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It is necessary to know the distribution of the Chinese eye's aberrations in clinical environment to
guide high-resolution retinal imaging system design for large Chinese population application. We
collected the monochromatic wave aberration of 332 healthy eyes and 344 diseased eyes in
Chinese population across a 6.0-mm pupil. The aberration statistics of Chinese eyes including
healthy eyes and diseased eyes were analyzed, and some di®erences of aberrations between the
Chinese and European race were concluded. On this basis, the requirement for adaptive optics
(AO) correction of the Chinese eye's monochromatic aberrations was analyzed. The result
showed that a stroke of 20�m and ability to correct aberrations up to the 8th Zernike order were
needed for re°ective wavefront correctors to achieve near di®raction-limited imaging in both
groups for a reference wavelength of 550 nm and a pupil diameter of 6.0mm. To verify the
analysis mentioned above, an AO °ood-illumination system was established, and high-resolution
retinal imaging in vivo was achieved for Chinese eye including both healthy and diseased eyes.
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1. Introduction

It is well known that the human eye su®ers from low-
and high-order aberrations (HOAs) that greatly
degrade retinal image quality. In 1997, Liang et al.
built the world's ¯rst adaptive optics (AO) system
for the eye and obtained photoreceptor-resolved
high-resolution retinal images in vivo through HOAs
correction.1 Since that time a great number of
papers and reports in this area were published; a
comprehensive and informative review on AO for
high-resolution imaging in the living retina was
made by Williams2 in 2011. During recent years,
many AO high-resolution retinal imaging systems
have been established in lab for experimental study,
including AO fundus cameras, AO Scanning Laser
Ophthalmoscope (SLO) systems and AO optical
coherence tomography (OCT) systems.1,3–10 Many
technological advances have been achieved and a lot
of scienti¯c and pathological studies have been
done.11–15

It is signi¯cant to transit the AO retinal imaging
system from laboratory to clinical application. Since
ocular aberrations have a large individual variabil-
ity, large amplitudes low-order aberrations (LOA)
and small amplitudes HOAs exist simultaneously,16

both of which have serious in°uence on retinal
image quality, design of AO retinal imaging system
for clinical application is a challenging task. Based
on the aberration characteristics of about 100
European healthy subjects, Miller and Roorda
reached a conclusion that, for the 7.5-mm pupil,
correction of aberrations up to the 10th Zernike
order was necessary to reach di®raction-limited
imaging in approximately 95% of the population
and the largest peak-to-valley (PV) error repre-
senting the most demanding condition for AO cor-
rection was 11�m.17 A single corrector was hard to
simultaneously provide high spatial ¯delity and
large dynamic range to fully compensate lower and
higher order ocular aberrations. To address that
issue, a dual deformable mirror (DM) scheme was
proposed, one DM with high spatial ¯delity and the
other with large stroke.18–22 With the development
of the DM, a voice-coil actuated DM with high
spatial ¯delity and large dynamic range was devel-
oped by Imagine Eyes and Alpao, which had ex-
cellent high-order aberrations correction ability
with very large stroke.23,24 Based on this DM, there
are already some commercial AO high-resolution
ophthalmoscopes developed by some companies.

It is necessary to characterize the ocular aberra-
tions in clinical environment for the design of AO
ophthalmoscope. Detailed measurements of the
spatial distribution of wave aberrations have been
made in large populations of healthy, healthy adult
eyes with large pupils,25–27 including the data col-
lected at 10 laboratories (2560 eyes).28 Some re-
search studied the aberration characteristics of
diseased eyes,29–31 including a population of about
24,000 patients from Carl Zeiss Vision's wavefront
database.32 The subjects of the research mentioned
above were mostly European. However, studies
showed that the aberrations were dependent on the
subjects' racial background.33–35 Ocular aberration
characteristics of Europeans cannot be directly used
to guide AO high-resolution retinal imaging system
design for large Chinese population application. A
statistical analysis of Chinese ocular aberrations is
essential to solve this problem.

