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Abstract: Dual-wavelength retinal imaging adaptive optics systems are suitable for high contrast and resolu-
tion imaging of retinal capillaries. The compensation of the Longitudinal Chromatic Aberrations (LCAs) in
dual-wavelength adaptive systems is researched. The LCA is measured, the measured wavefronts are ana-
lyzed, and the arbitrary wavefront LCA compensation method is given. An adaptive correction experiment is
carried out and the experimental results indicate that the root mean square error of the wavefront is reduced to
0.16 & (A=589 nm) and the retinal capillary resolution is improved to 6 um. This work may be used for the

clinical applications of retinal imaging.
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1 Introduction

Adaptive Optics Systems (AOSs) have been
widely used for retinal imaging to obtain high resol-
ution images of photoreceptor mosaics and retinal
capillaries!"®. High resolution retinal images can en-
able the early diagnosis of numerous ocular and
systemic diseases, such as glaucoma®, age-related
macular degeneration, and diabetes™. Human eyes
are highly sensitive to visible light; thus, the in-
frared waveband is used for wavefront detection and
longtime imaging of the retina. Therefore, almost all
the AOSs utilize near-infrared light to detect aberra-
tions and obtain high resolution images of the
photoreceptor cells using the high reflectivity in the
near-infrared waveband. However, high contrast im-
ages of retinal capillaries can only be acquired at the
visible (530—580 nm) waveband!'“'”. Moreover, in
contrast to the adaptive correction imaging of
photoreceptor cells, tracing and positioning the ca-

pillary must be done many times to obtain their im-

doi: 10.37188/CO.EN.2021-0009

ages. In this process, the detection and correction of
the wavefront and the retina imaging should be per-
formed for every instance of tracking. Infrared light
is suitable for this. After the capillary is positioned
accurately, the imaging light is switched to use vis-
ible light and the high contrast image of the capil-
lary is achieved. Consequently, the dual-wavelength
AOS is needed for high-resolution retinal imaging:
near-infrared light is used to trace and position the
capillary, detect aberrations and observe photore-
ceptor cells, and visible light is used to produce
high-contrast images of the capillaries. Furthermore,
multi-wavelength AOS is used to get more informa-
tion on retinal features (the nerve fiber layer, capil-
lary, and choroid) and improve the contrast of the

14 As the wavelength used for retinal ima-

image!
ging is different to that used for aberration detec-
tion, the Longitudinal Chromatic Aberration (LCA)
must be considered when acquiring high-resolution
images of the retina.

Newton first described the LCA of the human
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eye hundreds of years ago!'’. Then, researchers
measured the LCA of the human eye using different
wavelengths!'*?2, They mainly focused on the effect
of the LCA on the power of the eye, which was used
to design intraocular lenses in cataract surgery. Re-
cently, the compensation methods of LCA were

studied with achromatizing lens®

, moving the
imaging camera or the light source!'**), and using a
filter-based Badal compensator®. The first two
methods cannot compensate for the LCA accurately
due to inter-subject variability and the little mis-
alignment of the lens. The filter-based Badal com-
pensator may compensate for the LCA conveni-
ently in a multi-wavelength optical system. However,
the control operation of Badal is complicated and
only the defocus is compensated. In the paper, we
propose a simple method to compensate for the
LCA in dual-wavelength retina imaging AOS.
Based on this method, we hope to realize high-resol-
ution retinal capillaries imaging with high-contrast.
The concrete work includes: (1) LCA measurement,
(2) LCA compensation method, and (3) application
of LCA compensation in AOs imaging of retinal ca-

pillaries.

