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Closed-loop adaptive optics in the human eye
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We have developed a prototype apparatus for real-time closed-loop measurement and correction of aberrations
in the human eye. The apparatus uses infrared light to measure the wave-front aberration at 25 Hz with a
Hartmann–Shack sensor. Defocus is removed by a motorized optometer, and higher-order aberrations are
corrected by a membrane deformable mirror. The device was first tested with an artificial eye. Correction
of static aberrations takes approximately five iterations, making the system capable of following aberration
changes at 5 Hz. This capability allows one to track most of the aberration dynamics in the eye. Results
in living eyes showed effective closed-loop correction of aberrations, with a residual uncorrected wave front of
0.1 mm for a 4.3-mm pupil diameter. Retinal images of a point source in different subjects with and without
adaptive correction of aberrations were estimated in real time. The results demonstrate real-time closed-loop
correction of aberration in the living eye. An application of this device is as electro-optic “spectacles” to
improve vision. © 2001 Optical Society of America

OCIS codes: 330.5370, 010.1080, 330.4460.
The applications of adaptive optics1 (AO) go beyond as-
tronomy. In particular, AO promises important bene-
fits in visual optics and ophthalmology, for instance,
improved vision or increased resolution in ophthal-
moscopes. The idea of correcting aberrations in the
eye was suggested in the early 1960s by Smirnov,2

probably independently from previously proposed ap-
plications in astronomy. In the late 1980s, the use of a
segmented mirror to correct low-order aberrations3

and the application of techniques similar to speckle
interferometry in the eye4 were antecedents of current
research in ophthalmic AO. More recently, static cor-
rection of the ocular aberrations by use of deformable
mirrors,5 liquid-crystal spatial light modulators,6 and
phase plates7 was demonstrated in different laborato-
ries. However, since ocular aberrations change over
time,8 real-time closed-loop correction of aberrations
will be required for a variety of practical applications,
for instance, in clinical ophthalmology for high-reso-
lution ophthalmoscopes, in scientific applications
to carry out new experiments in vision, and in the
ophthalmic industry to develop visual simulators. In
most of these cases, and unlike for astronomical or mili-
tary AO applications, a critical factor for ophthalmic
AO is the cost of the corrector devices.

In this Letter we report the development of a proto-
type apparatus for real-time (25-Hz) closed-loop mea-
surement and correction of ocular aberrations that uses
as a correction device a relatively low-cost microma-
chined membrane deformable mirror (MMDM) with
37 channels (control electrodes) from OKO Technolo-
gies.9 This device was proposed for correction of static
aberration in an artif icial eye10 and used in closed-loop
astronomical applications.11,12

Figure 1 shows a schematic diagram of the appara-
tus. A near-infrared (780-nm) diode laser is used for
illumination. A pair of lenses (Li1 and Li2, 200- and
50-mm focal lengths) allows focusing of the beam in
the retina after ref lection in a pellicle beam splitter.
In the second pass, after retinal ref lection, the light
passes another pair of lenses (Lo1 and Lo2, 100- and
200-mm focal lengths) that forms a magnified �23�
0146-9592/01/100746-03$15.00/0
image of the pupil on the MMDM. A motorized
computer-controlled optometer permits correction of
defocus. An additional pair of lenses (Lo3 and Lo4,
200- and 100-mm focal lengths) forms the image of the
MMDM (and the eye’s pupil without magnification) on
the microlenses array of a Hartmann–Shack (HS) sen-
sor13 –15 that measures the ocular aberrations in real
time8 at 25 Hz. We use only a section of MMDM area
(8.6 mm in diameter) corresponding to an effective
pupil diameter of 4.3 mm in the eye. An additional
beam splitter (not included in Fig. 1 for simplicity) is
placed after the MMDM, allowing us to record retinal
images, or the subject to see a test, after correction
of aberrations. The measured ocular aberrations are
fitted with 21 Zernike terms, a number suggested to be

Fig. 1. Schematic diagram (not to scale) of the experimen-
tal setup: BS, beam splitter; M, mirrors; MDM, membrane
deformable mirror; HS, wave-front sensor.
© 2001 Optical Society of America
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adequate for the pupil diameter that was used.14 In
addition, that is the number of modes that can be
produced by the MMDM with enough accuracy.

An important factor in this setup is the moderate
cost of the components. The HS sensor uses a CCD
video camera instead of more-expensive cooled CCD
cameras, and, as was mentioned above, the MMDM is
less expensive than the deformable mirrors typically
used for astronomical applications.

