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Abstract

Background/Objectives To evaluate biometric changes throughout the anterior chamber during accommodation and pres-
byopia using single image acquisition swept-source anterior-segment optical coherence tomography (AS-OCT).
Subject/Methods Anterior-segment images were obtained using a new swept-source AS-OCT device (ANTERION,
Heidelberg Engineering) from healthy volunteers (n = 71) across two centers in this prospective observational case series. In
one image acquisition, cornea through posterior lens, including the ciliary muscle on both sides of the right eye, was imaged.
Subjects undertook no accommodative effort and —1, —3, and —5D of target vergence. Two-way repeated measures
ANOVA modeling was performed for ciliary muscle measurements, lens parameters, aqueous depth (AD), and pupil
diameter (PD). The first ANOVA factor was accommodative stimuli, and the second factor included age and refractive
status.

Results Maximum ciliary muscle thickness increased with accommodative stimuli (p <0.001), while the distance from
the scleral spur to the maximal point on the ciliary muscle and posterior ciliary muscle thickness (CMT2) decreased
(p <0.001-0.002). Older individuals showed no accommodative changes for ciliary muscle parameters, lens thickness, lens
vault, PD, and AD (p =0.07-0.32). Younger- and middle-aged eyes showed statistically significant accommodative
structural alterations for these endpoints (p <0.001-0.002), but with different patterns, including early loss of CMT2
contraction in middle-aged eyes. Within the middle-aged group, myopic eyes maintained better capacity for accommodative
structural change.

Conclusions Swept-source AS-OCT demonstrated multiple simultaneous anterior-segment biometric alterations in single
acquisition images, including early loss of posterior ciliary muscle function and better maintained capacity for anterior-
segment structural change in myopia.

Introduction

Supplementary information The online version of this article (https://
doi.org/10.1038/s41433-020-01363-3) contains supplementary

: S ; . Accommodation refers to the process where the eye changes
material, which is available to authorized users.

the crystalline lens’s shape and optical power to maintain a
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accommodation and disaccommodation that was then
assessed by goniovideographic imaging [4-6]. Overall,
these findings supported Helmholtz theory of accommoda-
tion [7] in which circumferential ciliary muscle contraction
leads to a relaxation of lens zonules and rounding up of the
lens to increase refractive power. In live humans, accom-
modation research has utilized different imaging modalities
such as Scheimpflug slit lamp camera systems [8], magnetic
resonance imaging [9], ultrasound biomicroscopy (UBM)
[10], and optical coherence tomography (OCT) [11-22].

UBM and OCT have been particularly important for
studying the anterior segment and accommodation. How-
ever, each has limitations. UBM requires ocular contact and
thus a highly skilled technician. UBM is incapable of
imaging the entire anterior segment (from cornea epithelium
to posterior lens capsule and including the ciliary muscle on
both sides of the eye) in one capture. Alternatively, anterior-
segment OCT (AS-OCT) is noninvasive and provides
higher resolution imaging [23-26]. However, OCT tech-
nology also has limitations. Time-domain OCT is slow with
lower resolution, and while spectral-domain OCT improved
resolution and speed, there is a loss of imaging depth due to
the shorter-wavelength light source. Since each imaging
modality has weaknesses, accommodation research in
human subjects has often combined imaging from multiple
devices or modalities to nonconcurrently acquire data about
different parts of the accommodative apparatus at different
times. Simultaneous high-resolution imaging of the entire
accommodative process in live subjects from one device has
not been performed.

In this study, we hypothesize that multiple parts anterior
segment can be simultaneously assessed to discover new
mechanistic aspects of accommodation and presbyopia. We
utilize a novel swept-source AS-OCT that combines a
longer wavelength light source (~1300 nm), fast imaging
speed, and image averaging to improve visualization of
anterior-segment structures from the cornea to the posterior
lens capsule and the ciliary muscle on both sides of the eye.
We use this device to conduct a prospective observational
study and compare morphologic changes in the accom-
modative apparatus in response to stepwise accommodative
stimuli in healthy adults over a range of ages and refractive
status.