2 Longitudinal chromatic aberration
measurement

2.1 Optical layout

To compensate for the LCA, the AOS should
be first measured and analyzed. An optical setup
was established in the laboratory, as shown in Fig. 1.
Two lasers with wavelengths of 589 and 808 nm
were selected as the dual-wavelength optical sour-
ces. The collimated beam is reflected to the eye by
BS3 and focused on the retina, then reflected out
from the eye. The spatial coherence of the laser was
decreased by the diffuser to reduce the speckle arti-
facts. An annular aperture was placed at the conjug-
ated plane of the pupil to eliminate the reflected

light from the cornea. The light reflected from the

retina passed through L7 and L8 and went into a
Shack Hartmann wavefront sensor (SH-WEFES) for
wavefront detection. The SH-WFS, fabricated in-
house, had a microlens array of 20x20, was 3 mm in
diameter, and had an acquistition frequency of 515
Hz. A pupil camera was used to acquire the correct
position of the pupil. A target illuminated by LED

was used for fixation.

- -:_"mL_':-
Laser 1 E L1

Diffuser L2
BSI |~

L4 L3 Laser 2

e
Annular aperture

L7 L8 S-H WFS

=210

Targetﬁ
==Ll
I LED
Fig. 1 Illustration of the optical setup for LCA measure-
ment: two lasers are used with the wavelength of
589 nm and 808 nm

The LCA is the difference between two wave-
fronts acquired at two different wavelengths. Ocu-
lar aberration does not change within 50 ms 7.
Hence, the aberration should be measured immedi-
ately for the two wavelengths. To simultaneously
measure the dual-wavelength ocular aberrations,
two lasers and SH-WFS are controlled with a cer-
tain time sequence, as shown in Fig. 2. The expos-
ure time of the SH-WFS is set to 3 ms to measure
the wavefront accurately, and the total time delay is
10 ms. While giving a start signal, laser 1 and the
SH-WEFS are triggered simultaneously, laser is
turned on with 3 ms for wavefront detection and the
ocular aberration can then be measured at 808-nm
wavelength. With a time delay of 10 ms, laser 2 and
SH-WFES are triggered simultaneously and then the
ocular aberration is measured again at 589-nm

wavelength. Thus, the ocular aberrations are repres-
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ented as instances with no change and the differ-
ence between the two measured wavefronts of the

dual-wavelength are the LCA.

3 ms
Laser 1
3 ms
Laser 2
3 ms 3 ms
SH-WES
10 ms

Fig. 2 Time sequence for system control

2.2 Measured results

Five subjects, between the ages of 24 and 28,
with healthy eyes with myopia with degrees from
100 to 500, were selected as subjects to measure the
LCA. A wavelength of 589 nm was used to image

their retinal capillaries; thus, all the aberrations were

p .
100 5 100 »
200 1200
300 0 300
400 2400 2 400
500k 3500 ,

100 200 300 400 500 100 200 300 400 500
(a) (b)

expressed with A=589 nm. Fig.3 (Color online)
shows the measured wavefronts of subject A. The
LCA was obtained by subtracting the aberration of
808 nm from the aberration of 589 nm and its Root
Mean Square (RMS) value was 1.3 A, as shown in
Fig. 3(c). Fig. 3(d) shows the LCA without the defo-
cus and its RMS value is 0.31 A, which corresponds
to 6 times the diffraction limit. Therefore, although
the defocus is the main component of LCA, the sys-
tem must compensate for the residual LCA to ac-
quire high-resolution images of the retina. The
LCAs of different subjects are shown in Fig.4. The
magnitudes of the LCA of other subjects are similar
to that of subject A. The defocus can be overcome
by moving the imaging camera; thus, we only con-
sider the compensation of LCA without the defocus

in the following.