In the current work, we ¯rst characterized the
Chinese eye's monochromatic aberrations including
healthy and diseased eyes, and concluded some
di®erences of aberrations between the Chinese and
European race. Then the requirement for AO cor-
rection of the Chinese eye's monochromatic aber-
rations was analyzed. To verify the analysis
mentioned above, a dual DM AO °ood-illumination
retinal imaging system was established, and high-
resolution retinal imaging in vivo was achieved for
Chinese eye including both healthy and diseased
eyes.

2. Population Statistics of the Chinese

Eye's Monochromatic Aberrations

The data for ocular aberrations were collected
clinically from the patients in West China Hospital
(Chengdu, China) and the Eye Hospital of
Wenzhou Medical University. The Ethics Commit-
tee of West China Hospital and the Eye Hospital of
Wenzhou Medical University approved this study
and signed informed consent was obtained from all
subjects after they were informed of the procedures
and possible consequence of this study.

2.1. Subjects and instruments

A total of 344 subjects with diseased eyes (age range
22 to 69 years; mean age 41 years; 120 males and
224 females; 108 left eyes and 236 right eyes) were
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recruited as the abnormal group for this study. The
eyes in the abnormal group all su®ered from ocular
diseases such as diabetes retinopathy (n ¼ 110),
glaucoma (n ¼ 72), maculopathy (n ¼ 45), reti-
nopathy (n ¼ 51), amblyopia (n ¼ 34) and diseases
which were not accurately diagnosed (n ¼ 32).
Another group of 332 subjects (age: 43� 14 years)
was recruited as the normal group and admission
criterion was that the subject had no ocular path-
ologic features other than refractive error. A com-
mercial aberrometer OPD-Scan � (NIDEK, Tokyo,
Japan) was used to measure monochromatic aber-
rations in this study.

2.2. Data collection

Before measurements, dilation of pupil and paraly-
sis of accommodation were achieved in both healthy
and diseased eyes with 1% cyclopentolate solution.
The aberrations of each eye were measured three
times and the average result was used. For conve-
nience of subsequent analysis, the ocular aberra-
tions were expressed as their equivalents for a
reference wavelength of 550 nm and a pupil diam-
eter of 6.0 mm. The aberrations were calculated to
the 10th Zernike order for each subject using the
standards recommended by the Optical Society of
America (OSA).36

2.3. Data analysis

Figure 1 shows the distribution of each Zernike
mode in the subjects. The mean values are shown by
the symbols. Error bars indicate � 1 standard de-
viation from the mean. As the values of Zernike
polynomials higher than 8th order are approxi-
mately zero, only the values of the ¯rst eight
Zernike order are shown in the ¯gure.

Several aspects of the data were noteworthy in
both normal and abnormal groups. Firstly, the
LOAs (defocus and astigmatism) took up the major
part of the aberrations in both normal and abnor-
mal groups. The absolute value of LOAs accounted
for over 95% of the absolute value of total wavefront
aberrations in normal group, and the percentage in
abnormal group was 80%. This was mainly because
more than 90% of the eyes in normal group su®ered
from myopia. Secondly, for all high-order Zernike
modes except Zernike Z�1

3 , Z 1
3 and Z 0

4 , the mean
value was approximately zero and the variability

was large. For example, Zernike Z 0
4 in normal group

had amean� standard deviation of 0.05� 0.318�m,
the value in abnormal group was 0.105� 0.503�m.
In addition, the other HOAs (aberrations higher
than 2nd radial order) in abnormal group were sig-
ni¯cantly larger than those typically found in normal
group.

The average values of absolute HOA coe±cients
across the subjects in both groups are shown in
Fig. 2. The sum of absolute coe±cients of HOAs in
abnormal group was 2.417�m over a 6.0mm pupil,
which was 1.5 times larger than the 1.594�m in
normal group. For each Zernike mode of the HOAs,
the ratio of abnormal group to normal group was
generally in the range of 1.1 to 4.5. In addition,
the root mean square (RMS) of HOAs was about

Fig. 1. Mean values of Zernike coe±cients from the 2nd to
the 8th order in the normal group and abnormal group across
a 6.0-mm pupil. The error bars represent plus and minus one
standard deviation from the mean value.
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0.7 �m in abnormal group, 1.4 times of the value 0.5
�m in normal group.

