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We evaluated the performance of a liquid-crystal spatial light modulator for static correction of the aberrations
in the human eye. By applying phase-retrieval techniques to pairs of double-pass images we first estimated
the wave aberration of the eye to be corrected. Then we introduced the opposite phase map in the modulator,
which was placed in a plane conjugated with the eye’s pupil, and we recorded double-pass images of a point
source before and after correction of the aberrations. In a slightly aberrated artificial eye a clear improvement
was obtained after correction, and, although diffraction-limited performance was not achieved, the results
were close to the theoretical predictions. In the two living eyes that we studied some benefit also appeared in
the correction, but the performance was worse than that expected. We evaluated possible explanations for the
relatively poor performance that was obtained in the human eye: an incorrect estimate of the ocular aberration, the limited spatial resolution of the modulator, and the dynamic changes in the ocular aberrations.
Based on the results in the artificial eye, the first problem was not considered to be a major source of error.
However, we showed that the spatial resolution of the liquid-crystal spatial light modulator limits the maximum correction to be attained. In addition, the changes in the ocular optics over time also impose a limit in
the performance of static corrections. © 1998 Optical Society of America [S0740-3232(98)00409-8]
OCIS codes: 330.5370, 010.1080.

1. INTRODUCTION
Adaptive optics is a technology that allows compensation
of wave-front distortions produced by propagation of light
through nonhomogeneous media. The two main applications of adaptive optics have traditionally been highresolution astronomy1 and laser propagation, with applications in both military and industrial fields, e.g., missile
and satellite tracking, power laser focusing and laser microfabrication. However, in the past few years many possible applications of adaptive optics have been proposed
in other areas, notably in medical imaging, and in particular in retinal imaging. In this area, low-coherence
techniques were applied to obtain retinal tomographic
information,2,3 and methods have been developed to provide high-resolution topographical information of cone
photoreceptors,4 in some cases leading to resolution of individual cones in the living retina.5 A further step in
retinal imaging techniques is the application of adaptive
optics to compensate the ocular aberrations and to
achieve diffraction-limited fundus imaging. The use of
adaptive optics in retinal imaging was first proposed to
improve the resolution of a retinal tomograph system,6
and, more recently, efforts have been directed to develop
high-magnification fundus cameras incorporating adaptive optics technology. Liang et al.7 obtained impressive
in vivo images of the cone mosaic by using one of these
cameras with a deformable mirror as a wave-front corrector. They even obtained both spectrally and spatially resolved images of the cone mosaic.8 As an alternative to
deformable mirrors, the use of liquid-crystal spatial light
modulators (LC-SLM’s) to correct the aberrations in the
0740-3232/98/092552-11$15.00

human eye was also proposed.9–11 Although these devices present some disadvantages in comparison with deformable mirrors, their possible future lower cost would
allow a massive use in clinical apparatus, justifying their
use in the study to correct aberrations in the eye. In addition to the direct application for retinal imaging, the
ability to correct or modify ocular aberrations is of interest in some other topics, ranging from the design and testing of ophthalmic optics, for determining how a different
balance of aberrations in ophthalmic lenses may affect
the retinal image, to fundamental studies in vision research, e.g., the evaluation of the effects of a diffractionlimited ocular optics on visual performance.7
Wave-front correction has been performed by different
techniques, depending on the source of aberrations, the
field of application, and the instrumentation available.
The correction methods range from phase conjugation and
computer-generated holograms to deformable mirrors,
which nowadays are the most popular devices for adaptive optics. Although deformable mirrors provide better
performance than other currently available systems, their
present cost is a major limitation that probably precludes
a wider use beyond astronomical or military applications.
As an alternative, LC-SLM’s were proposed for wavefront shaping.12,13 While a lower cost is an advantage of
these devices, they present some problems, notably the
reported worst-correction performance compared with deformable mirrors, because they perform only phase piston
compensations. In this context, we present here the results of using and testing a pixelated LC-SLM device for
wave-front correction in the human eye, with the final
© 1998 Optical Society of America
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goal of obtaining high-resolution images of the living human retina.
The correction of aberrations in the human eye involves
three main steps: determining the ocular aberrations;
compensating these aberrations by subtraction of the corresponding phase map with a wave-front corrector device;
and, finally, imaging through the compensated optics.
Although in this paper we present results of these three
steps, we concentrate on recording retinal images of a
point source before and after correction of the aberrations
and on a discussion about how different factors affect the
final performance of the correction procedure in the human eye when LC-SLM devices are used.

