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Abstract

Purpose—To study the accommodation process in normal eyes using a commercially available
clinical system based on swept-source anterior-segment optical coherence tomography (SS-AS-
OCT).

Setting—Ophthalmology, University of Parma, Parma, Italy.
Design—Experimental study.

Methods—The right eye of 14 healthy volunteers (18-46 years) was analyzed with SS-AS-OCT.
The optical vergence of the coaxial fixation target integrated in the OCT device was adjusted
during imaging to obtain monocular accommodation stimuli with different amplitudes (ASA: 0, 3,
6 and 9 Diopters). Overlapping of real and conjugate OCT images enabled imaging of all the
anterior segment optical surfaces in a single frame. Intraocular distances including central corneal
thickness (CCT), anterior chamber depth (ACD) and lens thickness (LT) were extracted from the
OCT scans acquired at different static ASA. Dynamic analysis of the crystalline lens was also
performed during accommodation and disaccommaodation by sequentially acquiring OCT images
of the anterior segment at a rate of 8 frames per second. LT was extracted from the temporal
sequence of OCT images and plotted as a function of time.

Results—With accommodation ACD decreased significantly (p<0.05), LT increased (p<0.001)
and lens central point moved slightly forward (p<0.01). CCT and ACW measurements did not
change significantly with accommodation, which in turn confirmed that centering of the eye in the
OCT images was maintained through ASA. LT at 0D was positively correlated with age (range:
3.131-4.088mm, r=0.772, p<0.01).

Conclusions—High-resolution real-time imaging and biometry of the accommodating anterior
segment can be effectively performed with a commercial SS-AS-OCT clinical device.
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INTRODUCTION

The accommodation mechanism adjusts the dioptric power of the eye in order to obtain clear
retinal images while looking at objects at different distances.! The loss of near vision with
age due to presbyopia or following cataract surgery is one of the most common complaints
reported by patients to general ophthalmologists. In consideration of the widespread impact
that a medical procedure designed to restore accommodation may have on the ageing
population a great amount of interest has been invested in the field of presbyopia research.
Despite the basic of the model of accommodation was proposed by Helmoltz in 1855, the
mechanisms of accommodation and presbyopia are still not completely understood.?
Providing cross-sectional imaging technology for detailed evaluation of the eye in vivo and
in real-time is technically challenging but could help us better understand the mechanisms of
accommodation and presbyopia and in the long term set the foundations for new procedures
and implants aimed to restore dynamic accommodation. Magnetic resonance imaging
(MRI),3-5 ultrasound biomicroscopy (UBM),5-8 and Scheimpflug camera (SC) based optical
systems® 911 have been used to study the anatomical changes occurring in the eye during
accommodation. In the past few years, optical coherence tomography (OCT) has been
increasingly used to study accommodation in vivo and in real-time12-30 since it has several
advantages over the other ophthalmic imaging technologies. OCT enables non-contact high-
resolution imaging and biometry of ocular structures with high-speed, is capable of 3D
imaging and can integrate coaxial accommodative targets to stimulate accommaodation in
physiological conditions. Recently, a new implementation of OCT known as swept-source
anterior-segment OCT (SS-AS-OCT) became available for clinical use.31-33 Swept-source
OCT is a time-encoded Fourier-Domain (FD) OCT technology based on a wavelength
tunable laser source, which is characterized by very high imaging rate.3* Biometric
measurements of the anterior segment structures performed by SS-AS-OCT showed high
reliability and repeatability.31-33

In the present study we demonstrated that a commercially available SS-AS-OCT (CASIA
SS-1000 OCT®, Tomey Inc., Nagoya, Japan) can be used for a high-resolution static and
dynamic study of the anterior segment of the eye during accommodation.

METHODS

Fourteen volunteers expressed written consent to the enrollment into the present study,
which was conducted in accordance with the principles of the Declaration of Helsinki.3®
Criteria for inclusion into the study were normal visual function and normal
accommodation, emmetropic or slightly hyperopic refraction (spherical equivalent between
-0.5D and 1.0D, tested with the AR600 Autorefractor, Nidek Co., LTD., Hiroishi, Japan),
and uncorrected distance (ETDRS tables, Precision Vision, La Salle, IL, USA) and near
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(Runge Low Vision Near Card, Good-Lite Co., Elgin, IL, USA) visual acuities higher than
20/25 (LogMAR<0.1).