1 200

T 0.6
~ 3
P > 100 LR 'I°‘4
1 200 0.2
|
i 300" 0
-1 —0 2

2400 ._0 4
_‘/ : -3 500 0’
100 200 300 400 500
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© (d)

Fig. 3 Measured wavefronts of subject A. (a) Wavelength of 589 nm; (b) wavelength of 808 nm; (c) LCA; (d) LCA without

defocus
2.5
= With defocus
20k Without defocus
8 L ]
Sist -
— - =
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~
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Subjects

Fig. 4 Measured LCA for different subjects, with and
without defocus at A=589 nm

3 Arbitrary wavefront LCA compen-
sation method

For the dual-wavelength retinal imaging of the

AOS, the aberration was detected at the 808 nm
wavelength and corrected with the wavefront cor-
rector (WFC). A light source with a wavelength of
589 nm was used for retinal capillary imaging and
the LCA was produced and should be corrected by
the WFC simultaneously and the LCA should be de-
tected and added to the aberration detected at 808
nm. The LCA of the eye varies slowly; thus, it
should be measured and selected correctly for ef-
fective compensation. Consequently, the variation
of LCA with time should be considered first. We
measured the LCA of subject A at time intervals of
5 minutes, 1 hour, 10 hours, 15 hours, 24 hours, 30
hours, and 36 hours, as shown in Fig. 5 (Color on-
line). The wavefronts are similar to a certain extent,
but the LCA changes at different times. The RMS of
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LCA as a function of the time is shown in Fig.6. It
indicates that the RMS of LCA changes minimally

100 200 300 400 500
(@

100 200 300 400 500
(b)
100 ‘ .
200 .
300
400
500 00
100 200 300 400 500
(U]

(e)

100 200 300 400 500

Mo.6 0.6
0.4 100
0.2 200
0
70.2300
- | B]-0.4400
—0.6500

with time. The mean value and standard deviation of
LCA are 0.32 A and 0.032 A, respectively.

100 200 300 400 500 100 200 300 400 500
© (d

g

100 200 300 400 500

100 200 300 400 500
@ (b

Fig. 5 Wavefronts of LCA at different times for subject A. (a) Start; (b) 5 minutes later; (c) 1 hour later; (d) 10 hours later;
(e) 15 hours later; (f) 24 hours later; (g) 30 hours later; (h) 36 hours later

—+LCA
- - -Mean value

O 1 1 1
0 0.06 20 40
Time/h

Fig. 6 Measured LCA at different times for subject A

Because the wavefronts of LCA measured at
different times have a certain similarity (shown in
Fig.5) and the RMS value of LCA almost has no
change (shown as Fig. 6), we select the wavefront of
aberration measured at an arbitrary time to repres-
ent the timely detected LCA. Thus, before adaptive
correction, the LCA should be measured first; then,
while the adaptive correction is started, the meas-
ured LCA is combined into the real-time detected
aberration and will be corrected by the WEFC.
Hence, after adaptive correction, the residual of
LCA may be calculated with:

LCA csiauas = LCAmeasured — LCAarbiLra.ry (D

Which we call the arbitrary wavefront method.
To simulate the correction effect of LCA, the first
wavefront in Fig. 5 was selected as the arbitrary
wavefront and the compensation results are shown
in Fig. 7 (Color online). It is shown that, after com-
pensation, the RMS value of the residual light is
between 0.13 A and 0.18 A, the mean value of the
LCA is 0.16 A with a standard deviation of 0.017 A.

By following the same process, other wave-
fronts in Fig. 5 were chosen successively as the ar-
bitrary wavefront and the mean value of the RMS of
residual are shown in Fig. 8. It indicates that after
compensation, the mean RMS of LCA decreased
from 0.3 A to about 0.15 . The mean RMS of LCA
at different times was averaged again and the com-
puted result shows that, the averaged RMS of LCA
is decreased to 0.158+0.011 A. The LCA compensa-
tions of other subjects were computed and their
mean values are shown in Fig. 9. It indicates that,
after compensation, the mean RMS values of LCA
are reduced to 0.166+0.017 A for different subjects.
Consequently, the arbitrary wavefront compensa-
tion method is a simple and effective method of

compensating for LCA in a dual-wavelength AOS.
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Fig. 7 Calculated compensation of LCA for subject A at different times while the first wavefront of Fig. 5 is chosen as the ar-
bitrary wavefront. The mean value of LCA is 0.16 A with the standard deviation of 0.017. (a) Start; (b) 5 minutes later;
(c) 1 hour later; (d) 10 hours later; (e) 15 hours later; (f) 24 hours later; (g) 30 hours later; (h) 36 hours later