2. THEORY AND METHODS
Under monochromatic illumination and Fraunhoffer diffraction conditions, Ei (x, y), the electric field in the image plane with coordinates (x, y), can be related to
Ep (u, v), the electric field in the pupil plane with coordinates (u, v), through the expression14
Ei ~ x, y ! 5 KF @ Ep ~ u, v ! P~ u, v !# ,

(1)

where K is a constant, F is a Fourier transformation, and
P(u, v) is the generalized pupil function, expressed as
P~ u, v ! 5 P ~ u, v ! exp@ iW ~ u, v !# ,

(2)

with i 5 A21, P(u, v) being the modulus of the generalized pupil function (usually a binary function equal to 1
inside the pupil and 0 elsewhere), and W(u, v) being the
wave aberration (WA) of the system. If tilts are not considered, the WA for an ideal diffraction-limited system is
a constant function inside the pupil. In this case the
point-spread function (PSF), defined as
p ~ x, y ! 5 u F @ P~ u, v !# u 2 ,

(3)

is the Airy disk. Otherwise, the PSF is a more extended
pattern, and the performance of the system is below that
of a diffraction-limited system.
A. Estimation of the Ocular Wave Aberration
The first step necessary for wave-front correction is to
measure the WA of the system to be compensated. However, an important difference between the eye’s optics and
almost any other system must be considered. Usually,
the WA is measured in a single pass through the optical
system from a test source to the detector.15 By contrast,
in the case of the eye, one is required to place either the
detector or the light source within the retina. Subjective
methods of WA estimation can be considered to make use
of the former solution, while objective methods tend to involve the latter. In most cases one achieves this by introducing a beam into the eye and considering the light
reflected by the retina as the test source. This double
pass through the eye can hinder the correct evaluation of
the desired single pass WA.16 Among the objective methods currently in use to measure the WA in the eye, the
Hartmann–Shack sensor17,18 is probably the most appropriate for adaptive optics applications. Nevertheless, in
this paper the WA data used to perform wave-front corrections were obtained by an alternative objective method
that was available in our laboratory. This method was
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based on applying phase-retrieval computational techniques to pairs of double-pass retinal images. In brief,
we first recorded a pair of double-pass images, one with
equal-size pupils in both passes and the other with
different-size pupils.19 Combining these two images, we
reconstructed the ocular PSF.20 Estimation of the WA
from the PSF is a phase-retrieval problem that we solved
by applying a pyramidal version of a nonlinear leastsquares fitting21 to the Zernike polynomial basis. This
method is robust, and the WA results obtained in the eye
seem to be realistic. However, there are a number of
problems (discussed in detail elsewhere21) that limit the
application of this procedure. In particular, the most important drawback for its use in adaptive optics is the very
long amount of computing time required for retrieval of a
WA from the ocular PSF: approximately 20 h, in a midsize computer workstation. This factor obviously limits
the possibilities of use for real-time applications, for
which the Hartmann–Shack sensor is more adequate.

B. Correction of the Wave Aberration and Retinal
Imaging through the Ocular Optics
Once the WA of the system is known, one can perform the
compensation by subtracting in the pupil plane a predetermined phase map from the WA. In practice, this is
performed by addition of a phase mask, which must be
the difference between the actual WA and any constant.
Insofar as this addition makes the whole system WA constant, diffraction-limited performance should be achieved.
The LC-SLM is divided into a set of corrector elements or
facets, and individual phase pistons can be introduced in
each facet so that a stepped phase map can be constructed. The performance of this device for wave-front
compensation is limited by the number of elements, their
size, and the limited phase dynamic range. In addition,
in terms of real-time applications, the relatively slow temporal response of the LC-SLM can also be a limitation.
The LC-SLM device that we use (HEX69 SLM, Meadowlark Optics, Longmont, Colorado) has 69 corrector elements distributed in a two-dimensional array. Each hex-