Methods

Study design

Healthy volunteers were recruited at University of
California, Los Angeles (UCLA) and University of South-
ern California (USC). This study followed the tenets of
the Declaration of Helsinki and was approved the USC
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(#HS-17-00684) and UCLA (#19-000621) IRBs. All parti-
cipants signed informed consent. Inclusion criteria were: an
ocular examination within three months prior to enrollment,
having no ocular pathology, and having best-corrected
distance visual acuity of at least 20/25. Exclusion criteria
included a history of ocular trauma/surgery. Only the right
eye of each participant was included. Objective refraction
was obtained using a KR-1W Wave-Front Analyzer
(Topcon Group, Tokyo, Japan), and subjective refraction
was subsequently determined. Contact lens use was stopped
one day prior to imaging.

AS-OCT imaging protocol

Images were obtained using a new swept-source AS-OCT
(ANTERION, Heidelberg Engineering GmbH, Heidelberg,
Germany, software v.1.2). The ANTERION has been
shown to provide biometric measurements of superficial and
deep ocular structures including the ciliary body and full
lens thickness from single images with excellent measure-
ment repeatability and reproducibility [27, 28]. Images were
obtained in dark ambient lighting (0.021x at the imaging
plane) by a trained ophthalmologist (XX) following a
standardized imaging protocol. Subjects were positioned
using a combined head and chin rest for primary gaze.
Subjects were instructed to fixate on an internal fixation
target while making it as clear as possible with the left eye
occluded. The right eye was imaged in a relaxed state by
applying the spherical equivalent refraction using an inter-
nal lens system (range: —15 to +15 D [D = diopters], +0.5
D increments). Additional acquisitions were acquired after
adjusting the internal lens system to be at —1, —3, and —5 D
target vergence from the relaxed state to simulate 1, 3, and
5D of required accommodation. Acquisition parameters
were wavelength: 1300 um; A-scan rate: 50,000 Hz; reso-
Iution in tissue: <10um axially x 30 um laterally; scan
pattern: radial scan; number of B-scans: 6; number of A-
scans per B-scan: 768; scan length: 16.5 mm; and scan
depth: 14 +£0.5 mm. Images were tracked using the cornea
light reflex, centered on the corneal vertex, for image
averaging (6 B-scans averaged). After image acquisition,
examination quality was assessed by in-built software based
on the following endpoints: blinking, motion, fixation, tear-
film irregularity, refraction correction, tracking, and ima-
ging segmentation. If a result of “pass” was not obtained for
any of the above, the acquisition was repeated.

AS-OCT image post processing and data analysis

AS-OCT images from the horizontal meridian and across
the corneal vertex were analyzed. Measurements for pupil
diameter (PD), lens thickness, and aqueous depth (AD)
were automatically provided by the device. For lens vault
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measurements, investigators (XX and GC) masked to the
condition marked the temporal and nasal scleral spurs on
the image for the software to provide values.

For ciliary muscle, all measurements were manual. The
first step was to segment the scleral-ciliary muscle tissue
boundary by extending the posterior cornea segmentation
line using internal software. The swept-source AS-OCT
applied Snell’s law using the relative indices of refraction
for the anterior and posterior corneal surfaces and at the iris
and lens surfaces at 1300 pm to correct the OCT image. In
addition, the changing speed of light within tissue was
accounted for by appropriate scaling of sections of the A-
scan according to the refractive index. Then, CMTMAX
(maximum ciliary muscle thickness; the distance of a line
between the maximum ciliary muscle apex to the
scleral—ciliary muscle border that is perpendicular to this
border), SSMAX (the distance between the scleral spur to
the maximum ciliary muscle apex), and CMT2 (ciliary
muscle thickness 2 mm posterior to the scleral spur) were
manually measured by graders (XX and GC) masked to the
conditions, as previously described [14-16, 18, 22, 29-31].

Statistical analysis

Given that presbyopia is widely known to begin in middle
age, subjects were divided into three groups (young: 20-40
[n=31]; middle: 41-60 [n = 28]; and old: >60 years of age
[n = 12]). Power analysis (85% power at 0.05 alpha; based
on ciliary muscle contractile velocity across age groups
[32]) predicted needing ~10 subjects per group. Sample was
then expanded in some cases to better study refraction
within an age group. Refractive status was defined as
(hyperopia [spherical equivalent]: 4+0.50D and greater;
emmetropia: —0.50D to +0.25D; and myopia: —0.75D
and greater). Statistical analyses were performed using
SPSS (SPSS for Windows, v. 26.0, IBM-SPSS, Chicago,
IL). The assumption of the normal distribution for con-
tinuous parameters was checked using the Shapiro—Wilk’s
W test, while homogeneity of variance was examined using
Levene’s test.

