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In the human eye, accommodation is essential for functional vision. However, the mechanisms
regulating accommodation and the ocular parameters affecting aberrations remain to be ex-
plored. In order to measure the alterations of ocular aberration and crystalline lens biometry
during dynamic accommodative stimuli, we designed an optical coherence tomography with
ultra-long penetration depth (UL-OCT) combined with a Shack-Hartmann wavefront sensor
(SHWEFS). This integrated set up measures human eye’s anterior segment as well as mono-
chromatic high-order aberrations (HOAs) with 6 gm resolution and (1/20) X accuracy. A total of
10 healthy volunteers without ocular diseases were examined. Upon exposure to accommodative
stimuli, the wavefront aberrations became larger. Among the anterior segment biometry, the
anterior crystalline lens demonstrated significant curvature during accommodation and was the
major cause of high-order aberration. These findings suggest that the front surface of the crys-
talline lens can significantly affect variation among aberrations, which is a key factor underlying

the quality of human vision.
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1. Introduction

Accommodation is the process by which the human
eye changes its optical power to form a clear image
on retina with changing distance. Previous work by
Helmholtz and Schachar has shown that altering
the curvature of both anterior surfaces and poste-
rior surfaces of crystalline lenses plays a critical role
in dynamic accommodation.? Crystalline lenses
continue to grow throughout life, and their shape

and structure undergo significant changes with
age.” In order to identify the mechanisms underly-
ing accommodation and age-related hyperopia, it is
necessary to study the biometric changes of the
crystalline lens in response to dynamic stimuli.*
Many imaging techniques have been developed
and used in order to examine crystalline lenses
in vivo.” " optical coherence tomography (OCT)
can perform rapid, noncontact, cross-sectional, high
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resolution imaging that is widely used for examining
the anterior segment.®Y Near-infrared light sources
can be used during image capture, which allows
the eye to maintain its original accommodative
positioning. This ability to capture ocular images
without altering accommodation makes OCT highly
advantageous for research in vivo.

The purpose of accommodation is to form a clear
image on retina, but this process is not perfect.
Unwanted wavefront aberrations, including defo-
cus, coma, astigmatism, spherical aberrations, and
some high-order aberrations (HOA), may become
apparent during accommodation. Shack—Hartmann
wavefront sensors (SHWF'S) have been widely used
in the measurement of ocular aberrations because of
their high accuracy and ability to produce results
in real time.'’ Investigating the effects of ocular
aberrations on accommodation is important for
understanding how the human eye regulates the
quality of images produced. Since crystalline lenses
are the primary part of the eye that changes in re-
sponse to focusing, it is believed that ocular aber-
ration and crystalline lens biometry during dynamic
accommodation has high correlation.”

Recently, we have succeeded in imaging the en-
tire crystalline lens and measuring its biometry
using spectral domain OCT with ultra-long pene-
tration depth (UL-OCT).!! In order to evaluate
anterior segment biometry and ocular aberrations
simultaneously, we have combined UL-OCT with a
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customized SHWFS.? In this study, we measured
alterations in ocular aberrations and crystalline lens
biometry and investigated their relationship during
dynamic accommodation.

2. Experimental Design

Figure 1 shows the integrated UL-OCT and SHWFS
system. The UL-OCT is based on the common
spectral domain OCT schematic. This system
achieves 6.0 um axial resolution by using 840nm
center wavelength and 50 nm bandwidth super lu-
minescent diode (SLD). The total exposure power
for OCT imaging is 1.30mW which is safety for
human eye. The cross-sectional image with 7.8 mm
depth can be achieved by the spectrometer that
consists of a grating (1800 lines/mm) and a line
scans CCD (2048pixels). A full-range (equivalent
depth 15.6 mm) OCT image was obtained using this
custom method that eliminated mirror artifacts of
the raw image!® and allowed the whole human an-
terior segment to be imaged successfully. A SHWFS
with a 32 x 32 microlens array was used to measure
wavefront aberrations during accommodation. Light
was emitted from a 780 nm laser diode (LD), entered
the tested eye, was reflected by the retina, and
passed through the microlens array to form a spot
array on a charge-coupled device. The wavefront
aberrations were reconstructed by calculating the
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Fig. 1. Diagram of the integrated UL-OCT and SHWFS; SLD: super luminescent diode; CP: fiber coupler; Cl~ C4: fiber colli-
mator; G: grating; L-CCD: line scan charge-coupled device; L: lens; ND: neutral density filter; M1, M2: mirror; PC: polarization
controller; SC: X-Y scanner; Ob: objective; BS1, BS2: beam splitter; LD: laser diode; ML: micro-lens array; CCD:CCD camera;

SHWFS: Shack-Hartmann wavefront sensor; TG: target.
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differences between the deformed and reference
images. The SHWFS measured up to 35th-order
Zernike aberrations in 20 Hz to an accuracy of
(1/20) A

The UL-OCT and SHWFS were combined on a
beam splitter in front of the tested eye. This allowed
synchronous imaging and measurement of aberra-
tions. The fixation target (TG) was a liquid-crystal
display (LCD) showing a white letter “E” (size: 20/
50) on black background. The test was performed in
a darkened room to prevent artifacts produced by
outside light. The TG was moved back and forth in
front of the left eye to stimulate accommodation,
and measurements were performed on the right eye.
No mydriatics were administered, and defocus and
astigmatism of the left eye were corrected by trail
lenses. First, the TG was positioned 4.0m (0D) in
front of the trail lens before the left eye. After the
subject visualized the letter “E” clearly, the anterior
segment of the right eye was imaged using UL-
OCT, and ocular aberrations were recorded with
SHWEFS. After the first measurement, the TG was
moved to a distance of 0.3m (3D) in front of the
trail lens, which is the typical distance for reading.
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Then the anterior segment and ocular aberration
were measured for a second time.