The right eye of each subject was imaged with a commercially available SS-AS-OCT
system (CASIA SS-1000 OCT®, Tomey Inc., Nagoya, Japan). The OCT device consists of a
swept-source laser operating at a central wavelength of 1310nm, with axial resolution of
10um (in tissue), transverse resolution of 30um and a scan-rate of 30,000 A-scans/sec. The
transverse scanning pattern is customizable within a maximal area of 16mm x 16mm while
the maximum imaging depth is 9.24mm in air, which corresponds to approximately 6mm in
tissue.

Simultaneous imaging of all the anterior segment structures including the cornea, the
aqueous humor and the crystalline lens is necessary to perform biometry of the
accommodating eye.13: 23. 36 The imaging depth of the SS-AS-OCT was not sufficient to
image the anterior segment along its entire length, which requires an axial range of about
12mm (in air). Figure 1.1 and 1.2 show OCT vertical B-scans of the anterior segment of the
eye representing the anterior (Figure 1.1) and posterior (Figure 1.2) portion of the anterior
segment, respectively. To overcome this limitation, OCT scans of the anterior segment were
acquired by overlapping the real and the complex conjugate (mirror) images produced by the
system (Figure 1.3). The depth (z-axis) of the imaging axial range was adjusted to
simultaneously include the anterior and posterior surfaces of the cornea and the lens, (points
A, B, D and C in Figure 1.3) into a single OCT frame. Because the image sensitivity is
highest at the zero delay line, imaging was performed with the zero delay line near to the
posterior iris (bottom of the OCT image at scan depth of 9.24mm in air) to enhance the
visualization of the lens. The OCT scans obtained using this technique show a vertically
inverted image of the posterior lens overlapped to the direct image of the anterior structures
(corneal, aqueous humor and anterior portion of the lens). Although the lens internal
structures are not clearly displayed, all the optical surfaces involved in the accommodation
process are simultaneously displayed (Figure 1.3).

For each subject, OCT scans were acquired using this image overlapping technique at four
static accommodative stimuli with different amplitude (ASA: 0D, 3D, 6D and 9D). The
scanning pattern consisted of two orthogonal transverse scans aligned along the horizontal
and the vertical meridians, each of which was 16 mm in length and consisted of 2048 A-
scans. During image acquisition, subjects were asked to fixate the coaxial accommodative
target internal to the OCT device (hot-air balloon). The accommodation stimulus amplitude
was set using the automated system of swinging lenses internal to the OCT device, placed in
front of the fixation target. The scans were excluded from further analysis if the subject
indicated that was unable to accommodate to a specific ASA. The OCT system also
integrates an active eye-tracker that automatically centered the axes of the horizontal (x-)
and vertical (y-) transverse scans to the corneal reflex.

The dynamic accommaodative response to an accommodation stimulus stepping from 0D to
the maximal ASA was also imaged with OCT in the same eye for each subject (Video 1). A
second OCT video of dynamic accommodation was recorded for each subject during
relaxation for an accommaodation stimulus stepping from the maximal ASA to 0D (Video 2).
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During the experiments, the participants were instructed to fixate the coaxial target of the
OCT while the optical vergence of the accommaodation target was changed from 0D to the
maximal ASA (Video 1), or in the opposite direction (Video 2), simultaneously with the
start of the image acquisition. Centering of the eye was automatically maintained during
imaging by the active eye-tracker of the OCT system. Each video consisted of 38 OCT
horizontal and vertical scans acquired at an imaging rate of 8 frame per second for a total
duration of 4.625 sec. For dynamic imaging, the scanning pattern was adjusted so that the
transversal horizontal and the vertical scans were 12.0mm in length and consisted of 512 A-
scans (Figure 2 A-B, Video 1 and Video 2).

The following intraocular distances were extracted from the OCT images acquired along the
vertical meridian using the linear measurements tool provided with the software of the SS-
AS-OCT: central corneal thickness (CCT), anterior chamber width (ACW: distance between
angular recesses), anterior chamber depth (ACD: distance from the endothelium to the
anterior surface of the crystalline lens along the fixation axis) and lens thickness (LT:
distance between the anterior and the posterior lens surface along the fixation axis). Lens
central point (LCP: CCT+ACD+1/2LT) and anterior segment length (ASL: CCT+ACD+LT)
were calculated from the measurements. LT was measured and plotted as a function of time
for the dynamic responses recorded during accommaodation and disaccommaodation.

