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Abstract: Adaptive optics (AO) techniques allow to measure and manipulate the wavefront aberrations in real time.
This technology was first successfully applied to the manipulation of ocular aberrations, and high resolution retinal
images and “supernormal vision” were achieved in vivo for the first time in 1997. Subsequently, adaptive optics were
developed rapidly in ophthalmology. This field includes two main directions: high resolution imaging of the retina and
the research of ocular aberrations manipulation and its influence on visual function. In 2011, professor D. R. Williams
from Rochester University and Professor Austin Roorda from California University made two comprehensive over-
views on retinal high-resolution imaging and ocular aberrations manipulation and its influence on visual function,
respectively. In 1997, reseachers in Institute of Optics and Electronics took the lead in developing of adaptive optics
technology in China. This article firstly introduces the principle of ocular adaptive optical system briefly, and then
reports the main research progress of Institute of Optics and Electronics in this field for the last five years.
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Fig. 2 Schematic diagram of adaptive optical perceptual learning system
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Fig. 3 (a1)~(d1) Contrast sensitivity function and its benefit for normal adults pre- and post-training with and without correction of
high-order aberrations (HOAs). (a1) Average results trained under the HOAs-corrected condition’®; (b1) Average post-and pre-training
CSFs without HOAs-corrected; (c1) Average improvements of contrast sensitivity with and without HOAs-corrected; (d1) Average
magnitude of contrast sensitivity improvements across observers and spatial frequencies. (a2)~(d2) Improvements in the CSF after
perceptual learning for older children and adults with anisometropic amblyopia. (a2) Pre- and post-training CSFs for amblyopic eyes
with AO correction'®; (b2) Average improvements in CSF with AO correction (dB) as a function of pre-training amblyopic VA (logMAR);
(c2) The learning effect with AO correction is maintained under the condition without AO correction for the amblyopic eyes; (d2) The
learning effect with AO correction is transferred to the untrained fellow eyes
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Fig. 4 Schematic of binocular adaptive optical visual simulation system!"!
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Fig. 5 (a1)~(c1) Stereoacuity versus viewing duration under different optical conditions for the three subjects!'\. Blue squares
represent stereoacuity with baseline correction, green circles and red triangles represent stereoacuity with binocular and better eye
correction. (a2)~(d2) Stereo threshold versus exposure duration under different optical conditions for the 4 subjects on linear

scales!'. The blue squares represent stereoacuity with basic correction of defocus and astigmatism, the green circles and red
triangles represent stereoacuity with binocular and better eye correction
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Fig. 7 (a) The typical DP PSF images measured at the fovea for the left eyes of subjects in AO-DPPMS system with different
aberration correction strategies!®. First row, DP images with defocus and astigmatism corrected in the AO-DPPMS system;
second row, DP images with aberrations corrected up to the 5th Zernike order with AO-DPPMS system; third row, DP images with
aberrations corrected up to the 8th Zernike order with AO-DPPMS system; (b) Linear fit of impact factorys (Qus) versus the sum of
impact factoryoas (Quoas) and impact factorscater (Qscatter). Each point represent an average value across subjects for a spatial

frequency. Blue circles stand for results obtained with filter S0.5; green triangles stand for results obtained with filter S1; magenta
diamonds stand for results obtained with filter S2. The solid line represent the fitting line; the dotted line stand for the line y= x

170703-8



DOI: 10.12086/0ee.2018.170703

(@) () N, P,
N, N, P, N,
VEP P,
N,
t P,
VEP N, (p<0.05)
N,
VEP VEP
VEP
VEP
VEP 3.5 ETHERMEMLZHIIMER1G SR
AO
8 33 AO AO
VEP
Bits# OLED
VEP

2017

VEP 9 12 (24
VEP (1)
SM,

AP

SLD
L4

Wavefront _I
sensor [~ BS:

PR-VEP
acquisition
circuit

_%-{H/Ms

OLED L,

|

K
I M3 le
| Badal |

| focus |
Icorrectoq

SM;  SM;

B8 AEMAFEINANEEZGRER
Fig. 8 AO system integrated visual performance evaluation with pattern reversal VEP measurements

170703-9



DOI: 10.12086/0ee.2018.170703

X k y
~ & * 7 n x
¥=F(.0),
y=x*k+n (1) 0
@ 45 . g
15 .':OAA‘S correctl-on (@ [ BLOAs correction
. mHOAs correction 110 : ®HOAs correction
S 0 g 9t
: g o
= g T0f
AP YTT
z P
0
1 2 4 8 12 16 1 2 4 8 12 16
Spatial frequency/(c/d) Spatial frequency/(c/d)
b e
(b) 15 mL.OAs correction (e) [ mLOAs correction
> mHOAs correction 140 t BHOASs correction
> I
T 10} £ 120
2 2z
= @ 100
§ sl &
by a 80
0 60
1 2 4 8 12 16 1 2 4 8 12 16
Spatial frequency/(c/d) Spatial frequency/(c/d)
© 157 =LOAs correction ® i 8LOASs correction
HOAs correction 170 ®HOASs correction
> !
= -0 € 150
S =
S %)
2 c
= @ 130
£ o
o 2 110
=z
0 90
1 2 4 8 12 16 1 2 4 8 12 16
Spatial frequency/(c/d) Spatial frequency/(c/d)
B9 MM EEAHNGELET VEP & e T34 R
Fig. 9 Average VEP magnitude with low-order aberrations corrected and with high-order aberrations corrected
Y:Blurred X: Restored
image(input) Conv.1  Relu.1 Conv.n  Relu.n Conv.5 image(output)