A great number of papers and reports about the
aberrations of European eyes had been published.
In this part, we compared the aberrations in the
normal group with the aberrations of European
eyes that was reported by Porter et al.25 The
aberrations of European eyes were collected for the
5.7-mm pupil diameter which was very close to the
value of 6.0-mm for Chinese eyes. Then we con-
cluded some di®erences of aberrations between the
Chinese and European race. Firstly, the absolute
value of LOAs accounted for over 95% of the ab-
solute value of total wavefront aberrations in Chi-
nese eyes (normal group), which was larger than
the value of 92% in European eyes. This was mainly
because more than 90% of the eyes in Chinese suf-
fered from myopia. Secondly, spherical aberration
had a mean value (� one standard deviation) of
þ0.05� 0.318�m in the Chinese eyes. However, in
European eyes, the value of spherical aberration
was þ0.138� 0.103�m, and the mean value was
about 2.7 times larger than the value in Chinese
eyes. Thirdly, Zernike Z�1

3 and Z 1
3 in Chinese

eyes had mean value deviation of �0.063�m and
�0.024�m, respectively, which were all approxi-
mately zero in European eyes. In addition, the RMS
of HOAs was about 0.31�m in European eyes,
which was calculated based on the data reported in
the paper. In the Chinese eyes, the RMS of HOAs
was about 0.5�m, which was almost 1.7 times larger
than the value in European eyes. In conclusion,

analysis of requirement for AO correction of
the Chinese eye's monochromatic aberrations was
needed, because of the di®erence between the pop-
ulation statistics of Chinese and European eyes.

3. Requirement for AO Correction of
the Chinese Eye's Monochromatic

Aberrations

Two important parameters of the ocular aberrations
for AO correction are spatial-frequency and magni-
tude, which determine the requirements for the
stroke and number of actuators of wavefront cor-
rectors. A larger stroke is needed to achieve e®ective
correction of large-magnitude aberrations. More
actuators with a localized in°uence function are
necessary for the correction of high-spatial-frequen-
cy aberrations (i.e., higher order aberrations).17

For an AO system, the e®ective correction of
aberrations requires the stroke of the corrector to be
no less than the PV value of the aberrations.
Figure 3 shows the PV values of total-order aber-
rations, total-order aberrations without defocus,
and HOAs over a 6-mm pupil in both normal and
abnormal groups. In normal group, the PV value of
the total-order aberrations was 24.1� 10.9�m
(mean � stdev); the PV value of the total-order
aberrations without defocus was 7.1� 2.5�m;
the PV value of the HOAs was 3.9� 1.2�m. As
to abnormal group, the corresponding values were
19.0� 10.05�m, 9.0� 2.75�m, 6.3� 1.6�m.A stroke

Fig. 2. Mean absolute values of Zernike coe±cients from the
3rd to the 8th order in normal group and abnormal group
across a 6.0-mm pupil.

Fig. 3. PV values under three di®erent refraction in both
normal and abnormal group. Mean values were shown by the
symbols. The error bars in this ¯gure indicated � standard
deviations from the mean.
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with maximum deformation of at least 20�m focus
(PV) was needed for re°ective wavefront correctors
such as DM to achieve e®ective correction of the
total-order aberrations for approximately 95% of
the population of both groups.

The distribution of HOAs determines the re-
quirement for actuator number of the wavefront
correctors. The Strehl ratios (SR) measured with
aberrations corrected up to di®erent Zernike orders
in normal and abnormal group are shown in Fig. 4
over a 6.0-mm pupil. Correction of aberrations up
to the 7th Zernike order was necessary to reach
near di®raction-limited imaging (SR� 0.8) for the
normal group, and correction of aberrations up to
the 8th order was needed for abnormal group.

4. AO High-Resolution Retinal Imaging
for Chinese Eye

To experimentally verify that AO system with a
stroke of 20�m focus and ability to correct aber-
rations up to the 8th order could meet the require-
ment for AO correction of the Chinese eye's
monochromatic aberrations, a dual DM AO °ood-
illumination retinal imaging system was estab-
lished, and high-resolution retinal imaging was
achieved for Chinese eyes in both normal and
abnormal groups.