0.6 tion method of LCA, an AOS was built, as shown in

—=— Arbitrary wavefront Fig. 10 (Color online), and mainly consists of the il-
—o— No compensation

o
n

lumination, aberration correction and imaging, pu-

\/\/\/’/' pil monitoring, and target fixation. The illumination

system included two lasers (CNI Inc.) with

N
~

RMS of LCA (1)
(=}
w

02}

N *—‘{'\f/*"f\g/'\q. wavelengths of 589 and 808 nm, which were used
o . for imaging the retinal capillaries and for wavefront
0 0.06 20 40 detection. An annular aperture was placed at the

Time/h

conjugated position of the pupil to eliminate the re-
Fig. 8 Compensation of LCA for subject A at different

times. The mean value of the arbitrary wavefront is flected light from the cornea. The incidence optical

0.158+0.011 X power was lower than the maximum permissible ex-
posure of the ANSI®*%, With the diameter of illu-

o0 mination area being 250 pm, the MPEs of 589 nm
AO'S :ﬁg"?gﬁ{ggg’;‘:ﬁﬁﬁ;’ n and 808 nm are 2 mW and 15 mW respectively. For
TR o et 0
s i ; uW and 300 pW,
z 02 ; ; .} 3 i respectively. The aberration was detected using an

0.1 SH-WES which is the same as that used for the LCA

0 —- - - > - detection. A liquid crystal wavefront corrector (LC-
Subjects WEFC) (BNS, HSP256-0785) was utilized to correct

Fig. 9 Compensation of LCA for different subjects. The the aberration with 256 pixelx256 pixel, 6.14 mmx
mean values of the arbitrary wavefront is 0.166% 6.14 mm aperture, and a frequency of 500 Hz. The

0.017 A. corrected beam goes to an imaging camera that can

be axially moved using an electrically controlled

4 LCA compensation experiment translation stage. The pupil position is observed by a
pupil camera (DVC, DVC-710M), which has 768

To validate the arbitrary wavefront compensa- pixelx484 pixel, and pixels of 8.4 umx9.8 pum in
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size, and a 65 dB signal-to-noise ratio. The target
staring system is used to control the illumination po-
sition of the retina. A Complementary Metal Oxide
Semiconductor (COMS) camera (ANDOR, Zyla
5.5) of 2560 pixelx2 160 pixel, each being 6.5 pm
in size, and having 60% QE, and a 100 Hz frame

rate is used for retinal capillary imaging. To im-

prove the energy utilization ratio of the optical sys-
tem, an open-loop adaptive optics scheme was
chosen for the aberration correction and imaging
system, whose detailed information is described in
Ref.[31]. Fig. 11 (Color online) shows the optical

layout of the retinal adaptive correction and ima-

ging system established on an optical flat.

Fig. 10 Optical layout for the retinal imaging AOS: L1-L13, Lens 1- Lens 13; PBS, polarizing beam splitter; BS, beam split-

ter; an 808 nm laser is used for wavefront detection, tracing and positioning the capillary; a 589 nm laser is used for

high contrast imaging of the capillary; the collimated beam comes from the illumination system and is reflected into

the eye, and then reflected again out from the eye by the retina; this reflected light is detected and corrected by the ad-

aptive optics system and imaged with an imaging camera; the pupil position is observed by the pupil monitoring sys-