Fig. 1. Schematic diagram showing the rationale of our experiment: a LC-SLM conjugated to the eye pupil to introduce a series of piston dephases so as to flatten the WA of the system. Although a residual aberration remains because of the
discontinuous nature of the correction, the double-pass retinal
images recorded after correction of aberrations are expected to be
sharpened.
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Fig. 2. Scheme of the double-pass apparatus. It was first used to record double-pass images of a point source before and after correction of the aberrations. By incorporating two fast-rotating diffusers it can be also used to record high-magnification images of a larger
area (approximately 0.5 deg) of the retina. ES, electronic shutter; O, pinhole of a spatial filter used as point source; C, collimating lens
( f 5 190 mm); P1, first-pass pupil (commutable for equal- and unequal-pupil-size double-pass configurations); CBS, cube beam splitter;
L1, lens ( f 5 600 mm); M, mirror; FC, focus corrector; PM, pupil mirror; L2, lens ( f 5 190 mm); P, eye pupil; O8 , retinal image of O; P2,
second-pass pupil (15-mm actual diameter, which corresponds to 4.75 mm on the eye pupil plane); L3, lens ( f 5 500 mm); L4, lens ( f
5 190 mm); OC, lens ( f 5 600 mm); and O9 , image of O8 on the CCD. To select a specific retinal location within the fovea for recording of extended images, a fixation test was introduced in a plane conjugate to the retina, composed of L, lamp; AF, green filter; and FT,
fixation target.

agonal element has an apothem of 0.9 mm, with an interelement distance of 25 mm. The phase dynamic range
covers nearly 3p rad for a 543-nm wavelength. The LCSLM was calibrated for this wavelength by measurement
of the phase response as a function of the applied voltage.
We performed this by measuring the light intensity that
passed through the modulator when the latter was placed
between crossed polarizers. The homogeneity between
elements was also controlled. This device can be driven
at a 30-Hz temporal rate, according to the technical specifications, although in this study we performed only steady
corrections.
Owing to the discrete nature of the phase map introduced by the LC-SLM together with the limited spatial
resolution of this device, a residual aberration remains after correction. Nevertheless, the WA is expected to become, in general, flatter, and therefore the PSF should be
sharpened.
The first experiment consisted in the recording of
double-pass retinal images of a point source before and after correction of the aberrations (see Fig. 1, a schematic
diagram of the experiment). With a few modifications,
described below, the same setup was also used as a highmagnification fundus camera.

1. Apparatus
The apparatus that we used is schematically depicted in
Fig. 2. Basically, it consists of a modified double-pass
setup. In the first pass, the point source (O), generated
by a 543-nm He–Ne laser, is conjugated with the retina
(O8 ) through an optometer-based focus corrector system
FC, which consists of four mirrors, with two of them
mounted on a micrometric translation stage. A displacement of the block FC of 1 mm is equal to a focus change in
the system of 0.05 diopter (D). In the second pass, the
eye pupil is conjugated (after the necessary magnification) with the LC-SLM through a polarizing cube beam
splitter CBS. The aperture P1 in the first pass is chosen
to have an effective pupil diameter in the eye pupil plane
either of 4.75 mm for the equal-pupil-size configuration or
1.5 mm for the different-pupil-size configuration. In the
second pass, the effective aperture diameter is always
fixed to 4.75 mm on the eye pupil plane (all the WA results were obtained over this 4.75-mm-diameter effective
pupil), and this diameter is magnified to match the
15-mm diameter of the aperture P2, superimposed on the
LC-SLM. In the second pass, the retinal plane is conjugated with a scientific-grade cooled CCD camera (SpectraSource MCD1000) that can record images with up to
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512 3 512 pixels and 16 bits/pixel. Two CCD video cameras monitor the relative positions of the apertures in the
system: the eye’s natural pupil with respect to the artificial pupil produced by P1, and the eye’s natural pupil
with respect to the position of P2 in the LC-SLM plane.
Lenses C, L1, L2, L3, L4, and OC are all achromatic doublets, each of them having a focal distance of 190, 600,
190, 500, 190, and 600 mm, respectively. Usually, the
double-pass images of a point source were taken with 4 s
of exposure time. The frames recorded with the system
were 256 3 256 pixel wide, with each pixel in the doublepass image subtending 0.15 arc min of visual field.
With some minor modifications, this system also permits the recording of high-magnification images of an extended area of the retina. Two fast-rotating diffusers
placed behind the point source (O) produce an area of approximately half a degree, incoherently illuminated in the
retina. To select the retinal location within the fovea,
the subject is instructed to fixate a target located in a
plane conjugate to the retina and illuminated with a homogeneous green light. From the central fovea eccentricities up to 3 deg can be selected in every orientation.
An electronic shutter ES controlled by the computer and
synchronized with the camera acquisition permits recording of short-exposure images of approximately 40 ms to
reduce the effect of eye movements. The images of the
extended area were recorded with the same magnification
(each pixel being 0.15 arc min), covering an area in the
retina of approximately 40 arc min.
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eye was used in place of the human eye in the setup. Figure 3 shows a complete sample of the results. The
double-pass image obtained with an unequal-pupil-size
configuration (1.5- and 4.75-mm diameter for the entrance and exit apertures, respectively) is shown in Fig.
3(a). The estimated WA from the double-pass images is
in Fig. 3(b), and Fig. 3(d) shows the corresponding piston
map obtained by averaging the phase values inside each
facet of the LC-SLM. To compensate the WA of this artificial eye, the LC-SLM has to be driven by adequate
voltage values to produce a dephase map opposite that
presented in Fig. 3(d). Figure 3(c) is the double-pass image obtained after correction under exactly the same conditions producing the image shown in Fig. 3(a). The image after correction is more compact than that obtained
before correction, although the diffraction-limited case

