fovea, which is the most interesting
region to study, has largely been avoided. The new control
offered by advanced AO systems enables the study of this
important retinal location. Of course, recordings can be
made in any visually responsive brain area, not just the
LGN, and microelectrodes are just one of many possible
physiological recording techniques that can be used with
AO. With the exception of fMRI, no neural recording
method is likely to interfere with AO performance.

Clinical applications

Combined imaging and delivery applications can also
have a large impact in the clinical arena. Although
advanced AO systems with tracking, stimulus delivery
and imaging may not be used routinely in the clinic
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Figure 10. The experiment of Rossi and Roorda (2010b) involved relating visual acuity measures to cone spacing at and near the fovea.
The upper image shows five tested locations in a single eye from fixation (fovea) to about 2.5 degrees eccentricity. The lower charts plot
MAR (left) and cone sampling limit (center) vs eccentricity. The right chart plots cone sampling limit vs the MAR. If the cone spacing
imposed the limit to resolution at all locations, then the slope of the results would have been 1. The slope was actually 0.63, indicating that
outside of the foveal center the receptive fields are, on average, larger than single cones.

anytime soon, these systems offer a useful tool for making
important structure—function relationships. As imaging
technologies for monitoring and understanding eye dis-
ease on a cellular scale continue to mature, the desire to
use them to provide diagnoses, assessments of visual
function or outcome measures for clinical trials will
increase (Talcott et al., 2011). Their acceptance, however,
may be hampered until convincing evidence of the
functional consequences of the observed structural
changes is provided. At present, conventional clinical
measures of retinal function do not have an accuracy or
precision that is commensurate with the structural meas-
ures achieved with AO. So, the onus is on AO systems to
make these measurements themselves. An early and very
elegant example of relating structure to function was by
Makous et al. (2006). (Incidentally, this is also a good
example of what can happen when we place our AO tools
into the hands of experienced psychophysicists.) Carroll,
Neitz, Hofer, Neitz, and Williams (2004) had just
discovered a rare type of color blindness that led to a
unique phenotype where it appeared that an entire class of
cones was missing from the mosaic. Rather than reflecting
the light as cones normally do, they left black holes in the
mosaic. To test whether these ‘holes’ were indeed micro-
scotomas, Makous et al. devised a test to efficiently

measure the frequency of seeing of small spots delivered
to the retina. Their experimental system was not able to
perform targeted stimulus delivery at the time and so they
relied on statistical responses but, with their results and a
carefully developed model, they were able to confirm that
these were indeed cone-sized microscotomas. Future
experiments with tracking a targeted stimulus delivery will
allow researchers to make these measures more efficiently.
Advanced tests of the functional consequences of
abnormal retinal structure will continue to inform us on
how to interpret structural changes in the retina. As a
result, structural measures from AO ophthalmoscopes will
find increasing use and value for clinical applications.

It is often the case that an advance in technology is the
catalyst that draws a new class of researcher into a field,
and the development of AO for the eye is no exception.
AOQO has opened the door to new level of vision correction,
approximately 200 years since the last major advance,
which was the correction of astigmatism. As AO is
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Figure 11. The experiments of Sincich et al. (2009) involved the
optical stimulation of targeted cones in the monkey along with
simultaneous recording of neural activity in the lateral geniculate
nucleus. Example results are shown on the center and right
panels of the figure. The image in the central panel indicates the
exact locations stimulated with a square spot of light and the plot
shows the spike probability per stimulus flash. The sharpness of
the edges of the receptor field gave assurance that they were
measuring single cone contributions. This is a cross-section of the
parvocellular ON-center field at an eccentricity of 3.7 degrees.

driving a paradigm shift in how we do ophthalmoscopy,
so too is AO driving a paradigm shift in how we do vision
science. In ophthalmoscopy, the single-cell resolution
turns the ophthalmoscope into a microscope, which
facilitates the translation of a host of innovative tools
from the micropscopist’s toolbox into the field of
ophthalmoscopy. Similarly, the unprecedented control of
the retinal stimulus allows us to carefully probe vision on
a scale that was previously only possible in excised retina.
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Where probing vision on a cellular scale was mainly the
domain of the in vitro physiologist, AO enables the
translation of some of these methods to the living eye.