tem and the eye is fixed with the target staring system

7 i

:*._.:
Annular aperture u

Fig. 11 Experimental configuration of the AOS on an optical flat
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First, the LCA was measured with the method
described in Section 2. Then, an adaptive correction
experiment was performed with the compensation of
the LCA. To do the comparison, an adaptive correc-
tion was done without the compensation of LCA. A
Field Of View (FOV) of 250 um was selected for
retinal imaging, and the resolution of the optical
system was approximately evaluated with the dia-
meter of the capillary®**3. Fig. 12 (Color online)
shows the experimental results for subjects A and C.
It indicates that, before correction, the aberrations of
subjects A and C were 1.68 A (Fig. 12(a)) and 1.71 A
(Fig. 12(e)), respectively, which were detected at the
808 nm wavelength. Adaptive correction was per-
formed without LCA compensation and the distor-
tions were reduced to 0.31 A (Fig. 12(b)) and 0.307 A
(Fig. 12(f)), for subjects A and C, respectively.
Moreover, the resolutions of the retinal capillaries
were 13 pum (Fig. 12 (c)) and 14 pm (Fig. 12 (g)),
for subjects A and C, respectively. With a pupil dia-
meter of 6 mm, the diffraction-limited resolution
was 2.2 um at a wavelength of 589 nm. Con-
sequently, the image resolution decreased by 6 times
the diffraction limit for RMS=0.31 A. Thus, the im-

3
Subject A
400 |

500 ~ 4 3500/

age resolution should be 13.2 um, which was com-
patible with the size of the retinal capillaries shown
in Figs. 12 (¢) and 12 (g). Then, the LCAs were
counteracted and aberrations of subjects A and C
decreased to approximately 0.16 A and 0.15 A, re-
spectively, according to the calculated results in
Fig. 8. The resolutions of the retinal capillaries were
improved to 6 um (Fig. 12 (d)) and 7 um (Fig. 12
(h)) after LCA compensation. Theoretically, the im-
age resolutions should be improved to 1.7 and 1.5
times the diffraction limit and 4 um and 3 um retin-
al capillaries will be resolved, which corresponds
to subjects A and C. The retinal capillaries with
sizes of 6 pum and 7 pm were observed for subjects
A and C. We think that this is caused by actual ca-
pillary size but not correction accuracy. Of course,
for the other three subjects, similar results were ob-
tained too. Therefore, using the LCA compensation
method, the image resolution can be greatly im-
proved for the dual-wavelength adaptive correction
system and a resolution of 4 uym may be acquired.
The retinal capillary size is approximately 5 pm;
thus, LCA compensation is valid for clinical applic-

ations.

100 200 300 400 500
(@) (b)

100 200 300 400 500

" :
100 2 100
; 300 300 - ‘
Subject C . 4 ‘ ! J
400 | 400+ . 0.5
500 500 . S

100 200 300 400 500
© ®

100 200 300 400 500

(& ()

Fig. 12 Experiment results of adaptive correction and LCA compensation for subjects A and C. (a) Measured aberration at

808 nm for subject A; (b) wavefront of LCA for subject A; (c) image of retinal capillary without LCA compensation

for subject A; (d) image of retinal capillary after LCA compensation for subject A; (¢) measured aberration at 808 nm

for subject C; (f) wavefront of LCA for subject C; (g) image of retinal capillary without LCA compensation for sub-

ject C; (h) image of retinal capillary after LCA compensation for subject C
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5 Conclusion

An LCA compensation method is proposed for
a dual-wavelength retinal imaging adaptive optics
system. First, the LCAs of the human eye were
measured in 5 subjects. An optical setup was estab-
lished in the laboratory with dual wavelengths of
589 and 808 nm. The measured results showed that
the RMS of LCA without defocus was 0.31 A or so.
Then, subject A was chosen as an example for the
analysis. The LCA of subject A was measured at
different times and results showed that its RMS
changed minimally with time and the wavefronts of
LCA measured at different times showed similarit-
ies. Hence, arbitrary wavefronts were selected as the
aberrations to do the compensation. Calculated com-
pensation results indicated that the LCA is reduced

from 0.32 A to 0.158 A. Moreover, the comparison
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