2. Subjects and Procedure
By means of this apparatus, images were collected for two
subjects: PA (male, 35 years old, 22-D myopia); and PP
(male, 30 years old, 23.75-D myopia). Both subjects had
normal vision and presented no appreciable astigmatism,
and the focus was carefully corrected by means of the FC
system. All the measurements were obtained after the
accommodation was paralyzed with tropicamide 1%. The
subject’s head was fixed by a bite bar to allow a careful
alignment of the eye with respect to apertures in the system. The light power reaching the cornea in the experiments was 125 nW for the double-pass images of a point
source (4-s exposure) and 30 mW for the extended images
(40-ms exposure). In both cases these values are between two and three orders of magnitude below the safety
standards.22

3. RESULTS
A. Double-Pass Images of a Point Source before and
after Wave Aberration Correction
1. Artificial Eye
We first performed the experiment with an artificial eye.
This is a static aberration case useful for testing the
whole procedure. The artificial eye consisted of a
26.24-D lens acting as the eye’s optics and a black rotating diffuser mounted on a three-dimensional micrometric
stage acting as the retina. The lens was twisted and the
entrance pupil decentered to produce a comatic-shape
retinal image. To represent a relatively favorable case,
the amount of aberrations was not large. The artificial

Fig. 3. Results for WA correction on an artificial eye. (a) represents the double-pass image for unequal-pupil-size configuration (1.5–4.75-mm diameter) before correction. (b) is the WA estimate, and (d) is the map that we obtained by averaging the
phase values over each hexagonal facet (both over the 4.75-mmdiameter effective exit pupil). (c) is the double-pass image after
correction for the same configuration as in (a). (e) is the simulated double-pass image for the residual aberration that we obtained by subtracting the phase maps of (b) and (d), that is, the
expected image for a perfect performance of the whole procedure
to estimate and correct the aberrations.
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performance and even from the maximum aftercorrection performance that is attained in computer simulations. The extent of the improvement can be better appreciated when one views Fig. 6, where the ratio between
the radial averaged MTF’s before and those after correction is represented. Although a modest increase is obtained (solid curve), it is clearly lower than that expected
for a diffraction-limited system (dashed curve). Furthermore, we also represent (dotted curve) the theoretical ratio between MTF’s, calculated for a perfect correction by
means of the LC-SLM. The difference between the solid
and the dotted curves proves that the experimental performance of the corrector is clearly worse than that expected theoretically.
Fig. 4. Ratio between the modulation transfer function (MTF;
radial averaged) after and before correction of the aberrations for
the artificial eye. The solid curve corresponds to the experimental data, while the dashed curves correspond to theoretical corrections up to the diffraction limit (long dashes) and for a perfect
system performance (short dashes). In every case the MTF before correction was that obtained from the experimental doublepass image.

