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According to ocular aberration property and liquid crystal (ILC) corrector characteristics, we calculated the
minimum pixel demand of the LC corrector used for compensating large ocular aberrations. Then, an ac-
commodation based optical configuration was introduced to reduce the demand. Based on this an adaptive
optics (AO) retinal imaging system was built. Subjects with different defocus and astigmatism were tested to
prove this. For myopia lower than 5D it performs well. When myopia is as large as 8D the accommodation
error increased to nearly 3D, which requires the LC corrector to have 667 X 667 pixels to get a well-corrected

image. © 2008 Optical Society of America
OCIS codes: 170.3890, 230.3720, 010.1080,.

Fundus imaging is one of the most important tech-
niques for detecting and diagnosing human diseases
that influence the retina. The basic instruments usu-
ally used include a fundus camera, optical coherence
tomography (OCT), and a scanning laser ophthalmo-
scope (SLO). They have nearly 10 um resolution ow-
ing to the aberrations of the eye. Although spectacles
have been used to correct defocus [1] and astigma-
tism [2], they still leave uncorrected aberrations such
as spherical aberration, coma, and a host of irregular
aberrations, e.g., a blurred fundus image. For larger
pupil diameters this degradation became even worse.

In 1961, Smirnov first suggest improving the opti-
cal performance of the eye by compensating for its ab-
errations [3]. In 1994, Liang et al. introduced the
Shack-Hartmann wavefront sensor (SH sensor) for
measuring the eye’s aberration [4]. Based on this, a
high-resolution retinal imaging adaptive optics (AO)
system was built [5]. The AO technique has found a
home in vision science, where it is used to further our
understanding of the human retina [6].

Most AO retina imaging systems only correct high-
order aberrations. Usually, trial lenses [7] and a four
mirror subsystem [8] were used to correct defocus
and astigmatism. The drawback is the necessity of
maintaining accurately the distance between the eye
and this instrument, because variation of this dis-
tance will have an influence on the aberrations. The
approach is also restricted to a small field of view
(FOV), since an intermediate image will tend to be
rather large with an increasing FOV. If we want to
compensate all the aberrations by the AO system, a
large correction depth for low-order aberrations and
enough spatial resolution for high-order aberrations
will be needed. Consider that for a conventional de-
formable mirror (DM) to achieve a high precision cor-
rection it should also have at least 4N-2 (N repre-
sents the Zernike polynomial order) actuators
positioned outside the correction area for a continu-
ous facesheet DM and 2N +1 for bimorph and mem-
brane DMs, resulting in a larger physical size and
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more actuators [9]. It is hard and expensive to manu-
facture a DM that meets all these demands. Chen
[10] has reported a high-resolution AO-SLO with
dual DMs. A bimorph mirror and a microelectro-
machined systems DM were used to correct low- and
high-order aberrations, respectively. Based on this,
nearly +3D large aberrations can be well corrected,
and it effectively eliminates accurate refractive error
fitting of the patients, which is crucial in clinical set-
tings. However, patients with a very large refractive
error may still need a coarse adjustment using a trial
lens or optometer [10]. The compensation is still lim-
ited, and the whole system is very expensive and
complex.

A liquid crystal (LC) corrector is more suitable for
this. It usually has millions of pixels, which makes it
possible to use a phase-wrapping technique to in-
crease the correction depth without any loss of spa-
tial resolution. Previous work has proved its avail-
ability for large aberration compensation with small
pupils [11].

In this Letter, we discuss the capability of a L.C on
silicon (LCOS) corrector used for compensating large
eye aberrations under large pupils. According to ocu-
lar aberration properties and LCOS corrector charac-
teristics, we calculated the minimum pixel demand
for large aberration corrections. Then, an
accommodation-based optical configuration was in-
troduced to reduce the demand. Based on this, a
high-resolution AO retina imaging system was built.
Subjects with different low-order aberrations were
tested. For myopia lower than 5D, it performs well.
When myopia is as large as 8D the accommodation
error increased to nearly 3D, which requires the
LCOS corrector to have 667 X 667 pixels to get a well-
corrected image.

A previous study found that low-order aberrations
were the dominant aberrations of the eye. They con-
tribute over 86% of the wavefront error (WFE) in root
mean square (RMS) for a 7 mm pupil [12]. Miller [13]
confirmed that for a 6 mm pupil the LC corrector
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Fig. 1. Minimum pixel requirement for different diopters.

with 72X 72 pixels can only handle 1D defocus,
where it just reaches a Strehl of 0.8 corresponding to
0.07\. WFE in RMS. From his simulation the pixel
number is linearly related with diopter for a 0.8
Strehl ratio, which indicates that nearly 600
X 600 pixels could correct diopters up to 8D [13]. Ac-
cording to this, the edge quantified level is no more
than 3, and the diffraction efficiency is as low as 68%,
which will impact the detection accuracy for closed-
loop applications. Our previous research has realized
that the quantified level must larger than 10 to main-
tain nearly 85% diffraction efficiency and a continu-
ous wavefront profile, concerning the pixel mismatch
and black matrix [14,15]. For the eye, the quantified
level will mostly rest with low-order aberrations. So,
we use a spherical wave model to evaluate the quan-
tified level for different diopters. The radius of the
spherical wave is defined as r=1000/D (mm), where
D represent diopter.