Now, as we move forward, I must capitalize on this
opportunity to offer some guidance on how we should
proceed in this field. Some are based on my 15 years of
experience with AO systems, and others are due to the fact
that I’ve had to review an ever-increasing number of
papers on the topic.

1. With the maturation of wavefront sensors and AO
systems, our ability to measure the eye’s aberrations
has become very accurate. Ironically, defocus, the
first aberration ever characterized, remains the most
difficult aberration to control. In fact, defocus falls
into a whole different class of aberration. First,
wavefront sensor estimates of defocus are problem-
atic since we are never sure of the source of the
reflection from the retina when we interpret wave-
front sensor images (Lopez-Gil & Artal, 1997). If
the wavefront we recorded were coming from
deeper layers than the photoreceptor aperture, for
example, then we would incorrectly interpret the eye
as being myopic. Furthermore, defocus of the
wavefront relative to the retina can be changed by
manipulating three factors: the eye’s optics, the
eye’s axial length and by the object position,
whereas other aberrations are governed only by the
eye’s optics. Finally, in the presence of aberrations,
it is still not known exactly where the optimal
position of the retina should be in the focused beam.
That is, what metric needs to be optimized to
produce the preferred image quality (Cheng, Bradley,
& Thibos, 2004)? Considering this, researchers need
to keep in mind that, after AO correction, the
perceived retinal image quality will be much more
vulnerable to defocus (see Figure 7) and the
demands for getting an accurate correction are much
higher than before correction. An AO-correction
combined with a small refractive error will give rise
to worse performance than if some aberrations were
present, and this could lead to erroneous conclusions
about whatever phenomena is being explored.

2. It is no longer sufficient for AO researchers to
compare visual performance (visual acuity, contrast
sensitivity etc.) with and without an AO correction
measured from their single system. The values
should be compared to the visual performance that
can be achieved on a similar task outside of the AO
system. There may be image degradations inherent
to the AO system that are common to both
conditions and these should be eliminated or at
least understood so that they can be part of the
interpretation of the results. There are too many
reports in the current literature of visual acuity
levels that are clearly less than optimal. Be aware
that on a typical visual acuity task, we can expect
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defocus- and astigmatism-corrected subjects to
achieve 20/15 or better. (20/15 is equivalent to a
decimal acuity of 1.33, a minimal angle of reso-
lution (MAR) of 0.75, and a —logMAR of 0.125).

3. When reporting on the quality of an AO correction,
do not report Strehl ratio unless it is actually
measured. Reporting the root mean square (RMS)
of the residual aberrations is dangerous enough.
Fortunately, the Optical Society of America spon-
sored a task force to develop standard for reporting
of aberrations and researchers have generally adopted
the guidelines (Thibos, Applegate, Schwiegerling,
Webb, & VSIA Standards Taskforce Members,
2000). But when it comes to reporting AO perfor-
mance, it is easy for these numbers to be misleading.
Keep in mind that the fewer terms one uses to do a
wavefront fit, the better the RMS and the higher the
Strehl ratio will appear to be. These are good
numbers to use internally, but let’s stop pretending
that they reflect absolute performance.

Conclusion

At 14 years since the first seminal paper in the field,
adaptive optics systems for vision testing applications are
still in their adolescence. Like adolescents, AO systems
tend to be a bit awkward and clunky, but the physical
tools are essentially in place. Although AO systems are
already being used to make significant advances in vision
science, there is a lot of room for maturation.

In the next ten years, we should expect to see different
classes of AO systems for vision science emerge. Low
cost systems with specific uses will likely start coming
available for routine clinical use, such as the AO
phoropter. At the same time, it should not be too long
before any researcher with appropriate funding will be
able to purchase a robust, user-friendly AO system with
advanced imaging and visual testing capabilities. At
present, few advanced instruments exist outside of the
labs that have developed them. But history has proven
that the factors that will increase accessibility to the
technology—reduced cost and a more robust, user-friendly
design with user-friendly control—will happen with time.

Appendix A

AO for vision science bibliography by topic

This is a list of all the peer-reviewed papers that the
author could find where adaptive optics was employed to
test some aspect of vision. They are listed chronologically
within each topic area.
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