To control the MMDM, we first measured the inf lu-
ence function, wl�x, y�, that represents the membrane
shape obtained in response to a voltage applied to a
particular electrode (index l). The mirror shape, DS,
is measured with the HS sensor and can be expressed
as a Zernike polynomial expansion:

DS �
MX

k�1

dkzk . (1)

However, if we assume that the membrane deforma-
tion can be described as a linear superposition of the
inf luence functions, then

DS �
PX

l�1

clwl . (2)

The inf luence functions are not an orthogonal basis of
the membrane deformations. Nevertheless they can
also be expressed as a Zernike expansion, where bkl
are the elements of a matrix B that are obtained ex-
perimentally by sequential activation of the electrodes
and measurement of the mirror shape with the HS sen-
sor. Then, Eq. (2) can be rewritten as

DS �
PX

l�1

cl
MX

k�1

bklzk , (3)

and, combining Eqs. (2) and (3), we established a rela-
tion between coefficients:

dk �
PX

l�1

clbkl, d � Bc . (4)

Equation (4) states that if one wants to produce a
particular mirror shape, e.g., d vector components, the
actuators have to be driven with a set of voltages given
by c components. To compensate the ocular wave
front, we applied a recursive approach. Assuming
that the HS measurement, dm�t�, and the change in
mirror shape are consecutive within a time interval
that is much shorter than the HS measuring rate, the
set of voltages is specified by

c�tn� � M�c�tn21� 2 B21dm�tn�� . (5)

where M represents a convergence factor and B21 is
the inverse of matrix B, computed with the singu-
lar-value decomposition method.12

The device was first tested with an artif icial eye
consisting of a meniscus lens (as the eye’s optics) and
a rotating diffuser (as an artificial retina). Correc-
tion of the static aberrations takes approximately five
iterations, rendering the system capable of following
changes in aberrations at 5 Hz (with a measurement
rate of 25 Hz). This capability permits tracking of
most of the aberration dynamics in the eye.8

Closed-loop correction of the aberrations was
achieved in every normal subject tested so far. Here
we present results for two subjects. Figure 2 shows
the rms and two Zernike terms (coma and spherical
aberrations) as a function of time after activation of
closed-loop correction in subject PA. The wave front
and the associated PSFs for the f irst four iterations
are also included. The results show effective correc-
tion of the aberrations, with a residual uncorrected
wave front of �0.12 mm for a 4.3-mm pupil diameter.
This lower value is due mainly to the limitation of
the MMDM that produces the desired shape in the
convergence algorithm. Figure 3 shows the evolution
of the rms with the closed-loop correction activated
for a younger subject (EB). In this case, there were
some faults in correction, probably because abrupt
changes in accommodation were more diff icult to

Fig. 2. Evolution of the rms error (circles) and two
Zernike coefficients [coma (triangles) and spherical aber-
rations (squares)] versus time in a human eye (subject
PA). A modulus 2p representation of the wave fronts (top
inset) and the associated PSFs of the first four iterations
in the same experiment (bottom inset) are also included.

Fig. 3. Evolution of rms error versus time in sub-
ject EB. A modulus 2p representation of wave fronts
(left-hand inset) and the associated PSFs (right-hand
inset) of the first (top) and fourth (bottom) iterations in
the same experiment.
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Fig. 4. Series of PSFs taken every 0.2 s, estimated from
wave-front data without adaptive correction (OFF) and with
closed-loop correction activated (ON). Both series are for
subject PA.

follow (the accommodation was not paralyzed). For
this subject, the average lower rms was �0.15 mm but
with a larger range of correction (the initial aberration
was 0.7 mm). The effect of closed-loop correction can
be better appreciated by comparison of a series of
real-time retinal images of a point source (computed
from the measured wave fronts) with and without
adaptive correction of the aberrations. The size and
the relative variability of the images provide informa-
tion on the correction performance. Figure 4 shows
a series of retinal images taken every 0.2 s without
(OFF) and with (ON) closed-loop correction activated.

A first, and intuitive, application of this device is its
use as electro-optic “spectacles” to increase visual acu-
ity in normal subjects. However, this kind of device
may also have more important potential benefits in
correcting vision in patients with corneal pathologies,
for whom conventional optics fail. The system can
be also used as a visual simulator to test in advance
the effect of aberrations produced by ophthalmic
devices or refractive surgery, as well as in high-reso-
lution ophthalmoscopes. In conclusion, a prototype
apparatus for real-time closed-loop correction of aber-
ration in the living eye by use of a moderately priced
wave-front corrector has been demonstrated.
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