was not achieved. For comparison purposes, we also
present in Fig. 3 the theoretical prediction after correction for a perfect performance of the LC-SLM: Figure
3(e) shows the theoretical double-pass image associated
with the residual aberration yielded by the difference between phase maps (b) and (d) of Fig. 3. In other words,
this would be the result of a perfect performance of the
WA estimation and correction procedure. This image
presents artifacts, in the tails, that are similar to those of
the experimental image. They are due to the hexagonal
distribution of the facets in the LC-SLM. By contrast,
the resemblance between the experimental and the calculated images can be considered as a validation of both the
experimental setup and the WA estimation procedure.
An additional comparison between the theoretical predictions and the experimental results is given in Fig. 4. The
curves correspond to the ratio between the radial averaged modulation transfer functions (MTF’s) after and before correction. The artificial eye after correction does
not achieve the diffraction limit, especially for the higher
frequencies, but its performance is quite similar to that
predicted by computer simulations for an exact correction.
2. Living Eyes
We repeated the WA correction procedure for two normal
eyes. Figure 5 shows the WA estimate for subject PA
[Fig. 5(a)] and the associated phase map [Fig. 5(c)]. To
illustrate the degree of correction achieved, two series of
three retinal images are also shown: recorded without
and with WA correction [Figs. 5(b) and 5(d), respectively].
As an image-quality parameter, we measured the peak
intensity value in each image (providing that the incident
light was kept approximately constant during the experiment). The higher this value, the more efficient the WA
correction. Whereas the mean of the peak value for the
images before correction was 1010 (arbitrary units), after
correction it was 1741. This net increase in the peak
value shows an improvement in the overall image quality
after WA correction. However, the performance after
correction is still quite far from the diffraction-limited

Fig. 5. Experimental results for WA correction in subject PA.
(a) is the WA estimate, and (c) the corresponding phase map.
Series of double-pass images with 1.5- and 4.75-mm pupil diameters (b) before compensation and (d) after compensation. Each
double-pass image in the series subtends 24 arc min. Every
double-pass image was normalized to its maximum. Effective
pupil diameter for (a) and (c), 4.75 mm.
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There are various possible explanations for these results,
which are analyzed in this section.
A. Were the Estimates of the Wave Aberration Correct?
The accuracy of the method used to estimate the aberration is the first factor that has to be considered. Obviously, any large error in the WA estimation would lead to
an incorrect compensation. However, we have confidence
in our procedure for obtaining the WA; our procedure’s
performance was independently analyzed both with simulated data and in the living eye.21 Moreover, the results
of the correction that we obtained in the artificial eye,

Fig. 6. Ratio between the MTF (radial averaged) after and before correction of the aberrations for subject PA. The solid curve
corresponds to the experimental data, while the dashed curves
correspond to theoretical corrections up to the diffraction limit
(long dashes) and for a perfect system performance (short
dashes).

Figure 7 shows the results obtained for subject PP.
The improvement in image quality after correction is
comparable with that found in subject PA. In this case
the mean peak intensity value goes from 1016 before correction to 1460 after correction. Figure 8 shows the ratio
between MTF’s before and after correction.
B. High-Magnification Images of the Fundus
By using the modified version of the setup described
above, we recorded extended images of the retina at various eccentricities (within the fovea). Essentially, this
version was a high-magnification fundus camera, which
uses two fast-rotating diffusers to have an incoherent
light source. Figure 9 shows three images recorded in
subject PP at best focus, but without correction of the aberrations. The images, subtending approximately 30 arc
min, were recorded with 40-ms exposure at the following
eccentricities: 0.7 deg [Fig. 9(a)], 1.4 deg [Fig. 9(b)], and
2.1 deg [Fig. 9(c)]. In each image different spatial patterns appear that can be correlated with individual photoreceptors. In particular, the average cone spacing that
can be estimated for each image is similar to the mean
data obtained by other methods.5,23–25 When we recorded the extended images after correction of the aberrations with the LC-SLM, we did not obtain any clear evidence of either a higher resolution or a contrast
improvement.