The difference in ciliary muscle thickness (CMTMAX,
SSMAX, and CMT?2) was assessed for both accommodative
demand and location (nasal vs. temporal) using a two-way
repeated-measurement ANOVA model. Both temporal/
nasal aspects and four accommodative step stimuli (relaxed,
—1.0, —3.0, and —5.0D) were analyzed as within-subject
factors. Greenhouse—Geisser correction was applied wher-
ever the sphericity assumption was violated.

The differences in each mean parameter (CMTMAX,
SSMAX, CMT2, lens thickness, lens vault, AD, and PD)
were also compared across four accommodation levels to
each of the following factors to determine their influence
on the relationship using a two-way repeated-

measurement ANOVA model: (a) age (three groups:
20-40, 41-60, and >60 years) and (b) refractive status
(three groups: hyperopia, emmetropia, and myopia).
These factors were analyzed as fixed effects between-
subject factors, while accommodative stimuli (relaxed,
—1.0, —3.0, and —5.0D) were analyzed as a within-
subjects factor. Greenhouse—Geisser correction was
applied whenever the sphericity assumption was violated.
Furthermore, the interaction effects between (a) age and
(b) refraction with accommodative stimuli were also tes-
ted in each model. Post hoc tests with Bonferroni cor-
rection within each model were performed to detect
potential subgroup differences based on the model esti-
mates. p <0.05 was considered statistically significant.

Results

This prospective observational study included 71 healthy
and phakic volunteers (33 females and 38 males) between
23 and 74 years of age (median [quartiles]; 41 [23-74]).
Swept-source OCT imaging of the anterior segment of the
eye undergoing accommodation was performed, simulta-
neously showing the iris, PD, AD, lens vault, lens thickness,
and ciliary muscle (Fig. 1). Both nasal and temporal sides of
the anterior chamber and ciliary muscle could be simulta-
neously visualized (Fig. 1). In a younger eye (34-year-old
male), multiple structural changes were observed during
accommodation. Qualitatively, the ciliary muscle expanded
inward and anterior, the lens became thicker, the lens shifted
anterior, and the pupil underwent miosis (Clip 1). In an older
eye (63-year-old male) these changes were less apparent
(Clip 2).

Age-related ciliary muscle changes during
accommodation

Focused on the ciliary muscle, CMTMAX is an endpoint for
anterior ciliary muscle contraction, SSMAX is an endpoint
for ciliary muscle anterior displacement, and CMT2 is an
endpoint for posterior ciliary muscle contraction. Results
from two-way repeated measures ANOVAs with factors of
both ciliary muscle location and accommodative stimulus
showed that both the nasal and temporal CMTMAX
increased with increasing accommodation (Table 1;
ap <0.001). SSMAX decreased (or the muscle shifted ante-
riorly) with increasing accommodation (Table 1; °p < 0.001).
Posterior ciliary muscle thickness also decreased with
increasing accommodation (Table 1; ?p < 0.001-0.002). The
changes in ciliary muscle across accommodation were
comparable for both sides (Table 1; bp =0.53-0.98).
CMTMAX thickening, SSMAX decreasing, and CMT2
decreasing over accommodation were individually different
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Fig. 1 Anterior-segment OCT biometric endpoints. Anterior-
segment anatomy with scleral spur (SS; yellow dots), angle recess
(red dots); AD aqueous depth (distance from posterior cornea to
anterior lens capsule); PD pupil diameter; LV lens vault (the perpen-
dicular distance between the anterior pole of the crystalline lens to a
horizontal line joining the two scleral spurs); and LT lens thickness.
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The insert focuses on the ciliary muscle: CMTMAX ciliary muscle
thickness at the point of maximum thickness, SSMAX distance
between scleral spur and the thickest point of the ciliary muscle,
CMT?2 distance between ciliary muscle to a perpendicular point on the
ciliary muscle and scleral border that is 2 mm posterior to the scleral
spur. Scale bar: 1000 um.