Intraocular optical distances were directly measured on the OCT images (Figure 1).
Geometrical lengths were obtained by scaling the measured optical lengths by the group
refractive index of each ocular component: 1.389 and 1.343 for cornea and aqueous humor,
respectively (User Manual of CASIA SS-1000 OCT®), and 1.421 as average refractive
index for the crystalline lens.3” ACW measurements were obtained from the same images
after performing automated correction with the OCT software that accounts for the
difference between optical and geometrical lengths and for the image warping due to
refraction of the OCT scanning beam at the different ocular surfaces.38

A single experienced operator acquired all the OCT scans and performed the biometric
measurements using the OCT software. The same operator repeated the measurements at
one-week distance in order to test the intersession repeatability of the semi-manual
measuring procedure. Biometric measurements were compared among the ASA using the
Wilcoxon test for pair-comparisons and the Friedman’s ANOVA for multiple comparisons.
Intersession repeatability was analyzed using the Intra-class Correlation Coefficient and the
Coefficient of Repeatability (CR=1.96*standard deviation of the differences between
repeated measurements). The statistical analysis was performed with the software Excel
2008 (Microsoft Co.) and StatPlus:mac 2009 (AnalystSoft Inc.).

Six male and eight female volunteers with mean age+SD=25.42+8.21 years (range=18-46
years) were included into the study. The uncorrected visual acuity (mean logMAR+SD) was
-0.043+0.05 and —0.022+0.07 for distance and near vision, respectively, and refraction
(mean equivalent spherexSD) was —0.25+0.25D. Twelve out of fourteen younger
participants (age < 30 years) completed all the experiments (ASA at 0 — 3 — 6 — 9D) while
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the two older participants with age of 42 and 46 years only completed the experiments with
ASA 0D - 6D and 0D - 3D, respectively.

The mean intraocular geometrical distances obtained at each ASA and their variations with
accommodation are shown in Table 1 and 2, and in Figure 3. At ASA 0D the following
biometric measurements were obtained (mean+SD): CCT=0.550+0.032mm,
ACD=3.031+0.206mm, ACW=11.975+0.419mm, LT=3.5440.254mm,
LCP=5.435+0.186mm, and ASL=7.207+£0.221mm. LT at ASA 0D showed a positive
correlation with age (r=0.772, p<0,01). CCT and ACW measurements did not show any
change with accommodation (p=0.064 and 0.78, respectively). The ACD decreased (mean
variation per-diopter+SD=0.027+0.012mm, p<0.05) while the LT increased (mean variation
per-diopter+SD=0.036+0.013mm, p<0.001) significantly for increasing ASA. The variation
of ACD and LT were proportional to the stimulus magnitude in diopters (p<0.0001) with r=
-0.804 and r=0.724 for ACD and LT, respectively. The ASL (CCT+ACD+LT) did not show
significant changes with accommodation (mean variation per-diopter
+SD=0.009+0.0085mm, p=0.052), while the LCP moved slightly forward for increasing
ASA (mean variation per-diopter+SD=-0.009+0.0080mm, p<0.01) (Table 2, Figure 3).
Figure 4 shows the results of the analysis of lens thickness dynamics during accommodation
(left-hand side) and during the relaxation (right-hand side), reported for participants 9 (18
ylo), 5 (25 y/o), 11 (27 y/o) and 14 (46 y/0). The intersession repeatability of the biometric
measurements was excellent, with Intra-class Correlation Coefficients 0.942, 0.998, and
0.991, and Coefficients of Repeatability 0.026, 0.035, and 0.057mm for CCT, ACD and LT
measurements, respectively.

DISCUSSION

It is known that the accommodation process occurs through changes in shape and thickness
of the crystalline lens.}: 2 These changes during near vision, according to Helmholtz’s theory
and other experimental findings,1 2 are induced by the contraction of the ciliary muscle that
causes the release of the zonular fibers anchored to the equator of the crystalline lens. As a
consequence, the thickness and the curvature of the lens increase causing an increase in
refractive power of the eye. Being a muscle-induced activity, accommodation is a highly
fluctuant and a dynamic process.?

Time-domain OCT (TD-OCT) has been used to perform biometry of the anterior segment at
different static degrees of accommodation and ages4: 20. 24, 26, 28-30 \yjth |ow image
resolution and limited axial range. The imaging speed of TD-OCT systems is relatively
slow, which prevents dynamic imaging of accommodation with this technology.