4.1. AO °ood-illumination system

A single DM in our lab was hard to simultaneously
provide high spatial ¯delity for correction of aber-
rations up to the 8th order and large dynamic range
with maximum deformation of at least 20�m focus
(PV).

To address this issue, the dual DM scheme was
adopted, with a 35-element bimorph DM to correct
large amplitude, LOAs and a 169-element PZT DM
to correct high spatial frequency, HOAs. The 35-
element bimorph DM had a 20mm aperture in di-
ameter and the maximum deformation for focus was
20�m, which was described in detail elsewhere,34,35

here we would just introduce the 169-element PZT
DM. The 169-element PZT DM was based on 3-mm
spacing piezoelectric actuators, and it was manu-
factured successfully in our lab recently. The 3-mm
spacing piezoelectric actuators was based on the
characteristic of d31 in PZT. The speci¯cations of
a single actuator are as follows: (1) coupling: 14%,
(2) maximum deformation: � 2�m, (3) maximum
voltage: � 500V. Figure 5 shows the correction ca-
pabilities of the 169-element PZT DM. As shown in
the ¯gure, the ¯rst 45 modes could be corrected
e®ectively, which could ful¯l the task of correcting
for the ¯rst 8th order of ocular aberrations. How-
ever, the use of two DMs increased complexity of
the optical setup and the overall cost of the system.

With the two DMs above, a dual DM AO °ood-
illumination system was established. The schematic
layout of the system is shown in Fig. 6. It consisted
of three sub-systems: (1) AO system for correction
of the aberrations of the eye and the system, (2)
¯xation channel for pupil alignment and imaging

Fig. 4. SR as a function of correction for Zernike order in
normal and abnormal group. Mean values were shown by the
symbols. The error bars in this ¯gure indicated � 2 standard
deviations from the mean. Horizontal dashed line corresponds
to SR for the di®raction limit.

Fig. 5. The correction capability of wavefront errors of the
169-element PZT DM.

Statistical analysis of ocular monochromatic aberrations in Chinese population
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region selection, (3) ¯ber-based light source and
scienti¯c-grade CCD for retinal imaging. The AO
sub-system was the main part of the high-resolution
retinal imaging system. This sub-system consisted
of a beacon light source, a Shack–Hartmann wave-
front sensor (SHWS) for wavefront sensing and
two DMs mentioned above for wavefront compen-
sation. To reduce the speckle e®ects, a super lumi-
nescent diode (SLD; � ¼ 798 nm, �� ¼ 18.8 nm,
P ¼ 10mW) was used as beacon light source in
the AO system. It was placed after the bimorph DM
so that the incoming light can be pre-compensated.
The wavefront error was measured with a SHWS
consisting of a 16�16 lenslet array (f ¼ 15mm;
lenslet diameter ¼ 0.4mm) which sampled the exit-
ing wavefront across a 6-mm pupil and a CCD
camera at its focal plane.

The bimorph DM, PZT DM and SHWS were
matched carefully as shown in Fig. 7. In order to
obtain optimal aberrations correction performance
and AO closed-loop stability with the 16�16 SHWS
used for 35-element bimorph DM,37 the layout
analysis was conducted. According to the results of
layout analysis, the corner actuators was discarded
and only the rest 145 actuators were actually used

Fig. 7. Layout of bimorph DM, PZT DM and SHWS. The
dotted squares represent the lenslets used to sample the pupil,
the fan-shaped lines are the locations of the bimorph DM
actuators, and the circles show the PZT DM actuator positions
and the little squares in the four corners means the PZT DM
actuators which are not used in the system.

Fig. 6. Schematic diagram of dual DM °ood-illumination system for retinal imaging. SLD super-luminescent diode; SM spherical
mirror: SM1 (f ¼ 180mm), SM2 (f ¼ 600mm), SM3 (f ¼ 1050mm), SM4 (f ¼ 195mm); BS beam splitter; M mirror; DM
deformable mirror.
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for the layout. The two DMs were conjugated to the
pupil of the eye. A set of spherical mirrors was used
as the relay optics to match in size the 35-mm PZT
DM with the 20-mm bimorph DM and a 6-mm
pupil. The 35-element bimorph DM was used to
correct large amplitude, LOAs and the residual
HOAs were corrected by the 169-element PZT DM.
A Zernike mode decomposition decoupling control
algorithm was used for dual DMs AO system.38