Table 1 Nasal and temporal

e . . Ciliary muscle biometric
ciliary muscle biometric

Accommodative stimuli (D)

parameters (um)

assessment of all participants 0 1.0 3.0 5.0 p value
across stepwise accommodative
stimuli (mean + SD). CMTMAX
Nasal aspect 761.5+115.5 787.9+119.6 815.1+108.3  8259+113.6  <0.001°
Temporal aspect 7159+103.8 744.7+113.6 773.0+99.0 7849+112.6  <0.001°
0.98"
SSMAX
Nasal aspect 1053.8+182.2 1022.6+172.8 999.3+137.2  969.6+1323  <0.001*
Temporal aspect 1006.4+210.6  968.2+185.8 931.7+173.8 917.1x164.6  <0.001*
0.53
CMT2
Nasal aspect 382.1+78.4 372.2+£80.8  369.0+72.5 356.7+70.1 <0.001*
Temporal aspect 408.7+71.7 392.1+784  386.8+84.5 377.7+78.0 0.002*
0.80°

CMTMAX maximum ciliary muscle thickness, SSMAX distance between scleral spur to the thickest point of
the ciliary muscle, CMT2 ciliary muscle thickness 2 mm posterior to the scleral spur.

p value: statistical significance within the factor of accommodative stimuli (0, 1.0, 3.0, and 5.0 D) in the
two-way repeated measures ANOVA.

®» value: statistical significance of the overall interaction result between the factors of location and

accommodative stimuli.

across the three age groups (Table 2; bp <0.001, bp <0.001,
®» = 0.04, respectively). There was no statistically significant
change in any of the ciliary muscle parameters within the
older-aged group (Table 2; ®p =0.07-0.35). For younger-
and middle-aged groups, ciliary muscle changes were seen
but with differences. CMTMAX thickness increased sig-
nificantly with increasing accommodation (Table 2; both
ap <0.001), while SSMAX distance decreased significantly
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(Table 2; both p <0.001). In terms of CMTMAX thicken-
ing, post hoc pairwise comparisons showed statistically sig-
nificant differences between each accommodative step in the
younger-aged group (all p <0.001) while the thickening in
the middle-aged group reached a plateau at 3D (p<
0.001-0.002), as the difference in CMTMAX at 3 and 5D
was not statistically significant (p = 1.0). In terms of SSMAX
decreasing, post hoc analysis showed statistically significant
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Table 2 Age-related ciliary muscle biometric changes during accommodation (mean + SD).

Ciliary muscle biometric parameters (um)

Accommodative stimuli (D)

0 1.0 3.0 5.0 p value
CMTMAX  Age group of 2040 years (n =31) 711.7+x111.4 747.2+113.0 781.1+108.0 810.6+120.3  <0.001*
Age group of 41-60 years (n = 28) 732.6 +£96.7 753.7+102.1 785.5+98.5 787.8+111.9  <0.001*
Age group of more than 60 years (n = 12) 822.8+109.0 844.8+112.0 845.6+103.0  833.1+103.1 0.07%
<0.001°
SSMAX Age group of 20-40 years (n =31) 1123.3+1834  1069.2+177.8  1027.8+155.8 990.5+138.5  <0.001*
Age group of 41-60 years (n = 28) 961.8+£178.4 942.5+170.8 9185+155.8 911.1+161.6 <0.001*
Age group of more than 60 years (n = 12) 948.7 +156.9 928.2+143.9 914.1+1232  897.1+£126.3 0.09?
<0.001°
CMT2 Age group of 2040 years (n =21) 426.2 £ 80.7 407.6£73.8 391.0+£71.6 374.7+£73.8 <0.001?
Age group of 41-60 years (n =21) 361.5+744 350.8 £82.6 351.1+£774 343.4 £ 66.1 0.08*
Age group of more than 60 years (n =9) 375.2+28.5 350.4+54.5 367.3+45.3 364.3+£56.3 0.35%
0.04°

Younger (32.1+5.2 years [average + SD]), middle (48.5+6.2), and older-aged cohorts (65.9 +3.6). Images were taken in primary gaze, and

CMT2 was seen in only a subset of images given its posterior position.