4. LIMITATIONS OF THE LIQUID-CRYSTAL
SPATIAL LIGHT MODULATOR FOR
WAVE-FRONT CORRECTION IN THE EYE
As shown in Sections 1–3, the optical performance of the
eye after correction of the aberrations with the LC-SLM
never matches that of a diffraction-limited system. Even
in an artificial eye, which represents a static and mildly
aberrated case, the performance after correction was
worse than in a perfect system, although in this case the
experimental results were similar to the theoretical predictions. In addition, we did not obtain any significant
improvement in the quality of extended retinal images.

Fig. 7. Experimental results for WA correction in subject PP.
(a) is the WA estimate, and (c) the corresponding phase map.
Series of double-pass images with 1.5- and 4.75-mm pupil diameters (b) before compensation and (d) after compensation. Each
double-pass image in the series subtends 24 arc min. Every
double-pass image was normalized to its maximum. Effective
pupil diameter for (a) and (c), 4.75 mm.
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Fig. 8. Ratio between the MTF (radial averages) after and before correction of the aberrations for subject PP. The solid curve
corresponds to the experimental data, while the dashed curves
correspond to theoretical corrections up to the diffraction limit
(long dashes) and for a perfect system performance (short
dashes).

Fig. 9. High-magnification images of the fundus recorded at (a)
0.7, (b) 1.4, and (c) 2.1 deg of eccentricity within the fovea, at best
focus for subject PP. (See details in the text.)

which nearly achieved the theoretical predictions, intuitively indicate that the WA estimates obtained by the
phase-retrieval technique were accurate enough.
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Another problem is the possible decentering between
the apertures in the system. If aperture P2, placed on
the LC-SLM, and aperture P1 are decentered with respect
to each other when projected on the eye pupil P, the
evaluated phase values in the LC-SLM correspond not to
the actual WA but to a shifted one. Therefore a residual
aberration would remain after correction, which can be of
importance for a moderate decentering, especially for severely aberrated systems, deteriorating the correction
performance of the system. We minimized this potential
problem by monitoring the relative positions of apertures
P1 and P2 with an additional video camera (see Fig. 2)
when the LC-SLM was appropriately back illuminated.
Other aspects that have a potential effect on our experiment which should also be considered are the polarization effects. The eye and the retina exhibit complex
polarization properties.26,27 This means that for an incident beam of linearly polarized light to the eye (as it is in
our setup, since we are using a polarizing beam splitter),
the outcoming beam after the double pass is elliptically
polarized. In addition, there are changes in the polarization that occur over the exit pupil. In general, the outcoming beam can be understood to be composed of two different wave fronts, one for each element of a given
polarization basis. To correct the aberrations, it would
be necessary to measure and compensate both these two
wave fronts or, as an alternative, to select a single polarization state. This is in fact our situation, since the LCSLM requires that the beam be polarized along the ex-

Fig. 10. Theoretical performance of a piston corrector device
with the spatial resolution of the LC-SLM that we used (69 elements), for a mild aberration compensation. (a) Aberration to
be corrected, (b) phase map that has to be subtracted from the
WA, (c) PSF corresponding to the WA without correction, (d) PSF
associated with the residual aberration (i.e., after correction).
The number above each PSF represents the Strehl ratio. Effective diameter of the hexagonal pupil for (a) and (b), 4.75 mm.
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Fig. 11. Theoretical performance of a piston corrector device
with the spatial resolution of the LC-SLM that we used (69 elements), for a severe aberration compensation. (a) Aberration to
be corrected, (b) phase map that has to be subtracted from the
WA, (c) PSF corresponding to the WA without correction, (d) PSF
associated with the residual aberration (i.e., after correction).
The number above each PSF represents the Strehl ratio. Effective diameter of the hexagonal pupil for (a) and (b), 4.75 mm.
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and the PSF’s before and after correction [panels (c) and
(d) in each Figure, respectively]. In the slightly aberrated case (Fig. 10) the piston map closely reproduces theactual WA map. As a consequence, the optical performance of the system is clearly improved after correction,
with the Strehl ratio reaching 0.77. However, even in
this relatively easy case, the modulator is not capable of
achieving a perfect diffraction-limited performance. For
the severely aberrated case (Fig. 11), the piston phase
map did not resemble the original WA map. In consequence, after correction the overall performance in terms
of Strehl ratio, improves only to 0.12. A simple explanation for this poor performance is the large number of 2p
steps that appear in the WA to be compensated, which indicates that the WA varies too abruptly to be approximated by only 69 constant phase pistons. This is a clear
indication that the spatial resolution of this device is not
enough to correctly compensate these aberrations. The
typical Strehl ratio in the human eye for the pupil sizes
that we are considering (when defocus and astigmatism
are carefully corrected) ranges between 0.05 and 0.2.
Therefore this simulation shows that the 69-facet LCSLM that we are using is of some help for correcting the
ocular aberrations, although we cannot expect to achieve
a diffraction-limited performance, and even in cases of
more-aberrated eyes the performance after correction can
be rather poor.
Another LC-SLM of the same type and by the same
manufacturer is now available, but with 127 facets in-