The wavefront profile along the pupil radius d can
be expressed as

¢(x,D) = 1000/D - [(1000/D)? - x2]V2, (1)

where —d <x<d is an arbitrary point along the pupil
radius. It has the largest gradations at the pupil
edge. We only need to check whether it reaches ten
quantified levels at the pupil edge. For a 6 mm pupil,
it can be expressed as

¢(3’D) - ¢(x17D) =0.1 XA\, (2)

The pixel number along the pupil diameter can be
calculated by

N(D)=6/(3 -x1), 3)

where (3-x;) represents the maximum pixel pitch at
the edge.

According to this the minimum pixel demand for
myopia 1D to 8D for a 6 mm pupil is shown in Fig. 1.
It indicates that with the LC corrector that has over
17811781 pixels we can correct over 8D diopters
without any trial lens compensation, theoretically. To
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Fig. 3. (Color online) WFE and retina image of CL (a),(c)
before and (b),(d) after correction.

reduce the pixel requirement and extend the correc-
tion capacity, we optimized the AO system.

A conventional AO system uses an infinite object to
stabilize the eye at a relaxed condition. We know that
the eye can accommodate to a finite distance target,
which means automatic correction of myopia. It in-
duced the reduction of aberration, which could reduce
the demand on pixels for the LLC corrector. For a dif-
ferent diopter D, this finite distance equals to 1/D m.
Under this adjustment, we can correct over 8D diopt-
ers theoretically without too many increases on the
WFE.

Figure 2 shows the layout of the AO retinal imag-
ing system. An 808 nm laser was used for illumina-
tion. A cross line target positioned 200 mm before the
eye was used for stabilization. When a subject fo-
cuses on it, light reflected from the fundus will be
concentrated at the same distance before the eye.
Such a configuration ensures the detected defocus re-
mains zero for subjects with myopia up to 5D. Conju-
gating lens pairs L1-L2, LL3-14, and L4-L5 conju-
gated the eye pupil with the P, the LCOS plane, and
the SH sensor, respectively. The LCOS corrector
manufactured by BNS Corporation has a 7.68
X 7.68 mm active area and 512X 512 pixels with a 27
phase modulation depth. The frame rate is 200 Hz.

Three subjects with natural pupils and with differ-
ent myopia and astigmatism were measured in a
laboratory. Room lights were dimmed to maintain an
approximately 6 mm pupil diameter. The correspond-
ing area of the LCOS corrector was 6.6 mm in diam-
eter with 440 X 440 pixels.

First, subject CL with 5D myopia was tested. The
target distance was set to 200 mm. The average WFE
in nearly 10 s in peak-valley (PV) before and after
correction was 1.9 and 0.06 um, as shown in Figs.
3(a) and 3(b), respectively. The fundus image after
correction shown in Fig. 3(d) reached the diffraction
limited resolution. It proves that the accommodation-
based technique reduced the WFE to nearly 0.4D.
Then, subject MX with 3D defocus and 2D astigma-
tism was tested. Because the accommodation can
only reduce the defocus WFE, the observed WFE was
6 um in PV, which is mainly the astigmatism and in
the range of LCOS correction capability. The correc-
tion precision was 0.12 um in PV shown in Fig. 4(b).

Fig. 2.
system.

(Color online) Optical layout of the retinal imaging

(Color online) WFE and retina image of MX (a),(c)
before and (b),(d) after correction.

Fig. 4.
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Fig. 5. (Color online) WFE for subject ZP with 8D myopia.

The fundus image was shown in Figs. 4(c) and 4(d).

Then, the target was set to 125 mm before the eye
pupil to match the subject ZP who has 8D myopia. All
the components at the left of lens L.2 were moved to-
gether at the same time to change the distance be-
tween lens L1 and L2 to ensure the parallel light out-
put. The subject was asked to focus on the cross line
target until a clear observation was reached. But the
detected WFE still remains 10.2 um, as shown in
Fig. 5, which is nearly 2.3D and exceeds the correc-
tion possibility.

This was not what was anticipated. We consider
that it is related to the accommodation error. It has
been reported that observers failed to accommodate
“accurately” both at low and high dioptric stimulus
levels. The increased errors in focus for near targets
were evident and the exact value of the accommoda-
tive lag showed a significant intersubject variability
[16]. According to the detected WFE the accommoda-
tion error for ZP and CL are 2.27D and 0.4D, respec-
tively, which is congruous (in the fluctuation range)
with [16].

In summary, we calculated the minimum pixel de-
mand for high amplitude WFE correction. An
accommodation-based technique was introduced to
reduce the pixel requirement and extend the correc-

OPTICS LETTERS / Vol. 33, No. 24 / December 15, 2008

tion capacity. The experiment proves that it is fea-
sible. It has the best performance for myopia of no
more than 5D. The deviation due to the accommoda-
tion error increases linearly with the target vergence.
The maximum accommodation error for the 8D is
nearly 3D. So, the pixel demand for the LC corrector
can be reduced from 1781X 1781 to 667 X667 for a
good correction of 8D diopters. However, this
accommodation-based technique can correct only
myopia. For a large astigmatism, which exceeds the
dynamic range of the LC corrector, a spectacle com-
pensator may be needed and can be inserted in posi-
tion P in Fig. 2.
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