CMTMAX maximum ciliary muscle thickness, SSMAX distance between scleral spur to the thickest point of the ciliary muscle, CMT2 ciliary

muscle thickness 2 mm posterior to the scleral spur.

p value: statistical significance within the factor of accommodative stimuli (0, 1.0, 3.0, and 5.0 D) in the two-way repeated measures ANOVA.

5p value: statistical significance of the overall interaction result between the factors of location and accommodative stimuli.

differences between each accommodative step in the
younger-aged group (all p <0.001) while the decrease in the
middle-aged group reached a plateau at 3D (p=
0.001-0.005), and the difference in SSMAX at 3 and 5D
was not statistically significant (°p = 1.0). CMT2 thickness
decreased significantly with increasing accommodation in the
younger-aged group (Table 2; p<0.001). Statistically sig-
nificant differences were seen between each accommodative
step in the younger-aged group (all p <0.001). In contrast, no
overall change and no unidirectional trend was seen for
CMT?2 in the middle-aged group (Table 2; *p = 0.08).

Age-related nonciliary muscle changes during
accommodation

Other components of the anterior segment are known to
change during accommodation so that AD, lens thickness,
lens vault, and PD were simultaneously evaluated as well.
Similar to the ciliary muscle, there was no statistically
significant change in any of these parameters over accom-
modation in the older-aged group (Table 3; %p=
0.13-0.32). For younger- and middle-aged groups, accom-
modative effort led to a reduction in AD and PD with an
increase in lens thickness and lens vault (Table 3), but
subtle differences existed.

Lens thickness and lens vault increased significantly with
increasing accommodation in both younger- and middle-
aged groups (Table 3; both p <0.001-0.002). Statistically
significant  differences were seen between each

accommodative step in the younger-aged group (all p<
0.001) while the lens thickness and vault increase in the
middle-aged group reached a plateau at 3D (p=
0.001-0.04), and the differences in lens thickness (p = 1.0)
and vault (p =0.6) at 3 and 5D were not statistically
significant.

AD and PD decreased significantly with increasing
accommodation in both younger- and middle-aged groups
(Table 3; both ?p<0.001-0.001). Statistically significant
differences were seen between each accommodative step in
the younger-aged group (p <0.001-0.001) while the AD
and PD decrease in the middle-aged group reached a plateau
at 3D (p =0.001-0.02), and the differences in AD and PD
between 3 and 5D were not statistically significant (both

p=1.0).

Refraction-related ciliary muscle changes during
accommodation in the middle-aged group

Further analyses were performed solely in the middle-aged
group (given that this is when presbyopia occurs) across
refractive status. There was no statistically significant
change in any of the ciliary muscle parameters over
accommodation for the hyperopic cohort (Table 4; ‘p =
0.20-0.83). Focused on the emmetropic and myopic groups,
CMTMAX thickness increased (both *p<0.001), and
SSMAX distance decreased (Table 4; ®p=0.005 and
<0.001, respectively) significantly with increasing accom-
modation. For CMTMAX, post hoc pairwise comparisons

SPRINGER NATURE
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Table 3 Age-related other anterior-segment biometric changes during accommodation (mean + SD).
Other anterior-segment biometric parameters (mm) Accommodative stimuli (D)
0 1.0 3.0 5.0 p value
Aqueous depth Age group of 2040 years (n =31) 3.1+0.3 3.04+0.29 2.98+0.28 2.95+0.27 <0.001?
Age group of 41-60 years (n =28) 2.79+0.43 276 +0.43 2.75+0.42 2.74+0.42 0.001*
Age group of more than 60 years (n =12) 2.76+0.34 275+0.35 2.75+0.34 275+0.35 0.13%
<0.001°
Lens thickness Age group of 2040 years (n =31) 4.01+0.27 4.07+0.26 4.16+£0.26 420+0.25 <0.001*
Age group of 41-60 years (n =28) 4.39+0.35 4.42+0.35 4.45+0.35 445+0.35 0.002?
Age group of more than 60 years (n = 12) 4.75+0.28 4.76 +0.28 476 +0.28 4.75+£0.28 0.16*
<0.001°
Lens vault Age group of 20-40 years (n =31) 0.12+0.28 0.16 £0.27 0.23+0.27 0.27+£0.25 <0.001*
Age group of 41-60 years (n = 28) 0.37+0.33 0.39+0.33 0.40+0.32 0.42+0.31 <0.001*
Age group of more than 60 years (n = 12) 0.51+0.30 0.50 +£0.28 0.49 +£0.28 0.51+£0.28 0.32%
<0.001*
Pupil diameter Age group of 20-40 years (n=31) 5.84+1.03 547+1.14 5.02+1.22 476 +1.27 <0.001*
Age group of 41-60 years (n = 28) 5.19+1.02 4.91+0.98 4.71£0.92 4.67+0.87 <0.001*
Age group of more than 60 years (n = 12) 498 £0.79 4.87+0.81 4.83 £0.86 4.92+0.87 0.31°
<0.001°