The more recent Fourier-domain OCT technology, including Spectral-domain (SD) and
swept-source (SS) OCT implementations, provides high axial resolution and the high
imaging rate that is required for dynamic analysis of accommodation.12: 13, 15-17, 23, 25, 36
The main limitations of commercial FD-OCT implementations are the relatively short axial
range and the sensitivity decay with depth, which prevent simultaneous visualization of all
the optical components of the anterior segment in a single frame. In the past few years, an
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effort has been made to increase the imaging depth range and improve the sensitivity
performance of FD-OCT systems.

Imaging of the entire anterior segment along its whole depth has been obtained with
experimental SD-OCT devices employing complex phase-splitting techniques for conjugate
removal,3% 40 dual-channel dual-focus SD-OCT devices?® and by merging OCT images
consecutively acquired at different depths with SD implementations using switchable
reference arms.12: 1536 SS-OCT with long imaging range (~ 12mm in air) has been
demonstrated using high-speed reflective Fabry-Perot tunable lasers (RFPTL) with long
coherence length that enables entire anterior segment imaging without the need of complex
conjugate removal or switching of the reference arm.13:23 A new MEMS-VCSEL light
source was recently developed for SS-OCT imaging at ultrahigh imaging rates (60kHz—
1MHz) and with very long coherence depth (~50mm) that enables imaging of the entire
eye.*1 This advanced SS-OCT implementation could offer significant advantages over the
previous systems used for dynamic imaging of the anterior segment but, to the best of our
knowledge, a study of dynamic accommaodation using this technology has not been reported.

In the present work an unmodified commercially available SS-AS-OCT clinical device was
used for imaging and performing biometry of dynamic accommodation. Despite the
insufficient scan depth of the device (9.24mm in air), simultaneous imaging of all the
anterior segment surfaces was achieved by acquiring OCT scans with overlapping real and
the conjugate images (Figure 1). No modifications of the hardware and software of the SS-
AS-OCT were necessary to image and obtain intraocular distances of the anterior segment at
different accommodative states. The main limitation of this approach is that the internal
structures of the crystalline lens cannot be clearly distinguished and measured because of the
overlapping of the real and the conjugate images of the lens. Another limitation is that the
posterior part of the crystalline lens is shown vertically inverted and displaced along the z-
axis and therefore the images cannot be corrected for distortion due to refraction of the OCT
beam at the different ocular boundaries using the software provided with the clinical system.
Hence, corrected non-axial measurements such as curvature measurements or lateral
distances could not be performed posteriorly to the anterior surface of the lens. A relatively
simple solution to correct for full image distortion could be developing a custom-made
software for boundary segmentation of the cornea and the lens that reposition the posterior
surface of the lens with a vertical flip around the zero delay line and then performs distortion
correction of the segmented boundaries using a ray tracing algorithm based on Snell’s law.38
In this case the raw images need to be exported to be able to perform post-processing
segmentation and correction of the ocular boundaries.

In order to extract intraocular geometrical distances we used the refractive indices of the
cornea and the aqueous provided by the quantification software of the SS-AS-OCT. No
equivalent refractive index for the crystalline lens was specified by the manufacturer. To our
knowledge, an equivalent refractive index of the crystalline lens has not been reported for
wavelengths around 1300nm. In our study, to extract the geometrical thickness of the
crystalline lens we assumed an average refractive index of 1.421, which was calculated in a
previous study for OCT operating at 835nm.37 As a consequence, all the LT measurements
herein reported may be affected by a minor constant scaling factor. Moreover, it is possible
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that minor changes in the average index of the lens may occur during the accommodation,
due to modifications in the gradient of refractive index of the lens.*2

The SS-AS-OCT device herein used is equipped with an active eye-tracker for automated
centering of the OCT images that is expected to increase the accuracy of the measurements.
Previous studies using this SS-AS-OCT device for biometric analysis of the anterior
segment showed very high repeatability.31: 32 In the present work intrasession repeatability
of the measurements was not assessed. However, manual measurements carried out with the
software of the SS-AS-OCT device showed good intersession repeatability at one-week
distance from the experiments.