4.2. Retinal imaging

The AO system was ¯rst tested by correcting the
aberrations of the system itself and trial lenses. A
°at mirror was placed at the position of the eye. The
system was closed-loop with the beacon light and
the light re°ected by the mirror was focused at the
imaging camera. To test the correction accuracy
and correction range of the system, trail lenses with
di®erent power were inserted into the system and
then corrected by DMs. The system could correct
large aberrations up to � 8.0 diopters of defocus and
� 4.5 diopters of cylindrical aberrations, while the
residual wavefront error was about 0.04 �m.

We performed retinal imaging in 15 randomly
recruited human subjects including eyes in normal
group and eyes in abnormal group according to the
correction range of the system. The subjects aged
between 18 and 44 years and they had refractive
errors between 0 and 8.0 diopters. Informed consent
was obtained after a full explanation of the proce-
dures and consequences of this study. Pupil was
dilated with 1% cyclopentolate solution before data
collection. Typical imaging results were shown as
follows.

In order to evaluate the performance of the
dual DM system for eyes in normal group, retinal
images of Subject LB (�2.75 diopter defocus, �0.5
diopter astigmatism, age 26) with healthy eyes were
obtained. Figure 8 shows the RMS wavefront errors
and corresponding SR over iterations. Figure 9
shows the retinal images acquired at the same ret-
inal position with three di®erent modes and the
normalized power spectra of images. As shown in
Figs. 9(a)–9(c), retinal cone mosaic was clearly re-
solvable only with dual DMs correction, which was
consistent with the analysis of the requirement for
AO correction in normal group.

As to evaluate the performance of the dual DM
system for eyes in abnormal group, retinal images of
Subject LL (�2.75 diopter defocus, �0.5 diopter

astigmatism, age 18) were obtained. All the subjects
were recruited in our laboratory, they had no ocular
pathologic features other than refractive error.
However, the distribution of HOAs in Subject LL
was similar to the statistics of HOAs in abnormal
group. Figure 10(a) shows the HOAs of Subject LL.
The HOAs RMS is 0.68 �m, which was approximate

Fig. 8. The RMS wavefront errors and corresponding SR over
iterations for Subject LB.

(a) (b)

(c) (d)

Fig. 9. Retinal imaging results of Subject LB and the nor-
malized power spectra of images. (a)–(c) are the retinal images
obtained without AO correction, with Bimorph DM corrected
and with dual DMs corrected, respectively, the imaging area is
at the retinal location of 2� Nasal and 2� Superior and the ¯eld
of view is 1�. (d) was the normalized power spectra of images
(a)–(c).

Statistical analysis of ocular monochromatic aberrations in Chinese population
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to value of 0.7�m in abnormal group. As shown in
Fig. 10(b), high-resolution retinal image of Subject
LL could be obtained as well, which proved that the
dual-DM system could meet the requirement for AO
correction in the abnormal group.

In conclusion, the retinal imaging results showed
that the dual DM system could meet the require-
ment for AO correction in both normal and abnor-
mal groups, which was consistent with the analysis
of the requirement for AO correction of the Chinese
eye's monochromatic aberrations.

5. Conclusions

In this paper, we collected the monochromatic wave
aberration of 332 healthy eyes and 344 diseased eyes
in Chinese population across a 6.0-mm pupil. The
aberration statistics of Chinese eyes including
healthy eyes and diseased eyes were analyzed, and
some di®erences of aberrations between the Chinese
and European race were concluded. On this basis,
the requirement for AO correction of the Chinese
eye's monochromatic aberrations was analyzed. The
result showed that a stroke of 20�m and ability to
correct aberrations up to the 8th Zernike order were
needed for re°ective wavefront correctors to achieve
near di®raction-limited imaging in both groups for a
reference wavelength of 550 nm and a pupil diame-
ter of 6.0mm. Then an AO °ood-illumination sys-
tem was established, and high-resolution retinal
imaging in vivo was achieved for Chinese eye in
both groups, which con¯rmed the analysis that we
done above. This work could be used to guide AO
ophthalmoscope design for large Chinese population
application.
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