p value: statistical significance within the factor of accommodative stimuli (0, 1.0, 3.0, and 5.0 D) in the two-way repeated measures ANOVA.

5p value: statistical significance of the overall interaction result between the factors of location and accommodative stimuli.

showed statistically significant differences between
accommodative steps for both groups (emmetropia: [0-1 D]
p<0.001, [1-3 D] p = 0.03; and myopia: [0-1 D] p <0.001,
but not [1-3 D] p <0.07). The differences in CMTMAX at
3 and 5D were not statistically significant for either group
(emmetropia: p = 0.15; and myopia: p = 1.0). For SSMAX,
post hoc pairwise comparisons showed statistically sig-
nificant differences between the 0 and 1 D accommodative
step in both groups (emmetropia: p <(0.001; and myopia:
p <0.001). The differences between 1 and 3 D (emmetropia:
p=0.15; and myopia: p=0.12) and between 3 and 5D
(both: p=1.0) were not statistically significant. CMT2
thickness decreased significantly with increasing accom-
modation in the myopic but not the emmetropic group
(Table 4; p =0.005 and 0.53, respectively).

Refraction-related nonciliary muscle changes during
accommodation in the middle-aged group

For nonciliary muscle parameters, no statistically sig-
nificant change was seen in the middle-aged hyperopic
group (Table 4; %p =0.07-0.16). However, statistically
significant changes among all of these parameters were
seen in the middle-aged myopic group (Table 4; *p<
0.001-0.04). For the middle-aged emmetropic group, some
of the alterations were significantly different (Table 4; lens
thickness: p=0.04 and PD: % =0.001) but others
were borderline or not (Table 4; AD: *p =0.05 and lens
vault °p = 0.06).

SPRINGER NATURE

Discussion

The results of this study supported Helmholtz’s theory of
accommodation [2, 7] with additional findings. Swept-
source OCT allowed simultaneous assessment of the entire
anterior segment in individual B-scans of healthy human
volunteers. The ciliary muscle (nasal and temporal) was
noted to show an inward contraction and anterior shift
(Clip 1 and Table 1). These alterations diminished with age
(Clip 2 and Table 2). Simultaneously, decreased AD and
decreased pupil constriction with increased lens thickness
and increased lens vault were seen with increasing age
(Table 3). Separately, posterior ciliary muscle contraction
was lost earlier, compared to other parts of the ciliary
muscle (Table 2). Loss of CMT2 contraction may thus be an
early presbyopia biomarker. To confirm this, future studies
will need to test a larger sample, longitudinally.

The issue of diminishing ciliary muscle function with age
is also clinically important. Accommodative multifocal
intraocular lenses presume a functioning ciliary muscle in
old age to allow for forward shift of the pseudophakic lens
during postoperative accommodative effort [33]. The lit-
erature describes maintained ciliary muscle contraction with
age, and this is often used to argue for a lenticular cause of
presbyopia (lens hardening) as opposed to a muscular cause
(ciliary muscle weakening) [12, 13, 16]. In our results, no
significant changes to ciliary muscle endpoints, AD, or lens
parameters were noted in the older-aged cohort during
attempted accommodation. At most, a trend toward initial
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Table 4 Refraction-related ciliary muscle and other anterior-segment biometric changes during accommodation in middle-aged subjects

(mean = SD).