- co-le @ ® g-:-___ ~—r----1e ® e~

Feature extraction Non-linear mapping Reconstruction
and representation

B{10 M&shcal., BRBEGETRARERR, ERRRMAENERTLREE, N
o 89 S ARiEF  HAF

Fig. 10 Network structure. A blurred image goes through layers and transforms into a restored one, we use 64
filters for each convolutional layer and some sample feature maps are drawn for visualization

170703-10

2)



DOI: 10.12086/0ee.2018.170703

=R b S g
@ BlQ|store: @4.90 ’ (b) B|Qlstqre; 47-48, -,
Error rate1x9.34%: « Error ratel; 4.25% .
Error rate2:6.01%-_ ErtorJate2: 3.41%.
c 5o et e et d 100 - - - - - v -
© B|Q|seore:‘§8,32_ A ¢ @ — Power spectra of image a
:Err'o'r Al Tt : — Power spectra of image b
230/ - e — Power spectra of image ¢
2 =) 102
o
5]
2
o
[oN
©
g 10*
©
£
S
z
10°

0 25 50 75 100 125 150 175 200

Spatial frequency/(c/deg)

B11 ARBEEGEELER, (@) BREEL; (b) BAMZRELRER, (©) HAKLTE B KA
S Bk AL B4 R (d) AR AR )E— s R, RUEH 50 um
Fig. 11 Deconvolution results of a retinal image captured by AOSLO system. (a) Original image (0.9 mm eccen-

tricity from the foveal center); (b) Restored by the proposed method; (c) Restored by the ALM method; (d) The
corresponding normalized image power spectra, the scale bar is 50 um

y F(»,0)

1)

=+
4 B 4

10 2)

3) 20
11

170703-11



DOI: 10.12086/0ee.2018.170703

B

[11

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

Liang J Z, Williams D R. Aberrations and retinal image quality of
the normal human eye[J]. Journal of the Optical Society of
America A, 1997, 14(11): 2873-2883.

Williams D R. Imaging single cells in the living retina[J]. Vision
Research, 2011, 51(13): 1379-1396, doi: 10.1016/j.visres.2011.
05.002.

Roorda A. Adaptive optics for studying visual function: A com-
prehensive review[J]. Journal of Vision, 2011, 11(5): 6.

Rossi E A, Weiser P, Tarrant J, et al. Visual performance in
emmetropia and low myopia after correction of high-order aber-
rations[J]. Journal of Vision, 2007, 7(8): 14.

Chen L, Artal P, Gutierrez D, et al. Neural compensation for the
best aberration correction[J]. Journal of Vision, 2007, 7(10): 9.
Elliott S L, Choi S S, Doble N, et al. Role of high-order aberra-
tions in senescent changes in spatial vision[J]. Journal of Vision,
2009, 9(2): 24.

Dai Y, Zhao L N, Xiao F, et al. Adaptive optics vision simulation
and perceptual learning system based on a 35-element bimorph
deformable mirror[J]. Applied Optics, 2015, 54(5): 979-985.
Zhou J W, Zhang Y D, Dai Y, et al. The eye limits the brain’s
learning potential[J]. Scientific Reports, 2012, 2: 364, doi:
10.1038/srep00364.

Liao M, Zhao H X, Liu L Q, et al. Training to improve contrast
sensitivity in amblyopia: correction of high-order aberrations[J].
Scientific Reports, 2016, 6: 35702, doi: 10.1038/srep35702.
Liang B. Effects of adaptive optics correction of ocular aberra-
tions on binocular summation[D]. Chengdu: Institute of Optics
and Electronics, Chinese Academy of Sciences, 2013.

Fok. BE R AR KBTI E AR 69 %At T [D]. ARAR:
P & A5 ok AR AT, 2013,

Kang J, Xiao F, Zhao J L, et al. Effects of higher-order aberration
correction on stereopsis at different viewing durations[J]. Journal
of Biomedical Optics, 2015, 20(7): 075005.