Previous work has established a custom algo-
rithm that corrects for the refraction at the anterior
corneal and lens surfaces.'’!® Figure 2(a) shows
the anterior segment image taken using this algo-
rithm. Using UL-OCT imaging, we measured di-
mensional parameters, including anterior chamber
depth (ACD), lens thickness (LT), and pupil diam-
eter (PD). The anterior surface curvature (ASC)
and posterior surface curvature (PSC) of lens were
also obtained by calculating their radius of curva-
ture. Wavefront aberrations were recorded at a
frame rate of 20 Hz by the SHWFS. Each measure-
ment was made an average of 20 times to eliminate
random error. Ocular aberrations were recorded
on the natural PD and were described in Zernike
polynomials, as recommended by the Vision Science
and Its Application (VISIA) Standards Taskforce
team. The peak to valley value (PV) and root-mean-
square (RMS) of HOA were calculated using Zernike
coefficients of 6th to 35th order. Figures 2(c) and
2(d) show the wavefront of one volunteer’s HOA
before and after accommodation.

0.1

0.2

Fig. 2. (a) and (b) are the OCT images of anterior segments obtained for baseline and 3D accommodation. (c) and (d) are the

wavefront under baseline and 3D accommodation conditions.
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3. Results and Discussion

This research was approved by the ethics committee
of the School of Ophthalmology and Optometry at
Wenzhou Medical University. And the process was
conducted according to the principles of the Dec-
laration of Helsinki. A total of 10 volunteers were
recruited from among the students in the present
laboratory, and each participant signed an informed
consent form. There were 6 men (60%) and 4 (40%)
women, aged from 20 to 31 years old (24.32 + 3.32;
mean £ s.d.). Each participant underwent a com-
plete ophthalmic examination to confirm the lack of
eye diseases, including myopia.

To eliminate accommodation artifacts from am-
bient light, the ocular measurements were made in a
dark room. Following baseline measurements, the
TG was moved from a distance of 4m to 0.33 cm
from the left eye of the participant, and the biom-
etry of anterior segment and wavefront aberrations
were recorded again under this second accommo-
dative condition.

Figure 3 demonstrates the changes in wavefront
aberrations of the 10 volunteers. Accommodation
narrows the pupil, which suggests that when the di-
ameter of the pupil is decreased, the high-order
wavefront is reduced. However, our measurements
demonstrated that after accommodation, aberrations
in high-order wavefront became more numerous
(Fig. 3). The mean accommodated HOA-PV of 10
volunteers was 1.639 pm, which is 2.82 times greater
than that of a relaxed HOA-PV. Similarly, the mean
accommodated HOA-RMS of the 10 volunteers was
0.263 pm which was 3.13 times greater than baseline
values. The purpose of accommodation is to focus
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Fig. 3.
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images of near objects on the retina. Changes in
lower order wavefront aberrations, particularly
defocusing, are useful for vision. However, large
HOAs have a significant effect on vision quality.
This phenomenon is only caused by anterior seg-
ment altering.

Figure 4 shows the changes in biometric dimen-
sions with accommodative status. After accommo-
dative stimuli, the PD decreased in size, but the ACD
only diminished slightly. The average rates of
shrinkage were small: 15.5% and 3.3%, for the PD and
ACD, respectively. Similarly, the ACS was signifi-
cantly reduced (average shrinkage of 20.3%). These
changes in ocular dimensions lead to slight increases
in LT and PSC of 2.8% and 6.3%, respectively.

The experimental results recorded by this system
showed the decreases in PD and ACS to be the most
pronounced following changes in accommodative
stimuli, but the rest of the parameters demon-
strated little change. As focal length decreased, the
PD became smaller. Pupil size is inversely propor-
tional to the wavefront aberrations. This would
suggest that a smaller PD would cause reduced PV
and RMS of HOAs. However, our measurements
show the opposite results (Fig. 4). Our results sug-
gest that as the focal length decreases, the ciliary
muscles of the eye curve the anterior surface of the
lens sharply to maintain image focus. This bending
of the anterior surface of the lens also leads to rapid
increases in the PV and RMS, which become larger
than baseline values. These results indicate that
changes in the ACS might be critical for focal length
and that its sharpness also affects the variation in
high-order aberrations that diminish vision quality.
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Changes in 10 volunteers’ high-order wavefront aberrations.
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Fig. 4. Changes in biometric dimensions. ACD: anterior chamber depth; PD: pupil diameter; LT: lens thickness; ASC: crystalline
lens’s anterior surface curvature; PSC: crystalline lens’s posterior surface curvature.

The data presented in this work is limited to
10 subjects. In order to perform statistical analysis
with clinical significance, a large number of volun-
teers should be included. In future studies to in-
vestigate the mechanisms of accommodation, we
will increase the number of volunteers to measure
ACS and high-order ocular aberrations in order to
attain a complete statistical analysis.

4. Conclusion

In conclusion, we combined the ultra-long pene-
tration depth OCT with the SHWFS to one set
up. The whole human eye’s anterior segment was
imaged and high order ocular aberrations were ob-
tained through accommodative process in real time.
Through movement of the vision target, we deter-
mined that the curve of the anterior surface of the
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lens changed during accommodation. This may be
the major cause of the high-order aberrations. In
the future, this device may be a powerful tool for
analyzing the relationship between crystalline lens’s
anterior surface and high-order aberrations. The
study provides a novel method to investigate the
accommodative mechanism.
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