Anterior-segment biometric parameters

Accommodative stimuli (D)

0 1.0 3.0 5.0 p value
Ciliary muscle (um)
CMTMAX Hyperopia (n =7) 718.9+109.9 734.8 £109.0 747.6 £96.1 732.6+117.3 0.20*
Emmetropia (n = 11) 740.0 = 80.2 758.0+81.6 794.0+£95.1 811.8 £105.6 <0.001*
Myopia (n = 10) 736.3 £ 104.3 764.7+117.0 807.4+99.9 808.1 +£102.9 <0.001*
0.01°
SSMAX Hyperopia (n =7) 774.8 +145.1 790.3 + 146.5 794.5 +160.1 778.4 +156.7 0.76*
Emmetropia (n = 11) 992.3+170.4 957.6 £ 147.5 928.3+121.6 926.1 +124.4 0.005*
Myopia (n = 10) 1081.0 £103.1 1049.3 £118.1 1008.1 £117.2 1002.3 +£130.0 <0.001*
0.01°
CMT2 Hyperopia (n = 6) 303.7+61.7 299.9 +82.5 300.7 +78.0 311.8+81.5 0.83*
Emmetropia (n =7) 366.5+41.9 355.4+44.5 355.9+39.1 348.9+41.5 0.53*
Myopia (n = 8) 403.2+80.2 387.2+92.9 386.9 +£85.8 363.7+65.9 0.005*
0.21°
Other anterior-segment biometrics (mm)
Aqueous depth Hyperopia (n =7) 2.42+0.19 2.40+0.19 2.39+0.19 2.39+0.18 0.07*
Emmetropia (n =11) 2.72+0.30 2.69+0.29 2.67+0.27 2.66 +0.26 0.05%
Myopia (n = 10) 3.19+£0.33 3.17+£0.34 3.14+£0.34 3.14+£0.33 0.04*
0.63°
Lens thickness Hyperopia (n=7) 4.66+0.35 4.67+0.34 4.67+0.34 4.67+0.33 0.12%
Emmetropia (n = 11) 4.40+0.33 4.43+0.33 4.45+0.30 4.46 +0.30 0.04%
Myopia (n = 10) 4.19+£0.27 4.23+0.29 4.30+0.35 4.30+0.33 0.03*
0.17°
Lens vault Hyperopia (n =7) 0.67+0.16 0.70£0.15 0.69 £0.15 0.71£0.15 0.09%
Emmetropia (n = 11) 0.45+0.23 0.48 £0.23 0.49+0.19 0.50+0.19 0.06*
Myopia (n = 10) 0.07 £0.25 0.08 £0.26 0.10+0.26 0.12+0.26 0.04%
0.78"
Pupil diameter Hyperopia (n =7) 5.01+£0.95 4.73 £0.95 4.67+0.79 4.61+0.81 0.16*
Emmetropia (n = 11) 5.31+1.08 5.09+1.10 495+1.14 4.83 +1.06 0.001?
Myopia (n = 10) 542+1.03 491+1.04 4.42+0.80 4.50+0.78 <0.001*
0.01°

Average refraction: hyperopia: +1.72 +1.16 D; emmetropia: —0.27 +£0.28 D; and myopia: —2.95 + 1.26 D. Images were taken in primary gaze,
and CMT?2 was seen in only a subset of images given its posterior position. There was no statistically significant difference in age across the three
middle-aged refractive groups (Kruskal-Wallis test: hyperopic: 52.1 + 6.2 years; emmetropic 46.7 + 6.2 years; and myopic 47.5 £6.2 years; p =
0.24) (Mann—Whitney pairwise comparisons p = 0.13-0.97).

CMTMAX Maximum ciliary muscle thickness, SSMAX Distance between scleral spur to the thickest point of the ciliary muscle, CMT2 Ciliary
muscle thickness 2 mm posterior to the scleral spur.

p value: statistical significance within the factor of accommodative stimuli (0, 1.0, 3.0, and 5.0 D) in the two-way repeated measures ANOVA.

5p value: statistical significance of the overall interaction result between the factors of location and accommodative stimuli.