Kang J, Dai Y, Zhang Y D. Temporal integration property of
stereopsis after higher-order aberration correction[J]. Biomedical

(13]

[14]

(18]

[16]

(7]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

170703-12

Optics Express, 2015, 6(11): 4472—-4482.
Kang J. Effect of ocular higher-order aberration correction on
stereopsis and binocular accommodation[D]. Chengdu: Institute
of Optics and Electronics, Chinese Academy of Sciences, 2016.
Bl AR B MR EAR B 3 S ARAIL T Ao SRR 5 0 % o0 A 50D
FRAR: B A R B AR B AT, 2016.
IJspeert J K, de Waard P W T, van den Berg TJ T P, et al. The
intraocular straylight function in 129 healthy volunteers; De-
pendence on angle, age and pigmentation[J]. Vision Research,
1990, 30(5): 699-707.
Artal P, Benito A, Pérez G M, et al. An objective scatter index
based on double-pass retinal images of a point source to classify
cataracts[J]. PLoS One, 2011, 6(2): e16823.
Guell J L, Pujol J, Arjona M, et al. Optical quality analysis system;
instrument for objective clinical evaluation of ocular optical qual-
ity[J]. Journal of Cataract and Refractive Surgery, 2004, 30(7):
1598-1599.
Benito A, Pérez G M, Mirabet S, et al. Objective optical as-
sessment of tear-film quality dynamics in normal and mildly
symptomatic dry eyes[J]. Journal of Cataract & Refractive Sur-
gery, 2011, 37(8): 1481-1487.
Nanavaty M A, Stanford M R, Sharma R, et al. Use of the
double-pass technique to quantify ocular scatter in patients with
uveitis: A pilot study[J]. Ophthalmologica, 2011, 225(1): 61-66.
Pifiero D P, Ortiz D, Alio J L. Ocular scattering[J]. Optometry and
Vision Science: Official Publication of the American Academy of
Optometry, 2010, 87(9): E682—-E96.
Artal P, Iglesias |, Lopez-Gil N, et al. Double-pass measure-
ments of the retinal-image quality with unequal entrance and exit
pupil sizes and the reversibility of the eye’s optical system[J].
Journal of the Optical Society of America A, 1995, 12(10):
2358-2366.
Zhao J L. Objective assessment of ocular scatter and its influ-
ence on visual function[D]. Chengdu: Institute of Optics and
Electronics, Chinese Academy of Sciences, 2017.
ME B ANRBHEILEN B2 fe % oa HE R D], AR
A I e H AR 5T AT, 2017.
Zhao J L, Xiao F, Kang J, et al. Quantifying intraocular scatter
with near diffraction-limited double-pass point spread function[J].
Biomedical Optics Express, 2016, 7(11): 4595—-4604.
Zhao J L, Xiao F, Zhao H X, et al. Effect of higher-order aberra-
tions and intraocular scatter on contrast sensitivity measured
with a single instrument[J]. Biomedical Optics Express, 2017,
8(4): 2138-2147.
Xiao F, Zhao J L, Zhao H X, et al. Deblurring adaptive optics
retinal images using deep convolutional neural networks[J].
Biomedical Optics Express, 2017, 8(12): 5675-5687.



DOI: 10.12086/0ee.2018.170703

Ocular aberrations manipulation with
adaptive optics and its application

Dai Yun!?Z*, Xiao Feil?, Zhao Junleil?, Kang Jian!?,
Yang Yanrong!23, Zhao Haoxin!?2, Zhang Yudong?2

'Key Laboratory of Adaptive Optics, Chinese Academy of Science, Chengdu, Sichuan 610209, China;
Institute of Optics and Electronics, Chinese Academy of Science, Chengdu, Sichuan 610209, China;
*University of Chinese Academy of Sciences, Beijing 100049, China

Imaging | | Wavefront SLD
|camera| sensor

SM,

SM;

SM,

1

1
Hyperopia 'Badal focu
yperop <:i corrector

Schematic diagram of the adaptive optics double pass PSF measurement system

Overview: Adaptive optics (AO) techniques allow to measure and manipulate the wavefront aberrations in real time. In
1997, reseachers in Institute of Optics and Electronics (IOE) took the lead in developing of adaptive optics technology in
China. This article firstly introduces the principle of ocular adaptive optical system briefly, and then reports the main
research progress of IOE for the last five years. In 2012, we measured the effects of perceptual learning on visual sensi-
tivity with and without HOAs-correction both for normal adults, and older child and adult anisometropic amblyopes.
We found larger and more robust contrast sensitivity improvements when the HOAs were corrected than when they
were left uncorrected. In 2014, we investigated the effects of ocular aberrations on the binocular vision functions. Re-
sults showed that ocular aberrations had an inequable effect on the different binocular vision functions. In 2016, an
adaptive optics double pass (DP) system was designed and developed for ocular scatter estimation. The experimental
results showed that this system could improve the accuracy of ocular scatter estimation. Then we investigated the effect
of HOAs and intraocular scatter on contrast sensitivity. Quantitative analysis suggested a potential compensatory me-
chanism between HOAs and intraocular scatter on contrast sensitivity. In 2016, an AQO pattern reversal visual evoked
potential (PR-VEP) measurement system was established. PR-VEP measurements were performed with HOAs either
retained or corrected. The results confirmed the contributions of the HOAs to the alterations in PR-VEP, and suggested
that HOAs should be corrected to realize accurate PR-VEP testing. In 2017, we proposed a deep learning method to
restore the degraded retinal images. The method directly learned an end-to-end mapping between the blurred and res-
tored retinal images. The mapping was represented as a deep convolutional neural network. This network was validated
on synthetically generated retinal images as well as real AO retinal images. The assessment of the restored retinal images
demonstrated that the image quality had been significantly improved.
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