The results of the present study are in accordance with the model of accommodation
proposed by Helmholtz and others.1: 2: 43 The biometric analysis showed that the lens
thickness increases and the anterior chamber depth decreases with accommodation.
Moreover, having performed biometry at different steps of accommodation (ASA), we
found that the variations in LT and ACD are proportional to the ASA. In the present study,
the full length of the anterior segment measured from the cornea to the posterior surface of
the lens (ASL) showed a slight mean increase at the accommaodated states, but the variation
did not result statistically significant. There is some controversy in the literature about the
presence of an axial movement of the posterior surface of the lens during the
accommodation. Some studies showed no movements of the posterior surface of the lens,
resulting in no variations of ASL,19 while other recent studies showed a significant increase
of ASL at the accommodated states.36: 44 This controversial topic is complicated by the fact
that the average refractive index of the lens may vary with the changes of shape of the lens,
biasing the measurements of ASL during the accommodation.*2

The frame rate achieved by the OCT system (8fps) was sufficient to detect the transient
response to an accommodation stimulus change and to observe the evolution of the lens
shape dynamically. However, a higher scan rate would be desirable to obtain a more
accurate dynamic analysis of the lens in order to detect the continuous and rapid fluctuations
associated to the accommodation process.*® 46 In the case of an eighteen year-old
participant the dynamic analysis of accommaodation and relaxation showed that at the end of
the relaxation sequence the lens became thinner than before starting the accommodation
sequence (Figure 4, case 9). We cannot document a definite explanation of this result, but
most likely this behavior may be related with the eye returning with disaccommaodation to an
accomodative state that is more “relaxed” than before commencing the accommodation
sequence, when the so called instrument-myopia was probably occurring, especially
considering the young age of the subject.#’ Moreover, it has been described that the initial
step destination of disaccommodative step responses tends to correspond to the cycloplegic
refractive state.*8: 49

A limitation of the present study is the absence of an objective measurement of the
accommodation response. Measuring the power of the eye simultaneously with the OCT
analysis, e.g. using an autorefractometer, may increase the reliability of the measurements
and could give useful information about the relationship between the changes in the shape
and position of the lens and the power of the eye.
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In conclusion, optical coherence tomography appears the most promising technology for
studying the accommodation process in vivo. The proposed study showed that high-
resolution real-time imaging and biometry of the accommodating anterior segment can be
effectively performed using a commercially available clinical instrument based on swept-
source anterior-segment OCT. This OCT system is a promising tool to study the
accommodation process in phakic as well as in pseudophakic eyes implanted with
accommodating 10Ls and could allow a better understanding of both the natural
accommodative process and the existing strategies to restore accommodation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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WHAT WAS KNOWN

An effective real-time imaging system to visualize the eye during
accommodation would significantly improve the understanding of the
mechanisms that govern the normal accommodation and of those that cause
preshyopia, with the aim of setting the foundations for new procedures and
implants designed to restore dynamic accommodation in presbyopic as well as
in pseudophakic eyes.

Fourier-domain optical coherence tomography (FD-OCT) appears the most
promising technology for the study of the accommodation process in vivo.
Major technical limitations (e.g. limited imaging depth and the decay of
sensitivity with depth) have not allowed visualization of the entire anterior
segment in the study of the accommodation process.
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WHAT THIS PAPER ADDS

e  Simultaneous OCT imaging of all the anterior segment surfaces can be done
with a commercially available swept-source anterior segment OCT (SS-AS-
OCT) despite the insufficient scan depth of the device by acquiring scans
showing both the real and the conjugate images.

» High-resolution dynamic imaging and biometry of the accommodating anterior
segment can be effectively performed using this SS-AS-OCT.

e This OCT system could become useful to study the accommodation process in
both phakic and in pseudophakic eyes with accommodating 10Ls.

J Cataract Refract Surg. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Neri et al.

Page 13

Figure 1. SS-AS-OCT scans of an eye included into the study
1. Vertical B-scan showing the anterior part of the anterior segment: the posterior aspect of

the crystalline lens is not included into the scan.

2. Vertical B-scan showing the posterior part of the anterior segment: the entire crystalline
lens is shown while the anterior part of the cornea is not included into the scan.