CMTMAX thickening and SSMAX/CMT?2 thinning from
baseline to 1 D of attempted accommodation was seen, but
this did not continue at higher levels of demand. Then,
middle-aged eyes showed statistically significant changes in
all of the parameters but mostly at lower accommodative
effort, while younger eyes showed statistically significant
changes for all parameters between all accommodative
steps. It is important to note that “older subjects” in the

OCT-based literature were mostly less than 60 years of age,
and included at most 0—4 subjects per study [12, 13, 16].
Thus, our middle-aged cohort better matched “older sub-
jects” in the literature, and our results agree that individuals
less than 60 years of age maintain some accommodative
ability. However, for even older individuals, our results
suggest lesser benefit of accommodative multifocal IOLs
such that evaluation of ciliary muscle function before
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surgery should be performed to identify patients who can
benefit.

The result of diminished pupil response in the older-aged
cohort is also interesting. The “near triad” is a combination
of accommodation, convergence, and miosis [34]. Most
theories for presbyopia focus solely on end organs (ciliary
muscle and lens). However, the simultaneous lack of miosis
and ciliary muscle contraction in older subjects in this report
raises the hypothesis that age-related loss of CNS neuro-
logical output could also contribute to presbyopia. To study
this, a longitudinal investigation over a timeframe where
presbyopia is occurring will be required.

The result of maintained accommodative anterior-
segment anatomical changes in the myopic middle-aged
cohort is also interesting, although based on a small sample
size. Comparing the emmetropic to myopic cohorts, while
some of the same accommodative ciliary muscle alterations
were seen, the emmetropic group lost CMT2 contraction,
while the myopic group did not (Table 4). Further, the
emmetropic group lost alterations to the lens which is
ultimately what changes the direction of light during
accommodation. First, this result continues to support a
lenticular cause of presbyopia as lens change was lost
despite continued muscular activity. Further, it puts forth
the hypothesis that myopes are mechanistically less
impacted by presbyopia. To speculate, previously described
thicker anterior and posterior ciliary muscle in myopia
[35-37] has been of unclear functional significance, and it is
possible that it represents a more enduring muscle that can
resist age-related lenticular changes.

Several limitations exist in this study. First, we relied
upon subjects to accommodate upon request. Compliance
with instructions could not be assessed. Future studies
could use pharmacological stimulation [17, 19, 38, 39] to
avoid subject cooperation. Also, nonsignificant results with
p values suggestive of trends were seen in some cases
(older individuals and in the refractive analyses) where
increased sample could have increased power. However,
the results demonstrated strong biological plausibility.
For example, for all accommodative endpoints (Tables 2
and 3), changes were statistically significant between all
accommodative steps in the young-aged cohort, only sta-
tistically significant in the early (0-3 D) but not in the later
(3-5D) steps in the middle-aged cohort, and overall non-
significant in the older-aged cohort. For the older-aged
cohort, lack of accommodative structural change is
expected since presbyopia is defined by the loss of
accommodation at old age [1]. Lastly, as the original intent
of the research was to evaluate accommodation across a
distribution of ages, we did not achieve simultaneous wide
distribution of ages with an even distribution of refractive
error. Thus, conclusions regarding refractive error were
only available for the middle-aged cohort with smaller
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sample sizes. Fortunately, this is the age group where
presbyopia becomes most noticeable.

In conclusion, swept-source AS-OCT with image track-
ing and image averaging capability allows for anterior-
segment imaging that is particularly useful for studying
accommodation. Future research should be directed at
identifying those most prone to early presbyopia, identify-
ing those who have a chance to benefit from accom-
modative IOLs, and helping to develop OCT-based
anatomical endpoints for innovating presbyopia treatments.

Summary
What was known before

e Nonsimultaneous imaging of different parts of the
anterior segment has supported Helmholtz’s theory of
accommodation.

e However, this approach is limited because different
methods are being used while imaging different parts of
the eye at different times.

e Simultaneous visualization of accommodation across the
superficial and deep anterior chamber has not been
performed.

What this study adds

o Swept-source AS-OCT approaches allow for simulta-
neous assessment of superficial and deep aspects of
accommodation. This has allowed for two new findings.

e Loss of posterior ciliary muscle contraction may be an
early biomarker of presbyopia.

e Anterior-segment accommodation structural alterations
are better maintained in myopic eyes.
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