traordinary ray (i.e., the electrical field must lie on the
direction defined by the molecular orientation of the liquid crystal under zero voltage), so we keep this polarization state for both measuring and compensating, avoiding
the problem of wave-front duality.
B. Limited Spatial Resolution of the Liquid-Crystal
Spatial Light Modulator
The LC-SLM that we use has 69 correcting facets, and
then the WA has to be divided into 69 hexagonal sectors,
each of which we try to compensate by subtracting a constant phase. Although the final result depends on the
strategy selected for evaluating the values of the piston
phase that best fits the WA,28 in every case a residual aberration, which can be significantly large for wave fronts
with severe slopes over one facet area, remains after correction. To further evaluate this problem, we studied by
computer simulations the theoretical performance of the
LC-SLM that we use. We utilized two different WA’s
measured in two subjects in our lab for other studies:
One is a slightly aberrated case obtained at best focus in a
good subject, with a Strehl ratio of 0.31, and the other corresponds to a defocused and severely aberrated case, with
a Strehl ratio as low as 0.038. For the sake of simplicity
the effects of the connections in the spatial modulator
have not been considered in the calculations. Figures 10
and 11 show the results for these two cases. The original
wrapped WA’s [panel (a) in each figure], the corresponding phase maps in the LC-SLM [panel (b) in each figure],

Fig. 12. Theoretical performance of a piston corrector device
with a larger spatial resolution (127 elements). (a) Phase map
corresponding to the mild aberration [Fig. 10(a)], (b) phase map
corresponding to the severe aberration [Fig. 11(a)], (c) PSF after
correction of the mild aberration, (d) PSF after correction of the
severe aberration. The number above each PSF represents its
Strehl ratio. Effective diameter of the hexagonal pupil for (a)
and (b), 4.75 mm.
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Fig. 13. Contour plots of the WA estimates obtained for subject
PP under the same experimental conditions from pairs of doublepass images recorded every minute. The step between curves is
l/4, and the dashed curves represent negative values. Table 1
shows additional data on these WA’s. Effective pupil diameter,
4.75 mm.

Table 1. Rms and Peak-to-Valley Values for the
WA Represented in Fig. 13
Panel
Value

(a)

(b)

(c)

(d)

Rms (in l)
0.858 0.742 0.652 0.675
Peak to valley 5.574 3.918 2.971 4.4062
(in l)