3. Vertical B-scan showing the entire anterior segment of the eye by overlapping the real
and the conjugate images: the posterior lens is shown vertically inverted and overlapped to
the anterior lens. All the optical surfaces of the anterior segment are included into the scan
and the following intraocular distances can be measured: central corneal thickness (CCT):
distance from point A to point B; anterior chamber depth (ACD): distance from point B to
point D; lens thickness (LT): distance from point D to point F plus distance from point C to
point F.
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Figure 2. Example of SS-AS-OCT dynamic analysis of the crystalline lens changes in shape
during the accommodation process

A. Initial frame (vertical B-scan) of video 1 (accommodation) for an eye included into the
study: the lens is shown at the relaxed state (accommodation stimulus amplitude or
ASA=0D).

B. Initial frame (vertical B-scan) of video 2 (relaxation from accommodation) for an eye
included into the study: the eye is shown at the maximal ASA (ASA=9D).
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Figure 3. Graph showing the intraocular distance changes during accommodation
The graph reports the mean axial distances of the corneal endothelium, lens anterior surface

face, lens central point, and lens posterior surface from the corneal epithelium for different
accommodation stimulus amplitudes (ASA): 0, 3, 6, and 9D.
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Accommodation: 0D to 9D 18 y.o. Relaxation: 9D to 0D

0,6

0.5
04
03
0,2

lens thickness
variation (mm)

o1 Y 0,5 1 L5 2 5 3 35 4 45 5

o2 time (seconds)
CASE 5
b Accommodation: 0D to 9D 25 y.o. Relaxation: 9D to 0D
= ﬁé\ 05
W
gé 04
§ g 03
£ .g 02
2 'E 01
95 o
a1 o 05 1 15 = 25 3 35 4 a5 5 o 05 1 15 2 25 3 35 4 45
' time (seconds)
06 Accommodation: 0D to 9D CASE 14 Relaxation: 9D to 0D
27 y.o.
S, 05 1
.E ~ 03 1
v E
T2 o2
~ 5
E': 01
2s
01 9 05 1 15 2 25 3 s 4 45 5 0 05 15 2 25 3 35 4 45
time (seconds)
06 Accommodation: 0D to 3D CASE 11 Relaxation: 3D to 0D

46 y.o.

a5 |

03

02

/] 05 1 15 2 25 3 35 4 45 5 0 05 1 15 2 25 3 5 4 45

lens thickness
variation (mm)

time (seconds)

Figure 4. Dynamic biometry of accommodation for four subjects at different age
Changes in the lens thickness during accommodation are plotted in function of time. The

dynamic changes of the lens thickness are reported after the stimulus onset (t=0s). The
graphs on the left-hand side show the accommodation process 0D to the maximal ASA
(accommodation stimulus amplitude). The graphs on the right-hand side show the relaxation
process from the maximal ASA to ASA=0D.
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Table 1

Intraocular distances (means+SD) at different accommodation stimulus amplitudes.

ASA | ACD (mm) LT (mm) LCP (mm) ASL (mm)

0D | 3.113+0.217 | 3.544+0.254 | 5.435+0.186 | 7.207+0.221

3D | 3.050+0.216 | 3.616+0.251 | 5.408+0.181 | 7.216+0.214

6D | 2.944+0.204 | 3.755+0.227 | 5.373+0.187 | 7.250+0.224

9D | 2.883+0.202 | 3.857+0.191 | 5.367+0.212 | 7.295+0.253

ASA: accommodation stimulus amplitude; D: optical diopters; ACD: anterior chamber depth; LT: lens thickness; LCP lens central point; ASL:
anterior segment length.

1duosnue Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

J Cataract Refract Surg. Author manuscript; available in PMC 2016 March 01.



1duasnuen Joyiny

Neri et al. Page 18

Table 2

mean variations (mean A + SD) of the intraocular distances through different accommaodation stimulus
amplitudes.

ASA | AACD (mm) ALT (mm) ALCP (mm) | AASL (mm)

3D-0D | -0.063+0.045 | 0.072+0.059 | —0.027+0.021 | 0.009+0.024

6D-0D | -0.187+0.068 | 0.239+0.082 | -0.067+0.032 | 0.053+0.029

9D-0D | -0.263+0.086 | 0.385+0.074 | —0.071+0.081 | 0.122+0.091

p<0.001 p<0.001 p<0.001 p=0.052

ASA: accommodation stimulus amplitude; D: optical diopters; AACD: anterior chamber depth variation; ALT: lens thickness variation; ALCP: lens
central point variation; AASL: anterior segment length variation. p-value is derived by Friedman’s ANOVA for multiple comparisons.
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