Mean Deviation
0.731
4.217

0.092
1.083

stead of 69. We tested in simulations the benefit that
can be expected in the correction of the two WA’s used in
the simulations discussed in this section. Figure 12
shows the new phase piston map for this resolution and
the associated PSF’s after correction. In both cases the
Strehl ratio after correction is better: 0.88 and 0.27, with
a larger effect in the severely aberrated case. The better
performance for this case, with the 127-element systems,
can be directly evaluated by comparison of the PSF’s
[panels (d) in Figs. 10 and 11]. However, note that despite this improvement the diffraction limit is not yet
achieved even with this higher-spatial-resolution LCSLM. As an approximate estimate, correct compensation
of systems with a Strehl ratio of approximately 0.05
would require a LC-SLM with more than 500 elements.
Although spatial resolution of the LC-SLM is at
present a major limitation of the performance for moderately or severely aberrated systems, it is expected that
new-generation devices will have quite a large number of
elements, providing diffraction-limited performance after
correction for most practical cases.
C. Dynamic Changes of the Ocular Aberration
The limited spatial resolution is probably the most important explanation for the results in the artificial eye, which
represents a static case. However, the living eye is a dynamic system, and a new problem arises from possible
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changes of the ocular aberrations for the duration of the
experiments. Since in this study we performed only
steady corrections, any change of the aberrations in the
time interval between measurement and correction would
lead to a particularly poor correction. Although the LCSLM can change its phase value map at a 30-Hz rate, our
current method of estimating the WA requires a much
longer time. This means that, in practice, we have compensated the ocular aberrations by using a dephase piston map that corresponds to a previous state of the eye
optics, typically one day apart. Note that we tried to
minimize the possible sources of variability in the experimental setup by controlling focus and by carefully centering. In addition, the experiments were performed with
paralyzed accommodation by use of tropicamide 1%.
However, it is well known that this agent does not produce complete cyclopegia, so some accommodation remained during the experiments.
To evaluate how the ocular aberrations change over
time within our experimental conditions, we recorded
pairs of retinal images of 4-s exposure each (with an interval of roughly 10–15 s between the two images) every
minute, trying to keep every condition as stable as possible. From these double-pass images we estimated the
WA map for each case. Figure 13 shows, as an example,
four of these WA maps, in a contour line representation,
for subject PP. Although the general shape remains
quite similar among these WA’s, they are far from being
constant. Moreover, the peak-to-valley values and the
root-mean-square (rms) error of the WA (presented in
Table 1) also change. The standard deviation in the rms
error of the WA’s was 0.092. In other subjects the same
or an even larger variability was observed. One way todiminish these changes in steady correction would be to
use cyclopentholate rather than tropicamide to paralyze
accommodation. However, even when cyclopentholate is
used there will be some variation in the aberrations, related to residual changes in focus or in the tear film structure or to small eye movements. From these results, it
seems quite apparent that static corrections of the aberrations in the living eye are limited by the changes occurring in the eye’s optics. Although a more complete study
of the dynamic of the WA has to be performed, a solution
to secure accurate correction results is to perform realtime correction, which would imply a closed loop of WA
estimation and LC-SLM driving. This kind of loop has
been developed for astronomical and military
applications,1 and in most cases its use involves a
Hartmann–Shack sensor as a WA estimation device.
The calculation requirements of this sensor are much
more modest than are those of our phase-retrieval procedure, and therefore estimates in real time or close to real
time can be obtained.
However, the use of a closed loop for the correction of
ocular aberrations presents some differences with respect
to its astronomical counterpart. On the one hand, to the
best of our knowledge no evolution law has been stated
for the eye WA dynamics. Hence the necessary loop rate
for real-time correction is still to be defined, since no data
are available with respect to the time interval within
which the aberration can be considered as frozen. On the
other hand, the measurement of the WA within double-
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pass configurations can be affected if coherent light
sources are used. Both the phase-retrieval method and
the Hartmann–Shack sensor require that the retina function as an incoherent source. If, instead of this requirement, a coherent reflection is produced in the retina, the
desired single-pass eye optics WA is not measured;
rather, a WA corresponding to the whole eye system,
which is not useful for retinal imaging, is measured. A
typical way to break the coherence in the double-pass configuration is to integrate over time, which is equivalent to
using a system with a moving diffuser during the integration time. When the double-pass images are recorded
with exposure times lower than approximately half a second, clear speckle effects start to appear in the images.
Then one should carefully consider the possible effects of
the light coherence when short integration times are used
to measure the aberrations. Therefore, although a realtime closed loop is probably the only way to obtain a relevant and robust improvement in retinal imaging, further
studies should be performed to evaluate its actual possibilities and limitations.

Vol. 15, No. 9 / September 1998 / J. Opt. Soc. Am. A

the correction of aberrations in the human eye. While future LC-SLM devices with a larger number of elements
can be a clear advantage, future systems should also be
aimed at real-time correction of aberrations by means of
closed-loop systems.
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